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Foreword

Piet van der Kruit

Kapteyn Astronomical Institute, University of Groningen, The Netherlands

vdkruit@astro.rug.nl

In the first place I would like to say that I am extremely grateful that this
conference took place. It was a very stimulating and exciting meeting. The
speakers and contributors to the discussion were all very inspiring and the Sci-
entific Organising Committee put together a most interesting program. It was
also helpful that the meeting was held in the same place where we were stay-
ing and had our meals, the Schylge Hotel on the beautiful Frisian island of
Terschelling. I am very pleased that so many young astronomers took part and
made use of the many opportunities at meals and in the evenings to talk to older
astronomers. For me personally it was great to see many colleagues that have
worked in the same field as I and whom I often have known and respected for
many years.

I first of all would like to thank those former students of mine that took
the initiative to hold this symposium and subsequently did most of the hard
work of organising it: Erwin de Blok (although really and truly a student of
Thijs van der Hulst), Richard de Grijs, Roelof de Jong, Johan Knapen and
Eline Tolstoy (whose real supervisor was Abi Saha). In particular I am very
grateful to Roelof de Jong, who chaired the Scientific Organising Committee,
designed the poster and the logo and edited these proceedings. And also to
Eline Tolstoy, who chaired the Local Organising Committee. I know it took
both of them valuable time that they would have devoted to research, but what
they did here was certainly also an important contribution to astronomy.

I thank all members of the SOC for all their input; with a few exceptions
they are colleagues that I had collaborations with over the years. I have been
very impressed by the way in which the LOC organized the meeting, took
care of all arrangements and gave the participants all support they required.
Greta, Peter, Isabel, Hans, Eline, Thijs, Hennie and Jackie: it was wonderful.
And I thank all participants for this stimulating week. I would like to thank
three more persons in particular. I thank Mike Disney for the very nice portret
reproduced in this book and his afterdinner speech at the conference barbecue,
which was followed by a very moving applause for me by all attending. And I
thank Ken Freeman for giving the opening review (as I had the honor to do at
his conference on Dunk Island) and Tim de Zeeuw for doing me the honor of
giving the conference summary.

xiii



xiv Foreword

Tim de Zeeuw and Ken Freeman mentioned in their contributions the “van
der Kruit guilder”. I would like to take this opportunity to tell the background
of this, since most of the credit for it should go to Leonard Searle.

We were writing paper III and IV in our series in September 1981 during
a visit that Leonard made to Groningen. I said to him that I felt he should be
first author on paper IV. He immediately refused, arguing that I had initiated
the project, produced most of the ideas and had done most the work. My reply
was that it had been very much a collaboration and that therefere I felt it would
be very appropriate. Leonard thought about it overnight (he woke up early
because he still suffered from jetlag) but stayed firmly with his opinion, even
to the extent that he felt we should make a joke about it. He therefore had made
up the text of a possible footnote to the title of paper IV and he showed it to
me. I gave in, to a large extent because I so much liked the footnote. It was
included precisely as Leonard suggested and for completeness I cite it: “The

order of the authors’ names in this series of papers has been decided in each

case by tossing a coin. The coin used for this purpose is fully described in

a forthcoming monograph “The van der Kruitguilder” to be published in the

Series “Curiosités Numismatiques”, Monte Carlo.”

In those days we had no Internet or preprint servers and preprints were dis-
tributed on paper. Also there was no ADS and most institutes had especially
printed postcards to fill out and sent to authors requesting reprints after publi-
cation. After the preprints of papers III and IV went out, I started getting such
postcards requesting preprints of the monograph in the footnote. So after a few
of these I made up the page that Tim has included in his contribution to this
book and sent that in return. However, it was Leonard who first suggested the
footnote and composed it.

For the record I note that the coin has been “used” also by Rosie Wyse (after
asking me for permission) for a paper she wrote with Gerry Gilmore (Wyse &
Gilmore, 1986, A.J. 91, 855). On the first page a footnote appears: “The order

of the authors’ names was decided by tossing a coin. This coin, the van der

Kruit guilder (van der Kruit and Searle 1986), was kindly made available to

the first author by P.C. van der Kruit." The year was now 1986. Indeed the list
of references at the end of the Wise & Gilmore paper contains “van der Kruit,
P.C. and Searle, L. (1986), In Curiosités Numismatiques (to be published)”.

PIET VAN DER KRUIT



Piet van der Kruit as drawn by Mike Disney.



Former and current students of Prof. Piet van der Kruit. Fltr: Benne Holwerda,
Richard de Grijs, Erwin de Blok, Piet van der Kruit, Roelof de Jong, Jonathan
Heiner, Eline Tolstoy, Johan Knapen.



Preface

The Island Universe: Structure and Evolution of Disk Galaxies conference
was held on the island of Terschelling from 3–8 July, 2005. It was attended
by 125 registered participants coming from 23 different countries. A total of
54 oral papers were delivered including a conference summary. Furthermore,
more than 50 posters were presented, which were summarized in two short
presentations.

The idea for the meeting originated when Prof. Piet van der Kruit met with
some former students and indicated that he was interested in organizing a con-
ference. When Piet subsequently was appointed on a new honorary chair —
the Jacobus C. Kapteyn Professorship in Astronomy — a reason to organize the
meeting had been found. We would organize the meeting to celebrate Piet’s
achievements in astronomy and thank him for his generous contributions to
astro-politics and administration.

The topic of the conference had to be a tribute to Piet’s life long science
interest: the properties of disk galaxies. The goal of the meeting was to take
inventory of our current knowledge of the structure and content of disk galax-
ies, to present models of formation and evolution leading to disk galaxies, and
to bring together observers and theorists to investigate paths for future research.

The band of former students was expanded to a full SOC (see xix), an LOC
was formed at the Kapteyn Astronomical Institute, and the organization of the
meeting started in earnest. While Piet had indicated that he would like the
meeting to take place on Svalbard/Spitsbergen, it was quickly determined that
this was not practical for logistical and financial reasons. We were lucky to
find as a very good alternative conference center and hotel “Schylge” on the
island of Terschelling, which allowed us to board all participants at the same
place where the oral and poster presentations were delivered, without even to
have to share the hotel with any other guests. This remote location, away from
the daily bustle, significantly contributed to the success of the meeting.

The meeting was organized along eight broad topics. Each topic was intro-
duced by a review speaker, followed by invited and contributed presentations.
The same structure as used during the meeting is used in these proceedings,
with the contributions ordered within each topic as they were presented during
the meeting, followed by the poster contributions that fit best in that session.
I hope these proceedings will portrait the atmosphere of an fruitful and enjoy-
able meeting, and carry the invitation for the next (at Spitsbergen?).

xvii
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PROPERTIES OF STELLAR DISKS
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STELLAR DISKS
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Abstract I review the properties of galactic stellar disks. The review includes the famous
van der Kruit & Searle papers of the early 1980s, recent work on the structure of
the outer regions of galactic disks including the problem of the radial truncation
of disks, and galactic thick disks.

Keywords: galaxies: spiral - galaxies: structure - galaxies: halo - galaxies: abundances

1. Introduction

The disk is the defining stellar component of disk galaxies. It is the end product
of the dissipation of most of the baryons, and contains almost all of the bary-
onic angular momentum. Understanding its formation is probably the most
important goal of galaxy formation theory.

Out of the chaotic hierarchical disk formation process come galactic disks
with a high level of regularity in their structure and scaling laws. We need to
understand the reasons for this regularity. In a series of four papers, following
on from van der Kruit (1979), van der Kruit & Searle (1981a,b; 1982a,b) used
surface photometry of a sample of edge-on spirals to establish most of the
basic properties of disk galaxies, and laid the foundations of today’s studies of
galactic disks.

2. The van der Kruit & Searle Papers

Van der Kruit & Searle (vdKS) established:

the underlying structure of galactic disks. The luminosity density distrib-
ution L(R, z) is roughly exponential in radius R and height z, following
a distribution of the form

L(R, z) = L◦ exp(−R/hR)sech2(z/z◦)

or
L(R, z) = L◦ exp(−R/hR) exp(−z/hz)

3
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Figure 1. The galaxy NGC 4565 (left panel) and its surface brightness profiles in z and R,
from van der Kruit & Searle (1981a). The z−profile shows the dominance of the thick disk
above a height z = 50 arcsec. The R−profile shows the onset of radial truncation at a radius
R = 300 arcsec.

with the vertical scaleheight hz or z◦ approximately independent of ra-
dius.

that this form of the luminosity distribution L(R, z) holds out to R =
3 to 5 radial scale lengths, after which it is often truncated.

the prevalence of thick disks which envelop the L(R, z) light distribution
of the thin disks.

Figure 1 shows one of the edge-on galaxies (NGC 4565) investigated by vdKS.
This system has a small bulge and a prominent thick disk. The disk properties
which vdKS established are clearly visible in their surface photometry for this
galaxy.

From Jeans’ equations, and assuming constant M/L ratio throughout the
disk, the approximately double exponential structure with its constant scale-
height implies that the stellar velocity dispersion components in the disk should
change with radius as σ ∼ exp(−R/2hR). This exponential decline in veloc-
ity dispersion is observed in the Milky Way and other spirals. Figure 2 shows
the radial change in velocity dispersion observed by van der Kruit & Freeman
(1986) for the disk of the spiral NGC 5247, and by Lewis & Freeman (1989)
for the disk of the Milky Way.

Simulations of disk formation show a complex interplay of gravitational and
hydro-dynamical effects. The details are not well understood, and the reason
for the exponential form of the radial light distribution is not yet clear. Extreme
options include
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Figure 2. Left: The radial decrease of the z-component of the velocity dispersion in the
spiral NGC 5247 (from van der Kruit & Freeman 1986). Right: The radial decrease of the R-
component of the velocity dispersion for the thin disk of the Milky Way (from Lewis & Freeman
1989). The disk of the Milky Way is approximately exponential in R and z, with scaleheight of
about 300 pc and scalelength of about 3.5 kpc. The velocity dispersion decreases from about
100 km/s near the center (similar to the velocity dispersion of the bulge) to about 15 km/s at a
radius of 18 kpc.

the collapse of a torqued gas cloud with the appropriate internal angular
momentum distribution M(j) within a dark halo, conserving its M(j) to
give an exponential gas disk in place before star formation began (e.g.,
Fall & Efstathiou 1980).

the gas in the disk is radially redistributed by viscous torques: this process
tends to an exponential disk if the star formation timescale ∼ viscous
timescale (e.g., Lin & Pringle 1987).

The vertical structure of disks (Fig. 3) is directly associated with their star
formation history and dynamical history. Spiral arm heating, scattering by
giant molecular clouds, accretion and warping can all contribute to heating the
disk vertically and generating a a vertical scale height hz for the old thin disk
that is usually about 200 to 300 pc.

3. The Outer Regions of Disks

First we discuss the radial truncation of galactic disks. The truncation is
more easily seen in in edge-on galaxies than in face-on galaxies. Figure 4
shows two images of the edge-on spiral NGC 4565, printed with different
stretches. In the deep stretch, one can see that the disk appears thicker in z, but
its radial extent has hardly changed. Figure 5 shows the correlation between
the truncation radius Rmax and the radial scalelength for a sample of edge-on
disks.
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Figure 3. Top: Vertical brightness profiles in a sample of edge-on disk galaxies. Each panel
shows the approximately exponential surface brightness distribution for one galaxy, at a range
of radial distances from their centers (de Grijs et al. 1997). Bottom: The radial variation of
the scaleheight as a function of Hubble type, for a sample of edge-on galaxies from de Grijs &
Peletier (1997). The earlier-type galaxies show a gradient in the scaleheight, with hz increasing
with radius. For the spirals later than T = 5 (Sc), the gradient in scaleheight is small.

The surface brightness profile of the Local Group spiral M33 has recently
been measured to very faint levels (about 31 mag arcsec−2) by Ferguson et
al. (2006), using surface photometry and star counts. This galaxy shows a
classical exponential disk extending to a truncation radius of about 5 radial
scale lengths, beyond which the surface brightness profile breaks to a steeper
exponential with a much shorter scale length. This double exponential radial
structure is a common form of radial truncation. Ferguson et al. were able to
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Figure 4. The edge-on spiral NGC 4565. The image (from the DSS) is shown at two different
stretches to illustrate the radial truncation of the thin disk.

(a)

Figure 5. For a sample of 34 edge-on disk galaxies, Kregel et al. (2002) find Rmax/hR =
3.6 ± 0.6.

trace the stellar disk of M33 out to a radius of about 1 degree; the Hi distribu-
tion extends even further (Corbelli et al. 1989).

What is the origin of the radial truncation of galactic disks? Here are a few
of the many possibilities which have been discussed.

the truncation radius is associated with the maximum angular momen-
tum of the disk baryons in the proto-galaxy. This now seems unlikely
because many disks have Hi extending well beyond the truncation ra-
dius.

star formation is believed to be regulated by disk instability (Kennicutt
1989), and the truncation radius is where the gas density goes below the
critical value for star formation. This seems a likely explanation.
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Figure 6. The surface brightness profile of NGC 300 shows no truncation out to a radius of
about 10 scale lengths (Bland-Hawthorn et al. 2005).

disks continue to grow by accretion up to the present time, and the trun-
cation radius is the radius to which the disk has grown today. This seems
unlikely: although the outer disks of spirals do appear to be younger than
the inner disks, they are still typically many Gyr old (e.g., Bell & de Jong
2000). In some galaxies, like M83 and the Milky Way, star formation
continues in the outer disk but there is an underlying old component.
The color-magnitude diagram of the stars in the outer disk of M33 (Fer-
guson et al, in preparation) shows an intermediate/old, fairly metal-poor
([Fe/H] ∼ −1.2) stellar population dominating the outer disk of M33.

Although radial truncation of disks is common, it is not ubiquitous. Bland-
Hawthorn et al. (2005) have measured the structure of the late-type Sculp-
tor group spiral NGC 300, which is rather similar to M33 but about 3 times
more distant. Combining surface photometry from other sources with deep star
counts from images with the Gemini GMOS, complete to magnitude r′ = 27,
the disk of NGC 300 appears to be exponential for at least 10 scale lengths
without truncation (see Figure 6). As for M33, the Hi distribution extends
beyond the maximum radius reached by the star counts.

Pohlen & Trujillo (2006) propose three classes of structure in the outer re-
gions of disks. Type I is like NGC 300, showing a single untruncated exponen-
tial disk out to the limit of the photometry. Type II is like M33, with an inner
exponential disk breaking to a steeper exponential disk in the outer regions. In
the type III systems, there are again two exponential components, but the outer
component has a longer scalelength than the inner component.
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The structure and truncation of outer disks is not understood yet: it remains
an interesting problem.

Recent Hi observations by Koribalski et al. (unpublished) of the nearby giant
spiral M83 shows a complex filamentary structure in its outer disk, extending
to a radius of about 100 kpc. Some of these filaments coincide with the faint
outer optical structures observed earlier by Malin & Hadley (1997); others do
not. Some of the outer Hi filaments are sites of star formation observed with
GALEX (Thilker et al. 2005). The Hi structure has the appearance of tidal
filaments, possibly Hi extracted from the inner disk of M83 by tidal interaction
with a nearby dwarf galaxy. The presence of star formation in these filaments
may be demonstrating a way of building an outer stellar disk through tidal
interactions of the inner disk. The very extended star formation in the outer
disk of M83 is particularly interesting in the context of new results on the
outer disk of M31 and the Milky Way.

4. The Outer Regions of M31 and the Galaxy

HST photometry of stars in the outermost regions of M31 give an estimate of
the stellar metallicity distribution (e.g., Worthey et al. 2005). Figure 7 shows
how the abundance gradient in M31 continues out to a radius of about 15 kpc,
but thereafter the mean stellar metallicity remains constant with radius at about
[Z/H] = −0.5 out to a distance of 50 kpc. Irwin et al. (2005) show that the
surface brightness distribution along the minor axis shows the usual r

1
4 dis-

tribution out to about 15 kpc, but thereafter is approximately exponential to
a radius of about 50 kpc, indicating the presence of an extended outer expo-
nential disk. Guhathakurta et al. (this conference) argue that the halo of M31
extends even further, out to a radius of about 150 kpc.

New kinematical data confirms that the disk of M31 extends beyond 50 kpc
(10 scalelengths). The outer disk is rotating almost as rapidly as the inner disk
(Ibata et al. 2005), with a small rotational lag and a velocity dispersion of about
30 km s−1. Stars in fields out to 80 kpc, away from the M31 stellar stream,
have typical lags of 54 km s−1 and dispersions of 37 km s−1. Ibata et al. argue
that the outer disk formed from accretion of many small subgalactic structures.
Its disk-like stellar kinematics indicate that the accreted matter probably came
into M31 in mainly gaseous form, rather in already formed stars. The color-
magnitude diagrams in the outer disk of M31 suggests that the stars of the
outer disk are fairly old (several Gyr), as in M33 and the Galaxy. The red giant
branch colors indicates a (47 Tuc)-like stellar population in outer disk, similar
over wide range in radius, and consistent with the observed constant chemical
abundance in the outer disk.

The abundance distribution in the outer disk of the Milky Way appears re-
markably similar to that of M31. Yong et al. (2005) and Carney et al. (2005)
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Figure 7. The metallicity gradient in the disk of M31 (Worthey et al. (2005). The gradient
bottoms out at a radius of about 15 kpc and an abundance of [Z/H]∼−0.5.

measured the chemical properties of open clusters and stars in the outer disk.
The radial abundance gradient for the open clusters (ages 1 to 5 Gyr) in the
galactic disk bottoms out, at a radial RG = 10 to 12 kpc (RG = 15 kpc in
M31), and at an abundance of [Fe/H] = -0.5 (as in M31). The outer disk is
α-enhanced, with [α/Fe] = + 0.2, and is also Eu-enhanced, indicating a fairly
rapid history of star formation and chemical evolution in the outer disk. Yong
et al. argue that the outer disk stars formed from reservoir of gas that had a dif-
ferent star formation history from the solar neighborhood (for which the star
formation rate has been roughly constant over the last 10 Gyr: e.g. Rocha-
Pinto et al. 2000). Star formation in the outer disk may have been triggered by
a merger event.

Carney et al. (2005) also measured abundances in Cepheids of the outer
disk, which are significantly younger than their 1-5 Gyr-old open clusters. The
Cepheids show a weaker abundance gradient than the clusters, and they are also
less alpha-enhanced: see Figure 8. The abundance gradient in the galactic disk
has flattened with time, as the associated duration of chemical evolution has
lengthened, from the open clusters to the Cepheids, with abundances tending
towards the solar values.

To summarize this section on outer disks:

tidal effects as in M83 may contributed to building up the very extended
disks of some spirals. Gas tidal stripped from the inner galaxy builds up
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Figure 8. The radial abundance gradient in the outer disk of the Milky Way (from Carney
et al. 2005). The + symbols show Cepheids, and the other symbols are open clusters in the
Galaxy. The Cepheids are younger than the open clusters. The abundance gradient in the disk
has flattened with time, tending towards solar values.

the outer disk. In M83, a low level of star formation is observed in the
outer gas.

the disks of some spirals, like M31 and NGC 300, extend out beyond 10
radial scale lengths.

the outer disks of M31, M33 and the Milky Way include a stellar popu-
lation that is at least several Gyr old.

the radial abundance profiles in the outer disks of M31 and the Galaxy
are approximately constant at [Fe/H] ∼ −0.5 beyond a radius of about
15 kpc. The older stars of the outer galactic disk show α-enhancement,
indicating a relatively short duration of chemical evolution.

5. Thick Disks

Most spirals have a second disk component, the thick disk, enveloping the thin
disk. Figure 9 shows the thick disk of the edge-on S0 galaxy NGC 4762. This
galaxy has an unusually prominent thick disk that is readily visible in images.
Our Galaxy has a thick disk with a mass about 10% of the mass of the thin disk.
It is old (> 12 Gyr) and significantly more metal poor than the thin disk: its
mean [Fe/H] ∼ −0.7 and it is α-enhanced, as seen in Figure 10. It is rapidly
rotating, lagging the rotation of the thin disk by only about 50 km s−1: see
Freeman & Bland-Hawthorn (2002) for references.

Figure 11 shows a 2MASS image of the edge-on spiral NGC 5907. Only
the thin disk is visible, but surface photometry shows a prominent thick disk
appearing at a surface brightness of ∼ 25 R mag arcsec −2.
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Figure 9. The edge-on S0 galaxy NGC 4762. The blunt ends of the arrow show the approxi-
mate extent of the thin disk. The thick disk can be seen in the deeper stretch extending vertically
well beyond the thin disk.

Figure 10. [α/Fe] vs. [Fe/H] for stars of the galactic thin (open circles) and thick (filled
circles) disks (selected kinematically), showing the α− enhancement of most of the thick disk
stars. Higher [α/Fe] is associated with more rapid star formation. From Nissen (2004).

Dalcanton & Bernstein (2002) made BRK surface photometry of 47 late-
type edge-on disk galaxies. They find that all are embedded in a flattened low
surface brightness red envelope or thick disk. From their colors, they estimate
that the typical ages of these red envelopes are > 6 Gyr and that they are not
very metal poor, so they appear similar to the thick disk of the Milky Way.
They argue that the formation of a thick disk is a nearly universal feature of
formation of disk galaxies.
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Figure 11. Left: Image of the edge-on galaxy NGC 5907. Right: Vertical surface brightness
profiles at different radii: the curve shows the surface brightness distribution of the thin disk.
The thick disk appears in all of the vertical cuts at a surface brightness of about 25 R mag
arcsec−2 (from Morrison et al. 1994).

To summarize the current view of thick disks: thick disks are almost ubiq-
uitous and appear to form early (> 6 Gyr ago, 12 Gyr ago in the Galaxy)
and rapidly, through the heating of the early thin disk in an epoch of merging
(e.g., Quinn & Goodman 1986) or from early accretion of satellites, probably
in mainly gaseous form (e.g., Brook et al. 2004). Thick disks appear to be dy-
namically and chemically distinct from the thin disks of their parent galaxies.

Yoachim & Dalcanton (2005) have made an interesting first measurement
of the rotation of the thick disks in two edge-on spirals. This is a difficult
observation, because it is necessary to separate the contributions of the thin
and thick disks to the spectra of the faint regions away from the equatorial
plane, using the surface photometry of the individual galaxies. For one of their
galaxies (FGC 227), their data indicate that the thick disk may be counter-
rotating relative to the thin disk. If this turns out to be correct, then it would
exclude heating of an early thin disk as the origin for the thick disk in this
galaxy.

At least one edge-on disk galaxy, NGC 4244 (Fry et al. 1999) appears to be
a pure thin disk. Surface brightness cuts perpendicular to its disk show only
a single exponential component, with no indication of a thick disk component
down to a surface brightness level of about µ(R) = 28 mag acrsec−2 (see
Fig. 12).

The existence of such a pure disk galaxy is interesting because, at least for
some late-type disks
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Figure 12. Left: Image of the edge-on galaxy NGC 4244. Right: Vertical surface brightness
profiles at different radii: the curve shows the surface brightness distribution of the thin disk.
From Fry et al. (1999).

the star formation did not start before the gas had settled to the disk plane

since the onset of star formation in the disk, the the disk has suffered no
significant dynamical disturbance from internal or external sources

We note that pure disk galaxies like NGC 4244 are not readily produced in
ΛCDM simulations, because there is too much merger activity.

How did pure disk galaxies avoid any significant star formation until the
baryons had settled to thin disk? We might expect that the aggregation process
with its interacting lumps of dark matter and baryons should lead to star for-
mation as it does in present-day interacting systems. The baryons need to be
maintained in a state such that they can settle quiescently to the disk, for exam-
ple via winds or baryon blowout driven by early star formation and supernovae
(e.g., Sommer-Larsen et al. 1999).

6. Summary

disks typically have the exponential structure in R and z: some are trun-
cated radially at a few scalelengths

the radial exponential structure and radial truncation of galactic disks are
still not well understood

thick disks are very common but not 100% ubiquitous

the existence of pure (thin) disk galaxies means that at least some disks
form in a very quiescent manner, with no star formation until the disk
had settled, and with an undisturbed history thereafter.
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7. Conclusion

Best wishes to Piet van der Kruit on his appointment to the Jacobus Kapteyn
chair. I express my appreciation for the illumination which he and his students
have brought to the subject of disk galaxies, and my gratitude for a long and
continuing collaboration.
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IN GALAXY EVOLUTION
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Abstract Statistical studies of galaxies have matured beyond the calculation of luminos-
ity functions, and by simultaneously analyzing a large number of parameters,
such as star formation rates, morphology, and environment, new insights into
the mechanisms that drive the evolution of galaxies can be gained.

We present a study of the photometric and spectroscopic properties of galax-
ies in six nearby, rich clusters. The primary issues that we address are: 1) varia-
tions of the luminosity function between the field, groups, and clusters, and what
this implies for environmental influences, 2) Luminosity Functions for bulges
and disks, how they vary with morphology, and what this implies for the mech-
anisms by which early-type galaxies are formed in dense environments, and 3)
whether residual correlations between star formation and environment exist af-
ter taking into account the fundamental differences in morphology, stellar mass,
and stellar age that already exist between galaxy populations in different environ-
ments, and what this implies for the mechanisms that influence star formation.

Keywords: galaxies: evolution - galaxies: structure - galaxies: fundamental parameters -
galaxies: clusters

1. Introduction

Fundamental properties of galaxies, such as star formation and morphology,
are known to vary with environment (e.g., Dressler 1980; Lewis et al. 2002;
Gómez et al. 2003). However, our understanding of the mechanisms that
shape these correlations is much less secure. Does the luminosity function
(LF) vary across environments (Christlein & Zabludoff 2003; de Propris et
al. 2003)? What mechanisms generate the morphology-density relation? What
mechanisms generate the star formation-environment relation? Such questions
cannot be answered by looking at the variation of any single galaxy property
with environment. But modern galaxy surveys are gathering a large number
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Figure 1. Luminosity functions for all (left) and non-emission line (quiescent) galaxies (right)
in the field (solid points), groups (solid line), and clusters (open circles). The overall luminosity
function shows very little variation with environment, but the faint end slope of the NEL LF
steepens significantly between the field and group samples. The LFs in groups and clusters are
consistent again.

of parameters for each object, including magnitudes, redshifts, morphologies,
star formation indices, etc. Approaching such multi-dimensional datasets with
powerful tools and well-defined physical questions will provide new insight
into the problems above.

This work is an analysis of a photometric (R-band) and spectroscopic sur-
vey of galaxies in six nearby clusters which combines information on envi-
ronment, star formation, morphology, luminosity, and other variables. It aims
to provide constraints on some of the environmental mechanisms that affect
the evolution of galaxies in dense environments and demonstrate techniques to
approach such a multi-dimensional dataset.

2. Luminosity and Environment

Variations of the luminosity functions contain signatures of possible envi-
ronmental variations in galaxy formation efficiency as well as subsequent en-
vironmental effects on a galaxy’s star formation history and current star for-
mation rate. They are thus a fundamental test for models of galaxy formation
and evolution. However, the methods used to calculate luminosity functions in
the densest, cluster environments — statistical background subtraction — can
be biased (Valotto, Moore, & Lambas 2001), creating a long-standing uncer-
tainty about the environmental dependence of the LF. A careful study of the
LF in clusters and comparison to other environments requires a sample with
spectroscopic membership confirmation, such as ours.

Figure 1 shows our luminosity functions for the complete field and clus-
ter samples, as well as for non-emission line (NEL; predominantly quiescent)
galaxies. NEL galaxies are defined to be galaxies with an equivalent width
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of the [OII]3727 doublet of less than 5Å. A luminosity function for groups
(Zabludoff & Mulchaey 2001) is also overplotted. There are no significant
differences between field and cluster LFs under a χ2 test or a comparison of
the best-fit Schechter parameters. The only discrepancy is that the number of
extremely bright (MR < −22.5) galaxies in clusters cannot be reproduced
by randomly sampling the field LF. We do not find a significant difference in
the LF of emission line (EL) galaxies either (but caution that the statistics are
worse than for the overall sample). Their LF is steep both in the field and in
clusters. However, we find a significant difference for the NEL galaxies, in the
sense of a steepening of the faint end slope, as we go from the field to clus-
ters. A possible explanation for all these observations is that the predominant
environmental effect is to curtail star formation rates in dense environments,
so that the faint end of the NEL LF is filled up with galaxies originally drawn
from the steep EL LF, while preserving the shape of the overall LF.

In what kind of environment does this turnover from shallow to steep faint
end slopes of the NEL LF occur? As Fig. 1 shows, the faint end slope is only
shallow in the field environment. In the intermediate, group environment, it
is already as steep as in clusters. Hence, if this environmental variation of the
LF is a diagnostic of environmental effects on the star formation properties of
galaxies, the effects in question are already important in intermediate, group-
like environments.

3. Morphology and Luminosity

One of the best-known correlation between environment and galaxy prop-
erties is the morphology-density relation (Dressler 1980), which states that the
relative abundance of early-type galaxies, particularly S0s, is larger in dense
environments than in the field. Models suggest that this may be the result of
environmental mechanisms that either diminish the disk luminosity (such as
ram-pressure stripping (Gunn &Gott 1972), or strangulation (Larson, Tinsley
& Caldwell 1980, Balogh, Navarro, & Morris 2002; Bekki, Couch, & Shioya
2002)) or that enhance the bulge (such as tidal interactions and mergers; Barnes
1999; Bekki 1998; Mihos & Hernquist 1994). Distinguishing between these
models requires a comparison of bulge and disk LFs along the morphological
sequence.

We calculate bulge fractions (B/T ) for our galaxy sample using the GIM2D
code (Simard et al. 2002), use them to determine bulge and disk LFs, and fit
Schechter functions (Schechter 1976) to them. We then examine their variation
with morphology (i.e., with the bulge fraction itself). In doing so, we are asking
whether early-type galaxies are early-type galaxies because their bulges are
brighter, or because their disks are fainter. Because plotting bulge and disk
LFs as a function of B/T will automatically introduce correlations, we use a
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Figure 2. Variation of the characteristic bright end magnitude, M∗, of the LFs for bulges
and disks with B/T . Shaded areas show prediction from a Monte Carlo model, assuming no
correlation between B/T and luminosity. The observed variation is inconsistent with either
that null hypothesis or with disk fading models. It is consistent with models that populate the
early-type region of the morphological sequence by bulge-enhancing processes.

Monte Carlo algorithm to determine how the bright end magnitude, M∗, would
vary if all galaxies, regardless of morphology, were drawn from the same LF.

Figure 2 shows the dependence of M∗ on B/T for disks and bulges. Shaded
regions show how M∗ varies in our Monte Carlo simulation. The figure shows
that bulge luminosities increase more steeply than the Monte Carlo prediction.
Disk luminosities remain almost constant along the morphological sequence,
while the simulation predicts a fading. These results clearly rule out the null
hypothesis of the Monte Carlo simulation, and are in even stronger disagree-
ment with disk fading models, which would predict earlier-type galaxies to
have fainter disks. However, they match perfectly a model in which early-
type galaxies with B/T > 0.3 are made by increasing the bulge luminosity of
galaxies drawn from a universal LF and assumed to have B/T = 0.3 (char-
acteristic of early-type spirals). This applies not only over the full range of
B/T , but even over relatively small ranges; i.e., it is not possible to make
intermediate-type, S0-like, galaxies from later-type galaxies by disk fading.
This shows that bulge-enhancing transformations must at least have played a
role in creating the bright population of early-type galaxies in our cluster sam-
ple. We caution that, since we use the characteristic bright end magnitude,
M∗, as our statistic, this test is by design insensitive to transformations affect-
ing fainter galaxies.
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Figure 3. Residual correlation between [OII] equivalent width and environment. Even after
removing the effects of population gradients in stellar age, stellar mass, and morphology, a
residual effect of environment on star formation remains.

4. Star Formation and Environment

It has long been known and more recently established quantitatively (Lewis
et al. 2002; Gómez et al. 2003) that galaxies have lower star formation rates in
dense environments. However, the galaxy populations in dense environments
are different from those in sparse environments in many regards: they are older,
possibly more massive, and of earlier morphologies. All these properties, by
themselves, go with lower star formation rates. Is the star formation gradient
thus nothing more than a reflection of the presence of old, evolved galaxies in
clusters? Or is it indicative of ongoing environmental processes lowering star
formation rates in dense environments? In other words, does a galaxy with
the same stellar age, same mass, and same morphology still have lower star
formation rates in dense environments than in sparse ones?

To answer this, it is necessary to account for the three known gradients of
galaxy properties with environment — stellar mass, stellar age, and morphol-
ogy — and examine whether residual star formation gradients remain. Mathe-
matically, we do so with the aid of partial rank correlation coefficients (Kendall
& Stuart 1977). We quantify star formation with the equivalent width of the
[OII]3727 doublet, morphology with B/T , stellar age with the D4000 index.
We use 2MASS photometry, in combination with D4000, to calculate stellar
masses. We parametrize environment with the radial projected distance from
the cluster center. In our sample, this is tightly correlated with local projected
galaxy number density, so that this choice of environmental variable does not
imply a premise regarding the environmental mechanism.
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Figure 3 shows the residual [OII] E.W. for each galaxy after subtracting an
expectation value derived from linear partial regression, as a function of ra-
dius. Lines indicate various percentiles of the distribution at any given radius.
A weak, but significant residual correlation remains. At r = 0.221, the par-
tial correlation coefficient is significantly different from zero at the 8 σ level.
Therefore, differences between the galaxy populations in different environ-
ments with regard to stellar age, stellar mass, and morphology are not strong
enough to explain the star formation gradient. We conclude that ongoing ef-
fects of environment are responsible for the lowered star formation rates in
dense environments. This also confirms findings (Kauffmann et al. 2004) that
star formation varies more strongly with environment than any other variable.

5. Conclusion

The overall R-band luminosity function varies little between environments,
but the LF of quiescent galaxies is much steeper in clusters than in the field.
This is consistent with a picture in which environment principally affects star
formation rather than individual R-band luminosities. We have also demon-
strated that the turnover in the LF occurs between the general field and groups,
indicating that the responsible transformation mechanisms work in intermedi-
ate-density environments. We have isolated one possible mechanism by demon-
strating that cluster galaxies with intermediate bulge fractions (typical of S0s)
can only be made from late-type galaxies if bulge-enhancing processes, such
as tidal interactions and mergers, are involved. Such interactions are most
efficient in intermediate-density environments, such as groups. Furthermore,
we have found that the environmental variation of star formation rates cannot
be explained by the known gradients in morphology, stellar mass, and stellar
age — the signatures that could have been left by environmental variations
of galaxy formation processes themselves. Instead, our results point to ongo-
ing environmental effects on star formation, among which the bulge-enhancing
processes found above may only be one mechanism.
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Abstract The Millennium Galaxy Catalogue provides a representative and complete sam-
ple of nearby galaxies for structural analysis. GIM2D is used to model the
light profiles for over 10000 resolved galaxies, using three different schemes:
R1/4+Exponential, R1/n+Exponential, and R1/n. The resulting catalogues are
shown to be robust for those galaxies with component half-light radii greater
than the seeing.
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1. Introduction

It has long been known that, although galaxies cover an expanse of quite dif-
ferent morphologies, they have two basic features in common, notably spher-
oids (or bulges) and disks. These are often observed to have different aver-
age colours, metallicities, and kinematics, justifying their treatment as dis-
tinct entities. Even at z ∼ 1, bulges and disks are clearly in place and ap-
pear to be the dominant structural feature in the majority of galaxies (Simard
et al. 1999; Ravindranath et al. 2004; Barden et al. 2005; Koo et al. 2005; Tru-
jillo et al. 2005). Most models of galaxy formation and evolution involve sep-
arate formation scenarios for bulges and disks (e.g., Cole et al. 2000; Kor-
mendy & Kennicutt 2004). It is possible, within the ΛCDM paradigm, to
make specific predictions relating the mass and angular momentum of dark
matter haloes with the observed distributions in galaxy luminosity and size as
a function of redshift (e.g., Mo, Mao, & White 1998, Bouwens & Silk 2004).

Bulge-disk decomposition is therefore a popular and useful method for
quantifying the morphologies of galaxies by fitting model surface brightness
profiles to data. A bulge-disk model is also convenient because the surface
brightness profiles of bulges can be modelled by an R1/4 law (de Vaucouleurs
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1948), and exponential profile (Andredakis and Sanders 1994; de Jong 1996),
or more optimally using a Sérsic profile (Sersic 1968; Graham & Driver 2005),
and disks are observed to follow exponential laws (de Vaucouleurs 1959; Free-
man 1970). Finally, software is now available which makes it a fairly straight-
forward task to perform bulge-disk decomposition on many thousands of galax-
ies (Simard et al. 2002; Peng et al. 2002; Trujillo and Aguerri 2004; de Souza
et al. 2004).

Here, we discuss the use of one such publically available bulge-disk decom-
position code, GIM2D (Simard et al. 2002), to provide a quantitative measure
of the surface brightness profiles of 10095 galaxies in the Millennium Galaxy
Catalogue (MGC). This provides a catalogue of structural measurements for a
representative and complete sample of galaxies in the (z ∼ 0) local Universe.

2. The Millennium Galaxy Catalogue

The Millennium Galaxy Catalogue1 (MGC) is a deep (µlim = 26 B-mag
arcsec−2), wide area (∼37.5 deg2) imaging and redshift survey covering a
0.5 deg wide strip along the equatorial sky from 10h to 14h50′. The imaging
was carried out using the INT Wide Field Camera (WFC). The survey region
overlaps both the 2dFGRS (Colless et al. 2001), and SDSS-DR1 (Abazajian
et al. 2003), providing both u′g′r′i′z′ photometry, and redshifts for 47.0% of
the 10095 resolved galaxies with B < 20 mag. The remaining B < 20 galax-
ies without known redshifts were observed as targets in the spectroscopic part
of the survey, MGCz. This mostly involved observations using the 2dF instru-
ment on the AAT providing redshifts for a further 47.2% of galaxies in the
sample. However, in order to avoid significant redshift incompleteness for ob-
jects with low surface brightness (see Driver et al. 2005), both 4-m (ESO/NTT
and TNG) and 8-m (Gemini) observations were carried out to obtain spectra
for the lowest surface brightness galaxies in the sample.

Comparison between 2dFGRS, SDSS and the MGC shows that the MGC is
deeper, more complete, more precise, and of higher spatial resolution than ei-
ther the 2dFGRS or SDSS-DR1 data sets (Cross et al. 2004; Driver et al. 2005).
The increased depth and resolution is demonstrated in Figure 1. Full details of
the MGC, including observations, data reduction, image detection and classifi-
cation, are given in Liske et al. (2003). The MGC redshift survey is discussed
in detail in Driver et al. (2005).

With a photometric precision of 0.03 mag, astrometric accuracy of 0.08 arc-
sec (Liske et al. 2006), and 96% redshift completeness to BMGC = 20 mag (in-
creasing to 99.8% for BMGC < 19.2 mag), the MGC represents an extremely
high quality and high completeness census of the nearby galaxy population.

1The MGC is publically available at http://www.eso.org/ ∼jliske/mgc
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Figure 1. A comparison between Digitized Sky Survey (left, bJ -band), SDSS-DR1 (centre,
g-band), and the MGC (right), for MGC18325 (upper panels), and MGC04795 (lower panels).

It is therefore the ideal data set to use for a detailed analysis of the structural
composition of galaxies in the local Universe, and to provide a low redshift
anchor for higher redshift studies.

3. Fitting Profiles with GIM2D

In Allen et al. (2005) the 2-D light profiles for all 10095 MGC galaxy images
were modelled using the GIM2D package (Simard et al. 2002). GIM2D allows
galaxies to be modelled using a single component model, or a two component
model with separate profiles for the bulge and disk components. For the MGC,
three schemes were used. (1) Sérsic – single component. (2) De Vaucouleurs
Bulge + Exponential Disk. (3) Sérsic Bulge + Exponential Disk.

It is important to disentangle the intrinsic morphologies of galaxies from
distortions that arise from the combined optical system of telescope, instru-
ment, and atmosphere. Therefore the point spread function (PSF) was also
modelled for each galaxy using stars that lie in the same frame as the galaxy.
GIM2D then finds the best-fitting PSF-convolved model for each galaxy us-
ing the pixels designated as part of the object by the SEXtractor segmentation
image mask (Simard et al. 2002). This resulted in three structural catalogues
containing measurements of total flux, bulge to disk flux ratio (B/T ), and the
x − y position of the central surface brightness. For bulges, effective radii
(Re), Sérsic index (n), ellipticity (ǫ), and position angle (φb) are all measured.
For disks, the catalogues contain measurements of scale-length (h), inclination
(i), and disk position angle (φd). Figure 2 shows example output and resid-
ual images for the galaxy MGC27301 along with the raw image, mask, and
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Figure 2. GIM2D input and output for the galaxy MGC27301. The output model shown
is for the Sérsic+Exponential fit. The top row shows images of the galaxy (left), the GIM2D
model image (centre), and the residual image showing the difference. The bottom row shows
the input PSF (left), and the segmentation image or mask (centre).

PSF. Figure 3 shows a plot of the best-fitting model for this galaxy using the
Sérsic+Exponential fit.

Quality Control

As an initial test of the accuracy of the GIM2D output, simple global ob-
servables such as magnitudes, half-light radii, and x− y centroid positions can
be compared to the values measured by other means in Liske et al. (2003). For
example, differences between GIM2D output and previous measurements can
be indicative of bad segmentation images. If a galaxy has been over-deblended,
then the GIM2D magnitude will be an under-estimate. When two nearby galax-
ies are treated as one, the centroids will be grossly different, and the GIM2D
magnitudes over-estimated. It was found that 222 segmentation images needed
to be corrected. It is also important to ensure that the fits are interpreted cor-
rectly, as the two components can be inverted or used to fit neither a bulge nor
a disk (see Allen et al. 2005).

Due to overlaps between pointings of the WFC, 702 objects had duplicate
observations. In many cases the observations were carried out on a different
night or even as part of different observing runs several months apart. They
therefore provide an excellent test of the repeatability of GIM2D fits for a
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Figure 3. The best fitting profile for MGC27301 (see Figure 2) using the Sérsic+Exponential
model. The blue dashed straight line represents the exponential (disk) component, and the red
dotted curve corresponds to the Sérsic(bulge) component. The total profile is shown by the solid
bold curve. Re and h are also shown.

diverse and representative sample of galaxies under different conditions. The
comparison reveals that if the half light radius of a component is sufficiently
large (Re > 0.8Γ or 1.678h > 0.8Γ where Γ is the seeing FWHM), then for
the Sérsic+Exponential model the standard deviations between repeat measure-
ments are: Re ∼ 13.2%, log(n) ∼ 13.6%, and h ∼ 6%. For the component
magnitudes: Mbulge ∼ 0.24 mags, and Mdisk ∼ 0.14 mags.

4. Summary

The Millennium Galaxy Catalogue is a deep, wide survey of the local galaxy
population. Its completeness, depth and resolution make it ideal for the pro-
vision of a representative sample of galaxy structural measurements at z ∼ 0.
GIM2D has been used to obtain the best-fitting Sérsic models, Sérsic+Exponen-
tial decompositions, and de Vaucouleurs+Exponential decompositions to the
100095 galaxies with B < 20 in the MGC. Structural catalogues are made
publically available in Allen et al. (2005). With careful quality control, repeat-
able measurements are obtainable for galaxies that are larger than the seeing
FWHM. The measured parameters can then be used to measure luminosity
functions and bivariate brightness distributions (see Liske et al. 2006).



28 ISLAND UNIVERSES

References

Abazajian, K., et al. 2003, AJ, 126, 2081
Allen, P. D., Driver, S. P., Liske, J., Graham, A., Cameron, E., Cross, N. J. G., and de Propris,

R. 2005, MNRAS, submitted.
Andredakis, Y. C. and Sanders, R. H. 1994, MNRAS, 267, 283
Barden, M., et al. 2005, astro-ph/0502416.
Bouwens, R. and Silk, J. 2002, ApJ, 568, 522
Cole, S., Lacey, C. G., Baugh, C. M., and Frenk, C. S. 2000, MNRAS, 319, 168
Colless, M., et al 2001, MNRAS, 328, 1039
Cross, N. J. G., Driver, S. P., Liske, J., Lemon, D. J., Peacock, J. A., Cole, S., Norberg, P., and

Sutherland, W. J. 2004, MNRAS, 349, 576
de Jong, R. S. 1996, A&AS, 118, 557
de Souza, R. E., Gadotti, D. A., and dos Anjos, S. 2004, ApJS, 153, 411
de Vaucouleurs, G. 1948, Annales d’Astrophysique, 11, 247.
de Vaucouleurs, G. 1959, Handbuch der Physik, 53, 275.
Driver, S. P., Liske, J., Cross, N. J. G., De Propris, R., and Allen, P. D. 2005, MNRAS, 360, 81
Freeman, K. C. 1970, ApJ, 160, 811.
Graham, A. W. and Driver, S. P. 2005, PASA, 22, 118.
Koo, D. C., et al 2005, ApJS, 157, 175
Kormendy, J. and Kennicutt, R. C. 2004, ARAA, 42, 603
Liske, J., Lemon, D. J., Driver, S. P., Cross, N. J. G., and Couch, W. J. 2003, MNRAS, 344, 307
Liske, J., Driver, S. P., and Allen, P. 2006, these proceedings, p. 530
Mo, H. J., Mao, S., and White, S. D. M. 1998, MNRAS, 295, 319
Peng, C. Y., Ho, L. C., Impey, C. D., and Rix, H. 2002, AJ, 124, 266
Ravindranath, S., et al 2004, ApJL, 604, L9
Sersic, J. L. 1968, Atlas de galaxias australes. Cordoba, Argentina, Observatorio Astronomico,

1968.
Simard, L., et al 1999, ApJ, 519, 563
Simard, L., et al 2002, ApJS, 142, 1
Trujillo, I. and Aguerri, J. A. L. 2004, MNRAS, 355, 82
Trujillo, I., et al 2005, astro-ph/0504225.



EXTRAGALACTIC THICK DISKS

Implications for Early Galaxy Evolution

Julianne J. Dalcanton, (with Anil C. Seth and Peter Yoachim)

University of Washington, Seattle, USA

jd@astro.washington.edu

Abstract I briefly review the growing evidence that thick stellar disks surround most edge-
on disk galaxies. Recent studies show that these extragalactic thick disks have
old ages, low metallicities, long scale lengths, and moderately flattened axial ra-
tios, much like the thick disk of the Milky Way. However, the properties of thick
disks change systematically with the mass of the galaxy. The thick disks of low
mass galaxies are more prominent and somewhat more metal-poor than those
surrounding massive disk galaxies. Given the strong evidence that thick disks
are fossils from an early epoch of merging, these trends place tight constraints
on the early assembly of disk galaxies.

Keywords: galaxies: structure - galaxies: stellar content - galaxies: kinematics and dynam-
ics - galaxies: evolution

Introduction

Although thick disks are best known as a component of the Milky Way,
they were actually first identified as extended faint envelopes surrounding other
galaxies (Burstein, 1979; Tsikoudi, 1979). The subsequent discovery of a com-
parable stellar component in the Milky Way (Gilmore & Reid, 1983) drew at-
tention away from the ambiguous interpretation of faint features in external
galaxies, and instead refocused it on the wealth of data available from pho-
tometric and spectroscopic observations of individual stars within the Galaxy.
These studies quickly showed that the Milky Way’s thick disk is a fossil relic
from an early epoch in the Galaxy’s formation (see reviews by Freeman &
Bland-Hawthorn 2002; Norris, 1999; Majewski, 1993; Gilmore et al., 1989).
Its stars are old and metal-poor (〈[Fe/H]〉 ∼-0.7), and show an enrichment
pattern that is distinct from thin disk stars with similar iron abundances (see
the recent review by Feltzing et al. 2004). These data suggest that the Milky
Way thick disk is not a simple extension of the thin disk, but instead captures
a unique episode early in the formation of the Galaxy.
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Given the evidence above, how does the thick disk fit into the existing par-
adigm of disk galaxy formation? The ages of stars in the thick disk suggest
that they were formed more than 8 Gyr ago (Liu & Chaboyer 2000), when the
merging rate was likely to be high. It is therefore reasonable to assume that
the formation of the thick disk is somehow coupled to the mergers and inter-
actions expected to dominated in hierarchical structure formation. Within this
scenario, thick disk stars could have acquired their current large scale heights
and vertical velocity dispersions in three ways. In the first and widely held
view, the thick disks stars were initially formed within a thin gas disk, but
were then vertically heated by one or more interactions with a satellite galaxy
(e.g. Quinn et al., 1993). In the second, the thick disk stars were formed in situ

at large scale heights during a burst of star formation, as clumps of gas coa-
lesced to form the thin disk (e.g. Kroupa 2002; Brook et al. 2004). In the third,
the thick disk stars formed outside of the galaxy in the pre-galactic fragments,
which then deposited the stars in the disk (Statler, 1988; Abadi et al. 2003).

Unfortunately, it is difficult to discriminate among these very different sce-
narios using data from the Milky Way alone. It is therefore time to return to the
broader range of galaxies that can be probed with studies of extragalactic thick
disks. In the intervening years between the initial detections of Burstein (1979)
and Tsikoudi (1979), there has been a steadily growing body of detections of
thick disks in other galaxies (e.g., Neeser et al. 2002; Wu et al. 2002; Matthews
2000; Abe et al., 1999; Fry et al., 1999; Morrison et al., 1997; Naeslund & Joer-
saeter, 1997; de Grijs & van der Kruit, 1996; van Dokkum et al., 1994; Bahcall
& Kylafis, 1985; Jensen & Thuan, 1982; van der Kruit & Searl, 1981; see also
the compilation in Table 2 of Yoachim & Dalcanton 2005b and the review by

Recently, the pace of discovery has accelerated with the
large early-type sample studied by Pohlen et al. (2004) and the late-type sam-
ple studied by Dalcanton & Bernstein (2002). In this review I first summarize
the structures, stellar populations, and kinematics of the thick disk population,
and argue that extragalactic thick disks are indeed reasonable analogs of the
well-studied thick disk in the Milky Way. I then discuss how the growing
body of data places strong constraints on the origins of thick disks, and on disk
galaxy formation in general.

1. The Properties of Extragalactic Thick Disks

Until recently, most evidence for thick disks in other galaxies came from
deep broad-band imaging. Starting with the seminal work of Burstein (1979)
and continuing through the systematic work of Heather Morrison’s group and
others (see review in Morrison, 1999), analyses of vertical surface bright-
ness profiles (i.e. parallel to the minor axis) of edge-on galaxies have typi-
cally shown breaks at large scale heights, indicative of a second, thicker disk

Morrison, 1999).
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component that dominates at large heights and faint surface brightnesses. More
recent studies have taken advantage of advances in computing power to fit the
full two-dimensional light distribution to models of two superimposed disk
components (e.g., Yoachim & Dalcanton 2005b; Pohlen et al. 2004). In Fig-
ure 1 I show the residuals from one- and two-disk fits to a large sample of
edge-on late-type disk galaxies from the Dalcanton & Bernstein (2000) sam-
ple, as analyzed in Yoachim & Dalcanton (2005b). Fits to only a single disk
leave large amounts of light at high latitudes, providing convincing evidence
that there is an additional, thicker stellar component. Fits that include a sec-
ond disk component do a far better job of fitting the light distribution, at all
latitudes.
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Figure 1. Residuals from single-disk (light lines) and two-disk fits (dark lines) to edge-
on galaxies in different mass ranges (Yoachim & Dalcanton 2005b). All of the single-disk fits
show large positive residuals at large scale-heights, for galaxies in every mass range. In contrast,
including a second thick disk component reduces the residuals to < 10% at all scale heights.

The Structure of Thick Disks

Generically, all of the disk galaxies studied to date have some degree of
excess light at high latitudes. While the extra-planar light seems to be well fit
by an additional thick disk component, there is no guarantee that this second
component is strictly analogous to the well-studied thick disk of the Milky
Way. Within the Galaxy, one can identify thick disk stars by their distinct
kinematic and chemical properties, whereas two-dimensional decompositions
of galaxies typically have non-unique solutions that depend on the weighting,
the bandpass, and the assumed underlying model.

In spite of these uncertainties, there is growing evidence that the popula-
tion of extragalactic thick disks revealed by two-dimensional disk fitting are
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reasonable (though probably not exact) analogs of the Milky Way’s thick disk.
Structurally, the secondary disk components are quite similar, and are well
matched to the scale heights, scale lengths, and axial ratios (∼3-4:1) of the
Milky Way thick disk, when restricted to galaxies of comparable mass (Yoachim
& Dalcanton 2005b).

While it is not too surprising that extragalactic thick disks are indeed thick,
other unexpected structural results have been revealed by the rapid increase in
the number of well-studied systems. In particular, the thick disk component is
almost always more radially extended than the embedded thin disk. Figure 2
shows the scale length ratio of the thick to thin disks from a wide variety of
studies in the literature. In almost all cases, the thick disk has a longer scale
length.
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Figure 2. The ratio of thick disk to thin disk exponential scale length, as a function of galaxy
rotation speed for the late-type galaxies from the Dalcanton Bernstein (2000) sample (closed
and open circles) and other individual studies (triangles; Wu et al. 2002; Neeser et al. 2002; Abe
et al., 1999), the Milky Way (square; Larsen & Humphreys 2003), the Pohlen et al. 2004 sample
of S0’s, and numerical simulations of Brook et al. 2004. In almost all cases, the thick disks have
longer scale lengths than their embedded thin disks.

The Stellar Populations of Thick Disks

In addition to their structural similarities, HST imaging is now revealing
similarities between the stellar populations of the Milky Way and the extra-
galactic thick disks. Studies of resolved extraplanar stars (Seth et al. 2005a;
Seth et al. 2005b; Mould 2005) are finding that the stellar populations are
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systematically older at large scale heights. Figure 3 shows that stars above the
plane are dominated by old (∼ 5−13 Gyr) red giant branch stars, as discussed
in more detail in Seth et al. (2005b). The colors of these extraplanar red gi-
ants indicate that they are exclusively metal poor, with a median metallicity of
[Fe/H]∼-1 in the low mass (Vc ∼ 75 km s−1) galaxies studied. The old red
giant population seems to be well mixed vertically, and shows no evidence for
the strong vertical metallicity gradients that would be expected if steady ver-
tical heating had been solely responsible for driving each new generation of
stars to larger scale heights (Seth et al. 2005b; Mould 2005). A single ver-
tical heating event, however, could be compatible with the lack of metallicity
gradient, since the resulting thickened disk would be well-mixed.

Unfortunately, extraplanar stellar populations have been studied in fewer
than ten galaxies to date, and usually in a single field. The number of future
studies will be limited by the relatively small numbers of galaxies that are both
edge-on and close enough to resolve into stars.

Figure 3. The color-magnitude diagram of stars more than 4 disk scale heights above the
midplane, for all six galaxies in the Seth et al. (2005b) sample. The stars are clearly dominated
by old red-giant stars, with no significant main sequence or AGB population. Solid lines show
10 Gyr old Padova isochrones for the RGB with [Fe/H] (from left to right) of -2.3, -1.7, -1.3,
-0.7, -0.4, and 0.0. The peak of the stellar distributions fall between [Fe/H] of -1.3 and -0.7. For
reference, the peak metallicities of the Milky Way’s thick disk and stellar halo are [Fe/H]∼-0.7
and [Fe/H]∼-2.2, respectively.
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The Kinematics of Thick Disks

The number of kinematic studies of extragalactic thick disks is even more
sparse than the stellar population studies. Outside the Milky Way, there have
only been two other published measurements of thick disk kinematics (Yoachim
& Dalcanton 2005a). All three cases reveal thick disks that rotate more slowly
than the embedded thin disk. However, even within such a small sample, the
thick disk kinematics seem to be relatively complex. Within the Milky Way,
there is evidence at large scale heights of significant kinematically distinct pop-
ulations that rotate even more slowly than typical thick disk stars closer to the
midplane (Gilmore et al. 2002). Among the two extragalactic thick disks stud-
ied, one shows clear evidence of counter-rotation. While larger samples are
clearly needed before one can probe systematic variations, the current data al-
ready point to a significant degree of scatter in the relative kinematics of thin
and thick disks.

2. How Do Thick Disks Form?

The data summarized above points to the following generic facts about thick
disks that must be fit into the basic paradigm of disk galaxy formation:

Thick disks are found in essentially all edge-on disks, at all Hubble
types. They are therefore a generic by-product of disk galaxy forma-
tion.

Although they are ubiquitous, there is substantial scatter in the structural
properties of thick disks (see, for example, the scatter in Figure 2).

The thick disk typically has a longer exponential scale length than the
embedded thin disk.

The stars in thick disks are dominated by old (>5 Gyr), relatively metal-
poor (-1.5<[Fe/H]<-0.7) red giants, and are somewhat more metal-poor
in lower-mass galaxies.

The kinematics of thick disk stars vary widely, and show both co- and
counter-rotation. However, in all cases the thick disk rotates more slowly
than the thick disk.

Current models of disk formation assume that the bulk of a galaxy disk
forms from accreted gas with high angular momentum. Analytic calculations
assume that this gas is accreted steadily through spherical infall (e.g., Fall &
Efstathiou, 1980; Dalcanton et al., 1997; van den Bosch, 1998), but recent
numerical simulations have shown that even the gas accreted through clumpy
hierarchical merging can maintain sufficient angular momentum to produce re-
alistic massive disks (e.g., Governato et al. 2004). The accreted gas dissipates
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and collapses into a rapidly rotating disk that then converts into stars, forming
a thin disk.

Within this scenario, the natural sites of thick disk star formation are: [1]
in the thin gas disk, which is later disrupted and vertically heated by satellite
accretion; [2] in the merging gas clumps, as they coalesce into the thin disk
(Brook et al. 2004); or [3] in the pre-galactic fragments, before the disk is
formed (e.g. Abadi et al. 2003; Yoachim & Dalcanton 2005b). All three of
these possibilities would naturally lead to the formation of the thick disk in
a merging hierarchy. Moreover, because all three are tied to high merging
rates (which peak early and decline sharply after a redshift of ∼ 1−2), each of
these scenarios naturally produces an early epoch of rapid thick disk formation,
making them compatible with the old ages and high α-element abundances
currently seen in thick disk stars.

Of these three scenarios, I believe that the third possibility – direct accre-
tion of stars – is likely to dominate the production of the thick disk, although
there is certainly room for the other two mechanisms to occur as well (and in-
deed, it would be surprising if they didn’t to some degree). Although it is far
more limited than the structural information currently in hand, the kinematic
data strongly disfavors the vertical heating scenario. Vertical heating does lit-
tle to change the angular momentum of a disk (Velazquez & White, 1999),
thus making it difficult to explain why the thick disk rotates significantly more
slowly than the thin disk, having no more than ∼50% of the rotational speed
of the thin disk in all three cases studied. Likewise, it would be difficult to
produce the very different scale lengths of the two disk components without
their having very different angular momenta.

Long thick disk scale lengths are likewise difficult to produce in the second
model, where thick disk stars form in situ as gas merges to form the final disk.
In this case, the same accreted gas would form both the thin disk and the thick
disk stars, making it likely that both would have similar radial distributions.
Producing a thin disk with a shorter scale length would require that the gas
left over after the thick disk stars formed had systematically lower angular
momentum. This requirement seems a bit unlikely and is in conflict with the
limited available kinematic data.

In contrast, the slower rotation speeds and longer scale lengths of thick disk
stars drop out naturally if the stars were formed in pre-galactic fragments be-
fore being accreted onto the disk. Gas and stars behave differently during ac-
cretion, leading to a natural segregation in the properties of the thin and thick
disk. The accreted gas (which forms the thin disk) can cool and dissipate, and
thus will tend to contract further into the halo than the stars. As it contracts, the
gas will speed up due to angular momentum conservation, producing a com-
pact disk that rotates more rapidly than the accreted stars. In contrast, the orbits
of the accreted stars cannot lose energy (except through dynamical friction),



36 ISLAND UNIVERSES

and will tend to remain in a thicker, more radially extended distribution than
the gas disk. This scenario thus naturally reproduces the larger scale height
and scale length of the thick disk. Moreover, because not all of the merging
satellites have the same gas-richness, some satellites may contribute the bulk
of the stars to the thick disk while others contribute the bulk of the gas to the
thin disk. Some kinematic and structural decoupling between the two compo-
nents would therefore be expected, because different precursors may dominate
production of the thick and the thin disks, and could thus easily produce the
scatter seen in the observations.

If the majority of thick disk stars were indeed directly accreted, then the
thick disk can constrain the typical gas-richness of the pre-galactic fragments
from which the galaxy assembled. In this picture, any stars in the merging sub-
units were deposited in the thick disk, while any gas cooled and settled into the
thin disk. The relative baryonic mass fractions of the thin and thick disks there-
fore constrain the ratio of stars to gas in the early galaxy. In Yoachim & Dal-
canton 2005b we have inferred the luminosities of the thick and thin disks from
the two-dimensional decompositions, and then adopted color-dependent stel-
lar mass-to-light ratios to derive the stellar mass of each disk component. The
resulting “baryon budget” is reproduced in Figure 4, as a function of galaxy
mass for the late-type Dalcanton & Bernstein (2000) sample, after assuming
that any gas is confined to the thin disk.

Figure 4. The baryonic mass fraction of the the thick disk stars (bottom), thin disk stars
(middle), and cool gas (top) for the galaxies analyzed by Yoachim & Dalcanton (2005b), sorted
by galaxy rotation speed.
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Figure 4 shows a number of striking features. First, the baryonic mass frac-
tion trapped in the thick disk is relatively small, implying that the initial galaxy
disk was almost entirely gaseous (∼75-90%, or more if some thick disk stars
formed during the final coalescence of the disk). Second, the stellar mass of the
thick disk is larger than the stellar mass of the thin disk in low mass galaxies.
Thus, although low mass galaxies appear to be blue and young, the majority
of their stars are actually quite old, as would be expected in hierarchical merg-
ing scenarios. Finally, the thick disk is increasingly important in low mass
galaxies. The baryonic mass fraction locked in the thick disk increases sys-
tematically from ∼ 10% in high mass galaxies to up to ∼ 25% in low mass
galaxies, implying that the precursors of low mass galaxies were more gas poor
than the precursors of their high mass counterparts.

If thick disk stars are directly accreted, then the increasing importance of
thick disk stars in low mass galaxies can be easily explained by supernova-
driven winds in the pre-galactic fragments. The precursors of low mass galax-
ies are themselves likely to be lower mass than the typical sub-units which
merge together to form more massive galaxies, and thus, they are more suscep-
tible to gas loss through supernova driven winds. These winds would reduce
the gas mass of the initial galaxy, and thus reduce the fraction of baryons that
wind up in the thin disk. The winds would also reduce the typical metallicity
of thick disk stars, and could thus nicely produce the trend toward lower thick
disk metallicities in low mass galaxies (Seth et al. 2005b).

3. Prospects for the Future

Decades of painstaking work have gone into observing and characterizing
the population of extragalactic thick disks. Thanks to this effort, we now have
a broad understanding of the basic properties of thick disks, allowing us to
finally place them within the context of galaxy formation. However, while the
broad outlines of thick disk formation are in place, there are many details to be
worked out. Over the next decade, I believe there are several areas where thick
disk research will be critical:

Exploring the link between observations of thick disks at low red-

shift and of young galaxies at high redshift (z > 1.5). There are

work on low-redshift thick disks crucial for understanding and interpret-
ing high-redshift observations.

Linking thick disk observations to numerical studies of galaxy for-

mation. Simulations are just now beginning to have the resolution to
tackle thick disk formation (see work by Chris Brook and Alyson Brooks

redshift will evolve into the thick disk population by the present day
already hints that many of the stars in clumpy, disturbed galaxies at high

(Elmegreen & Elmegreen 2005). This likely connection makes on-going
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in this volume). However, because the properties of thick disks de-
pend on star formation and gas loss in dense low mass pre-galactic frag-
ments, simulations of thick disk formation will be highly sensitive to the
adopted star formation and feedback recipes, as well as to the numerical
resolution. Thus, I believe we are only in the early days of numerical
exploration of thick disk formation. Perhaps the greatest long-term role
for extragalactic thick disks will be as a key calibration for tuning the
baryonic physics in these simulations.

Incorporating the thick disk component into semi-analytic models of

galaxy formation. Given that the thick disk dominates the stellar mass
in low-mass disks, a recipe for including thick disks in semi-analytic
models is sorely needed.

Exploring the connection between thick disks and bulges. To date,
large studies of thick disks have focused on either bulgeless (Dalcanton
& Bernstein 2002; Yoachim & Dalcanton 2005b) or bulge-dominated
(Pohlen et al. 2004) galaxies. However, there is currently no study us-
ing uniform data and analysis techniques to bridge across this wide range
of galaxy types. There are hints that thick disks may be systematically
“thicker” in early type galaxies (Yoachim & Dalcanton 2005b), but with-
out uniform data, the robustness and interpretation of such conclusions
is questionable. Theoretically, there is much work to be done as well.
Mergers are thought to be critical to the formation of both thick disks and
massive bulges, but we currently have no well-developed theory that can
reliably calculate how the merging material is distributed between the
bulge and the thick and thin disks.

Observationally and theoretically untangling thick disks and stel-

lar halos. As difficult as it has been to characterize extragalactic thick
disks, the upcoming work to isolate stellar halos will be even harder. In
the Milky Way, the thick disk makes up roughly 10% of the stars at the
solar circle, while the stellar halo contributes only a tenth of a percent
(Chen et al. 2001). Even with detailed studies of resolved stars (e.g.,
Ferguson et al. 2002), it is difficult to decide whether a given structure
is an analog of the Milky Way’s thick disk or its halo, if indeed they
are truly distinct structures. Already, there have been extraplanar stars
attributed to the thick disk that are probably distributed in a much more
spherical distribution (e.g., Tikhonov et al. 2005) and which may be
better assigned to an analog of the stellar halo. Simultaneously, theoreti-
cal models of stellar halo formation (Bullock & Johnston 2005) produce
distributions of stars that can be relatively flattened in their inner, higher
surface brightness regions. Given the only modest flattening (∼3:1) of
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extragalactic thick disks, it is possible that these are the same structures,
in spite of the different nomenclature. As more simulations are trans-
lated to the observational plane, the correct interpretation of broad-band
colors and resolved stellar populations in edge-on disks will clarify.

References

Abadi, M. G., Navarro, J. F., Steinmetz, M., & Eke, V. R. 2003, Ap.J., 597, 21
Abe, F., et al. 1999, A.J., 118, 261
Bahcall, J. N., & Kylafis, N. D. 1985, Ap.J., 288, 252
Brook, C. B., Kawata, D., Gibson, B. K., & Freeman, K. C. 2004, Ap.J., 612, 894
Bullock, J. S., & Johnston, K. V. 2005, astro-ph/0506467
Burstein, D. 1979, Ap.J., 234, 829
Carney, B. W., Latham, D. W., & Laird, J. B. 1989, A.J., 97, 423
Chen, B., et al. 2001, Ap.J., 553, 184
Dalcanton, J. J., Spergel, D. N., & Summers, F. J. 1997, Ap.J., 482, 659
Dalcanton, J. J., & Bernstein, R. A. 2000, A.J., 120, 203
Dalcanton, J. J., & Bernstein, R. A. 2002, A.J., 124, 1328
de Grijs, R., & van der Kruit, P. C. 1996, A.&Ap.Supp., 117, 19
Elmegreen, B. G., & Elmegreen, D. M. 2005, Ap.J., 627, 632
Fall, S. M., & Efstathiou, G. 1980, M.N.R.A.S., 193, 189
Feltzing, S., Bensby, T., Gesse, S., & Lundström, I. 2004, in Origin and Evolution of the Ele-

ments
Ferguson, A. M. N., Irwin, M. J., Ibata, R. A., Lewis, G. F., & Tanvir, N. R. 2002, A.J., 124,

1452
Freeman, K., & Bland-Hawthorn, J. 2002, Ann.Rev.Astr.&Ap., 40, 487
Fry, A. M., Morrison, H. L., Harding, P., & Boroson, T. A. 1999, A.J., 118, 1209
Gilmore, G., & Reid, N. 1983, M.N.R.A.S.202, 1025
Gilmore, G., Wyse, R. F. G., & Kuijken, K. 1989, Ann.Rev.Astr.&Ap., 27, 555
Gilmore, G., Wyse, R. F. G., & Norris, J. E. 2002, Ap.J.Lett., 574, L39
Governato, F., et al. 2004, Ap.J., 607, 688
Jensen, E. B., & Thuan, T. X. 1982, Ap.J.Supp, 50, 421
Kroupa, P. 2002, M.N.R.A.S., 330, 707
Larsen, J. A., & Humphreys, R. M. 2003, A.J., 125, 1958
Liu, W. M., & Chaboyer, B. 2000, Ap.J., 544, 818
Majewski, S. R. 1993, Ann.Rev.Astr.&Ap., 31, 575
Matthews, L. D. 2000, A.J., 120, 1764
Morrison, H. L., Miller, E. D., Harding, P., Stinebring, D. R., & Boroson, T. A. 1997, A.J., 113,

2061
Morrison, H. L. 1999, ASP Conf. Ser. 165: The Third Stromlo Symposium: The Galactic Halo,

165, 174
Mould, J. 2005, A.J., 129, 698
Naeslund, M., & Joersaeter, S. 1997, A.&Ap., 325, 915
Neeser, M. J., Sackett, P. D., De Marchi, G., & Paresce, F. 2002, A.&Ap., 383, 472
Norris, J. E. 1999, Ap.&Sp.Sc., 265, 213
Pohlen, M., Balcells, M., Lütticke, R., & Dettmar, R.-J. 2004, A.&Ap., 422, 465



40 ISLAND UNIVERSES

Quinn, P. J., Hernquist, L., & Fullagar, D. P. 1993, Ap.J., 403, 74
Seth, A. C., Dalcanton, J. J., & de Jong, R. S. 2005a, A.J., 129, 1331
Seth, A. C., Dalcanton, J. J., & de Jong, R. S. 2005b, AJ, 130, 1574
Statler, T. S. 1988, Ap.J., 331, 71
Tikhonov, N. A., Galazutdinova, O. A., & Drozdovsky, I. O. 2005, A.&Ap., 431, 127
Tsikoudi, V. 1979, Ap.J., 234, 842
van den Bosch, F. C. 1998, Ap.J., 507, 601
van der Kruit, P. C., & Searle, L. 1981, A.&Ap., 95, 105
van Dokkum, P. G., Peletier, R. F., de Grijs, R., & Balcells, M. 1994, A.&Ap., 286, 415
Velazquez, H., & White, S. D. M. 1999, M.N.R.A.S., 304, 254
Wainscoat, R. J., Freeman, K. C., & Hyland, A. R. 1989, Ap.J., 337, 163
Wu, H. et al. 2002, A.J., 123, 1364
Yoachim, P., & Dalcanton, J. J. 2005a, Ap.J., 624, 701
Yoachim, P., & Dalcanton, J. J. 2005b, Ap.J., in press.

Jackie Zwegers and Hennie Zondervan of the LOC.
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Abstract The opacity of foreground spiral disks can be probed from the number of distant
galaxies seen through them. To calibrate this number for effects other than the
dust extinction, Gonzalez et al. (1998) developed the "Synthetic Field Method".
A synthetic field is an extincted Hubble Deep Field added to the science field.
The relation between the dimming and the number of retrieved synthetic galaxies
calibrates the number found in the science field. Here we present results from
counts in 32 HST/WFPC2 fields. The relation between opacity and radius, arm
and disk, surface brightness and Hi are presented. The opacity is found to be
caused by a clumpy distribution of clouds in the disk. The brighter parts of the
disk –the center and arms– are also the more opaque ones. The dust distribution
in spiral disks is found to be more extended than the stellar disk. A comparison
between Hi column densities and opacity shows little relation between the two.

Keywords: ISM: dust, extinction - galaxies: spiral - ISM: structure

1. Introduction

The measure and extent of the dust absorption by spiral disks has been the
subject of study and even controversy for some time. New models of the disk’s
energy household (e.g., Dopita 2006) and a wealth of observational data (e.g.,
Regan 2006; Kennicutt 2006) promise a better understanding of the role of dust
in the disks. Still, there are several questions regarding the distribution of dust
clouds in the spiral disk which should be addressed: to which radius does dust
extend and is dust spatially correlated to the stellar distribution or the atomic
hydrogen gas? One possible technique to answer these questions is to use the
number of distant galaxies seen through a foreground disk as an indicator of
disk opacity.
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Figure A schematic of
the “Synthetic Field Method”.
First a WFPC2 field is re-
trieved from the HST archive
and redrizzled. The steps are:
1. The number of distant
galaxies in the original sci-
ence field are counted.
2. The “synthetic fields” are
made by combining a dimmed
Hubble Deep Field with the
science field.
3. The numbers of synthetic
galaxies are counted in the
synthetic fields.
4. A = −2.5 log(N/N0) is
fitted to the number of syn-
thetic galaxies (N ) as a func-
tion of the applied dimming.
5. From the intersection be-
tween the number galaxies in
the science field and the fit,
the average dimming in the
image is found.

2. What is the “Synthetic Field Method”?

For a useful measurement, one needs to calibrate the number of distant
galaxies seen through a foreground for effects other than the extinction by dust.
The calibration is done with the “Synthetic Field Method” (Fig. 1). The dis-
tant galaxies in the science field are counted (step 1). An average background
field is added to the science field to create a “synthetic field”. The average
background field is artificially dimmed in progressive “synthetic fields” (step
2). The numbers of retrieved synthetic galaxies for each value of the dimming
is found (step 3). The relation A=−2.5 log(N/N0) is fitted to the relation be-
tween the numbers of galaxies (N ) and the dimming (A) of the synthetic fields
(step 4). The free parameters are the slope (C) and the number of galaxies
without any dimming (N0). The intersection between the fit and the number
of actual distant galaxies found in the science field gives the average opacity
of the science field (step 5)1. This comparison between counts can be done for
individual fields but also for multiple fields, combined based on disk charac-
teristics: radius, arm or disk region, surface brightness or Hi column density.2

1A comprehensive description of the “Synthetic Field Method” and the uncertainties involved is presented
in Holwerda et al. (2005a,d) and Holwerda (2005).
2The numbers of distant galaxies in a single HST/WFPC2 field are only sufficient for a relatively uncertain
opacity measurement. To counter this more solid angle from several HST observations need to be combined.

1.
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Figure The stacked ra-
dial opacity profile for all
32 galaxies in the sample.
The counts of galaxies were
ordered according to depro-
jected radial distance from
the foreground galaxy’s cen-
ter, expressed in R25. Top:
the average color of distant
galaxies in the science fields.
Middle: the number of dis-
tant galaxies in the science
field (filled) and the synthetic
fields without any dimming
(shaded). Bottom: the disk
opacity as a function of radius
derived from the numbers of
distant galaxies. Since most
of the WFPC2 fields were
pointed at the disk of these
galaxies, the opacity mea-
surements are the most ac-
curate there (from Holwerda
et al. 2005b).

3. The Opacity Profile of Spiral Disksx

Figure 2 shows the stacked radial opacity profile of our entire sample of
32 HST/WFPC2 fields. From Fig. 2, we can conclude that the average radial
opacity profile of spiral galaxies remains relatively flat for most of the disk
and only tapers off somewhere beyond the R25. This was already suspected
from sub-mm observations (e.g., Nelson et al. 1998 and Zaritsky & Christlein
2006). This profile has not been corrected for inclination effects, as this de-
pends greatly on the assumed dust geometry.

The average color of the galaxies in the science fields does not change how-
ever (Fig. 2, top panel). If the diminishing effect of the dust in the ISM would
have been due to a uniform screen, the average color would have changed with
the total amount of attenuation according to an Extinction Law. However, if the
dust in the disk is relatively patchy, the attenuation is derived from the number
of absent galaxies while the color is from those that have been detected rela-
tively unhindered by dust in the disk. The average disk opacity in Fig. 2 can
therefore be interpreted as a cloud covering factor.

Separate profiles for the arm and disk sections of the foreground galaxy can
also be made (Fig. 3). These opacity profiles show a strong radial relation in the
arms and a much flatter profile in the rest of the disk. When these profiles are
compared to the opacity values from occulted galaxy pairs (White et al. 2000;

2.
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Figure The stacked ra-
dial opacity profiles for the
arm and inter-arm regions
of the disks. The filled
squares and triangles are the
measurements by White et
al. (2000) and Domingue et
al. (2000), respectively. The
dashed/dotted lines are the un-
certainties in the SFM mea-
surements. higher values for
spiral arm opacity have been
found in earlier photomet-
ric studies (e.g., Elmegreen
1980).

Domingue et al. 2000), there is a remarkably good agreement between these
completely different methods. White et al. (2000) also found a gray behaviour
but Keel & White (2001) found that the Galactic Extinction law re-emerged
for measurements below a linear scale in the disk smaller than 100 pc.

4. Dust, Gas and Stars

The strong radial relation for the spiral arms hints at a direct relation be-
tween the amount of dust in the disk and the surface brightness of the disk.
A similar relation between overall disk opacity and brightness was found by
Tully et al. (1998) and Masters et al. (2003). However the much flatter distri-
bution of the opacity in the rest of the disk does suggest that the dust may be
more distributed like the atomic hydrogen.

To find the relation between opacity and surface brightness, each distant
galaxy, from both synthetic and science fields, are flagged with the surface
brightness in 2MASS images. The numbers of galaxies as a function of near-
infrared surface brightness are shown in Fig. 4 for all of the disk and the arm
and non-arm regions separate. As could be expected from Fig. 3, there is a
strong relation between surface brightness and opacity in the arm regions but
none in the non-arm part of the disk.

The relation between atomic hydrogen and dust might reveal more on the
hidden constituents of the ISM. Due to limitations of the SFM measurements
and lack of Hi maps, Fig. 5 shows the ratio of the Hi column density from radial
profiles from the literature and the opacity measured from counts of galaxies
in the same radial bin. No direct relation is evident, mainly because opacity
profiles rise towards the center of galaxies and Hi profiles stay flat or decrease.
It is possible that dust correlates with the total gas content in the disk, both the
molecular and the atomic.

3.
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The disk opacity as
a function of surface bright-
ness. The distant galaxies -
real and synthetic- are sorted
by surface brightness in the
entire sample. Top: the his-
tograms of distant galaxies
(shaded for the synthetic fields
and the line for the science
field). Top middle: the de-
rived opacity as a function
of surface brightness. Bot-
tom two plots: the surface-
brightness and opacity plots
for the arm (top) and disk
(bottom) parts of the spi-
ral galaxy. (from Holwerda
et al. 2005d)

The ratio of Hi col-
umn density and opacity in ra-
dial annuli of 0.25 R25. Opac-
ity measurements in individ-
ual galaxies remain uncertain
due to cosmic variance in the
number of distant galaxies be-
hind each foreground galaxy.
An improvement would in-
clude compare galaxy num-
ber directly as a function of
Hi column density (e.g., Cuil-
landre et al. 2001), much like
Fig. 4. (from Holwerda et al.
2005c)

5. Final Remarks

The counts of distant galaxies have proven themselves to be a good indicator
of disk opacity, provided they are calibrated with the SFM. Improved statistics
from many HST fields have lent insight into the distribution of dust in the
disk and into the relation with the stellar content and atomic gas. The radial
opacity profile extends to well beyond the optical disk and appears caused by
patchy dust. The dust clouds correlate with stellar light in the arms but there is
additional constant disk component which is more dominant at higher radii.

Figure 4.

Figure 5.
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The radial profile implies that there are dust clouds outside the optical disk.
This seems in agreement with the SINGS extinction maps (Regan et al. 2006)
and PAH emission maps from the SINGS project (Kennicutt 2006) but an exact
comparison remains to be made. However, we know that starformation and HII
regions can be found at hitherto unprecedented radii. The presence of dust is
therefore not unreasonable. The question remains how much there is.

One implication of the relation between opacity and surface brightness in the
arms is that a light-profile derived from the non-arm regions can be a maximum
disk or a scaling of that but that a profile that includes the arm regions will be
less concentrated than the actual distribution of mass. This may be another
contributor to a slightly different normalization of the Bell & de Jong (2001)
color-M/L relation (de Jong & Bell 2006).

The profiles of opacity and Hi column density are not correlated. Since the
opacity keeps rising in the center, it is very possible that the overall disk opacity
relates in some way to the total gas content or just the molecular component.

A similar radial profile and HI-to-dust ratio for spiral disks have also been
found in sub-mm observations of disks. This implies that a substantial fraction
of the dust responsible for the disk opacity is cold.

Future application of the counts of distant galaxies include probing the edge
of the dust disk, constraining the average cloud size, and a comparison with
sub-mm observations to constrain dust emissivity.
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STELLAR POPULATIONS IN BULGES OF SPIRAL
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Abstract To better understand bulge formation, we have used long-slit spectroscopy and
imaging to obtain luminosity-weighted (SSP) ages and abundances, line of sight
velocity distributions, and bulge-to-disk decomposition for 38 spiral galaxies.
We specifically included several blue bulges to see if these show evidence for
secular evolution. Here we describe the stellar populations and how they relate
to the kinematics and dynamics. We find that red bulges are similar to luminous
ellipticals in their central line strengths, with large SSP ages and super-solar
metallicities and α/Fe ratios. Blue bulges are similar to low-luminosity ellipti-
cals in their central line strengths. They have solar α/Fe ratios and either small
age or small metallicity. The colors, metallicities, and α/Fe ratios of bulges are
correlated with the central velocity dispersion and maximum disk rotational ve-
locity. Most bulges have metallicity gradients, but the metallicities of the bulge
and disk are correlated. These observations suggest that the star-formation his-
tories of ellipticals, bulges, and disks are sensitive primarily to the depth of the
galactic potential well, but the scatter in the scaling relations leaves room for
multiple formation mechanisms.

Keywords: galaxies: bulges - galaxies: stellar content - galaxies: abundances - galaxies:
kinematics and dynamics

1. Introduction

The stellar content of bulges can provide insight into the physical mecha-
nisms responsible for the formation and evolution of galaxies and the nature of
the Hubble sequence. Some studies have found that the light profiles, colors,
and kinematics of bulges are similar to those of ellipticals while others have
found them to be more similar to those of disks (e.g., Carollo et al. 1997; de
Jong 1996; MacArthur et al. 2004; Kormendy & Illingworth 1982). While
bulges follow the fundamental plane relation of ellipticals (Falcón-Barroso et
al. 2002), their scale lengths are correlated with those of their disks (Courteau
et al. 1996; MacArthur et al. 2003). There are indications that the massive
bulges of early-typed spirals are more similar to ellipticals, while late-typed
bulges are more disk-like. As a consequence of these observations, it has been
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proposed that bulges were formed through similar mechanisms as ellipticals,
such as mergers (e.g., Cole et al. 1994), or through the secular evolution of
disks (see Kormendy & Kennicutt 2004 for a review).

We have conducted a multidimensional study of the bulges of 38 nearby
spiral and lenticular galaxies, examining their stellar populations, structural
properties, kinematics, and dynamics. We specifically included several blue
bulges to see if these show evidence for secular evolution. Here we present
results on the stellar populations and how they relate to the central velocity
dispersion and the maximum disk rotational velocity.

Long-slit spectra covering the wavelength range 4000-7000 Å at 6–9 Å res-
olution were obtaining using the Double Imaging Spectrograph (DIS) on the
ARC 3.5m telescope at Apache Point Observatory. The slit was placed along
the major axis for nearly all the galaxies and also along the minor axis for
several of the highly-inclined galaxies. Images in BVR were obtained using
the SPIcam imager on the same telescope. We measured the strengths of the
25 Lick indices (Worthey 1994; Worthey & Ottaviani 1997) as well as several
emission lines. The line strengths have been fully transformed to the Lick sys-
tem and corrected for stellar motions and emission. We obtained luminosity-
weighted ages and metallicities using Simple Stellar Population (SSP) models
by Thomas, Maraston, & Bender (2003; hereafter TMB). Kinematics were
measured using the pPXF package (Cappellari & Emsellem 2004). Bulge-to-
disk decomposition was performed using the images to determine the relative
contributions of bulge and disk light and to obtain structural parameters. A
detailed description of the sample selection, observations, and analysis will be
presented in an upcoming paper (Moorthy & Holtzman, in preparation).

2. Results

Figure 1 shows central values of the age-sensitive index Hβ and the metal-
licity-sensitive index [MgFe]’ for bulges and ellipticals. Our central indices
were measured on spectral extractions binned to match previous measurements
by Trager et al. (1998) and Proctor & Sansom (2002) as closely as possible
(3.3, 4.2, and 3.8 arcsec for DIS I, II, and III respectively).

Bulges can be divided into three groups depending on which region of Fig. 1
they populate: the old metal-rich region (OMRR), the young metal-rich region
(YMRR), or the metal-poor region (MPR). Membership in a region is closely
related to bulge color. Red bulges and Trager et al.’s ellipticals almost al-
ways populate the OMRR. One exception is IC 267 (the red filled square with
[MgFe]’=1.65). This bulge has strong Balmer emission which suggests that its
red color is due to dust from recent star formation as opposed to an old stel-
lar population. The otherwise good separation between blue and red bulges in
Fig. 1 indicates that B−K color is sensitive to the central stellar populations
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Figure 1. Hβ versus [MgFe]’ in the central regions of our bulges. Magenta crosses are galax-
ies from Trager et al. (1998) that were classified as elliptical and had Hβ uncertainty less than
0.2 and velocity dispersion uncertainty less than or equal to 10 km s−1. The Milky Way (Puzia
et al. 2002) and M31 (Puzia et al. 2005) are shown as ’+’ symbols. For our bulges, thin open
symbols represent elliptical or unbarred galaxies, thick open symbols represent boxy/peanut-
shaped bulges, and filled symbols represent barred galaxies. Circles are S0’s; hexagons are
S0a’s or Sas; pentagons are Sab’s; squares are Sb’s; and triangles are Sc’s. Bulges are shown in
blue or red based on whether they have B−K color less than or greater than 4 as determined by
Peletier & Balcells (1996) and de Jong (1996). Bulge color was measured at half the effective
radius or 5 arcsec, whichever is larger. Bulges for which we do not have color information are
in black. Where spectra exist along both minor and major axes, the average of the two values
was used. For galaxies with large emission corrections, arrows show where each bulge would
lie if an average of the other Balmer indices were used instead of Hβ to compute the SSP age.
TMB’s models are superimposed on the plot.

without being affected much by dust. However, the B−K color is degenerate
in age and metallicity; some bulges are blue because they are metal-poor while
others are blue because they are young. Prugniel et al. (2001) identified three
similar classes of bulges based on their central line strengths.

Bulges of late-typed spirals are more heterogeneous in their central line
strengths than those of early-types. All the early-typed (S0-Sab) bulges have
large central metallicities. The blue early-types are in the YMRR while the red
early-types are in the OMRR. The MPR is populated exclusively by late-types,
but late-types are also found in the other two regions.

Figure 2 shows how the central line strengths relate to central velocity dis-
persion and maximum disk rotational velocity. [MgFe]’ is correlated with σ0
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Figure 2. Central line strengths versus central velocity dispersion and maximum disk rota-
tional velocity. Green symbols are bulges and ellipticals from Proctor & Sansom (2002). Other
symbols are as in Fig. 1. Arrows represent upper limits for galaxies whose velocity dispersions
are close to or below our resolution limit. In the bottom two figures, the region between the
two inner horizontal lines corresponds to models with solar α/Fe for metallicities -1.35 ≤ [Z/H]
≤ 0.35 and ages from 8 to 15 Gyr (from Fig. 4 of TMB). The region within the outer lines
represents models with the same metallicities and ages from 3 to 15 Gyr.

and Vmax while Hβ is weakly anti-correlated with them. Bulges with sub-
solar SSP metallicity and small SSP age (≤ 2 Gyr) have small σ0 (Log σ0< 2)
but not necessarily small Vmax. Bulges with larger σ0 are metal-rich and on
average older, but at a given σ0 the scatter in SSP age is large.

There is no systematic difference between different types of bulges or be-
tween bulges and ellipticals in the [MgFe]’-σ0 and Hβ-σ0 relations. Instead,
there is one continuous and overlapping sequence dominated by blue bulges
at small-σ0, red bulges at intermediate-σ0, and ellipticals at large-σ0. In both
bulges and ellipticals, [MgFe]’ is correlated with σ0 at the low-σ0 end. As
σ0 increases beyond Log σ0>2.2, [MgFe]’ remains constant. The apparent
dichotomy seen in Fig. 1, namely that late-typed blue bulges are metal-poor,
while red bulges and ellipticals are metal-rich, is naturally explained by the
wide range of σ0 and Vmax values spanned by the different types of objects.
The blue late-typed bulges which populate the MPR reside in considerably
shallower potential wells than the red bulges and ellipticals which populate the
OMRR. It is important to note here that the predominant view that ellipticals
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Figure 3. The [MgFe]’ value at the center of the galaxy versus the value at one disk scale
length. The latter was computed from a least squares fit to the [MgFe]’ profile in the disk-
dominated region. Symbols are as in Fig. 1.

are metal-rich (Trager et al. 2002; Denicoló et al. 2005; Thomas et al. 2005)
applies only to high-σ0 ellipticals. The only study we could find in the litera-
ture that included a large number of ellipticals with σ0 < 100 km s−1 found
that these objects spanned a similar range of SSP ages and metallicities as our
blue bulges (Caldwell et al. 2003).

The Mgb/〈Fe〉 index, which is directly related to α/Fe, is correlated with σ0

and even more so with Vmax. The most straight-forward interpretation of this
is that the duration of star-formation is shorter in deeper potential wells. The
tighter correlation with Vmax indicates that the star-formation timescales are
more sensitive to the halo potential than the bulge potential. The Mgb/〈Fe〉-
σ0 relation does not apply to blue bulges. With a couple of exceptions, blue
bulges are consistent with having solar α/Fe. These have small Vmax, but they
do not all have small σ0. Consequently, blue bulges have smaller Mgb/〈Fe〉
ratios than red bulges or ellipticals at a given value of σ0.

Most galaxies have a negative gradient in [MgFe]’ within the bulge-dominat-
ed region and a distinct shallower gradient in the disk-dominated region. How-
ever, the [MgFe]’ value at one disk scale length, which is almost always outside
the bulge-dominated region, is correlated with the central value (Fig. 3). This
suggests that the star-formation history of the bulge and disk are coupled.
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3. Conclusion

We have studied central line strengths and line strength gradients in the
bulges and inner disks of 38 nearby galaxies. The metallicities of bulges are
correlated with that of their disks and similar to those of ellipticals of the same
σ0. The α/Fe values in bulges are correlated with σ0 and even more tightly
with Vmax, suggesting that the star-formation timescales are modulated by the
depths of the bulge and halo potential wells. The continuity among disks, dif-
ferent types of bulges, and ellipticals suggests that the star-formation histories
of all of these are similarly modulated by the depth of the galactic potential
well. However, the large scatter in the scaling relations leaves room for multi-
ple formation mechanisms.
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enjoyable conference.
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THE THIN AND THICK DISKS OF THE GALAXY:

DIFFERENCES IN EVOLUTION
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Abstract The chemical evolution of the Galactic disk was investigated in framework of
the opened two-zone model with gas inflow. We suppose that the Galactic disk
is divided in two zones — the thin and thick disks, which separate chemically
and spatially and have different evolution timescales. The Galactic evolution of
magnesium was investigated for the thin and thick disks. The obtained results
show that the star formation history of the thin disk is more smooth and quiet
than the star formation history of the thick disk of our Galaxy. Gas infall plays
an important role in creating relative abundance differences between the thin and
thick disk — the inflow rate is more intense for the thick disk.

Keywords: Galaxy: evolution; Galaxy: abundances; Galaxy: structure

1. Introduction

Recent studies of kinematics and ages of disk stars of our Galaxy show the
presence of two distinct populations in the Galactic disk: the thick and the thin
disk. The observations show that the disk subsystems: 1) have different scale
heights (Gilmore & Raid 1983) and velocity dispersions (Soubiran et al. 2003),
2) were formed in different epochs (Fuhrmann 1998; Bensby et al. 2003), and
3) have different chemical characteristics: mean metallicity of the thick disk
population, <[Fe/H]>, covers the range between −0.5 and −0.7 dex, while the
mean value of the thin disk star metallicity is −0.17 to −0.25 dex (Soubiran et
al. 2003; Wyse & Gilmore 1995); the thin and thick disk α-element abundance
trends are clearly separated at [Fe/H] < 0 (Fuhrmann 1998; Bensby et al. 2003;
Gratton et al. 2000); the abundance trends for Mn, Ba and Eu are also different
(Nissen et al. 2000; Mashonkina & Gehren 2000, 2001).

The abundance ratios depend on the stellar nucleosynthesis, stellar lifetimes,
the initial mass function and the star formation history. This allows us to
use the variations of [α/Fe] ratio as an indicator of the star formation history.
Since the [α/Fe] tracks of the thick and thin disks have some distinctions, we
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suppose that star formation histories of the disk components must be differ-
ent. Therefore, our aim is to find those parameters of the star formation history
that reproduce the observed abundance trends of the thin and thick disks of the
Galaxy.

2. The Model

The Galactic disk is divided into two zones — the thin and thick disks;
the mass of gas, heavy elements, stars and stellar remnants are computed as
a function of time for each component. The stellar nucleosynthesis and main
equations of a galactic chemical evolution are described in detail by Nykytyuk
(2003, 2004). We have used the stellar yields of Portinari et al. (1998), which
give underestimated Mg values. We had to lower the predicted Mg yield from
the stars with 9–15 M⊙ by a factor of 1.5 so that the model results be in good
agreement with the observations.

The star formation rate ψ(t) in thick and thin disks is described by expo-
nential function (Pilyugin & Edmunds 1996):

ψ(t) ∼
{

t · e−t/Ttop , t ≤ Ttop

e−t/Tsfr , t ≥ Ttop

where Ttop and Tsfr are free parameters of a star formation rate.
It is supposed that an infall of unenriched intergalactic gas takes place on

the disk during the galaxy’s life. The infall rate is described by a function

A(t) = a0e
−t/Tinf ,

where Tinf and a0 are free model parameters (Pilyugin & Edmunds 1996).
The star formation histories of disk components were chosen such that a

majority of thick disk stars were formed 10–13 Gyr ago, while thin disk stars
would have ages less then 10 Gyr. It is assumed that the age of the disk of our
Galaxy equals 13 Gyr (Cowan et al. 1991).

3. The Results

Figure 1 shows the model prediction for thin disk. The model predictions
demonstrated in Fig. 1 were obtained with the following parameters: Ttop =
1 Gyr, Tsfr = 8 Gyr and Tinf = 5 Gyr.

The thin disk model with the above-mentioned parameter values reproduces
the [Mg/Fe] –[Fe/H] ratio quite well. The thin disk model prediction for el-
ement abundances as a function of time are lower on average when compared
with the Mishenina et al. (2004) observations.

The obtained values of the parameters of the thin disk evolution are in a
good agreement with parameters of the best fit model of Pilyugin & Edmunds
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Figure 1. [Mg/Fe] vs [Fe/H] and [Mg/H] vs age diagrams for the thin disk of our Galaxy.
The Galactic thin disk stars are marked by the small diamonds, the thick disk stars by the
asterisks . The squares are mean observed thin disk data in 10 bins with equal numbers of
stars. Dashed line is curve drawn by the least-squares method in the observed data of the thin
disk. The prediction for the thin disk is indicated by solid line. Observed data are taken from
Mishenina et al. (2004) and Bensby et al. (2003) (thick disk stars only).

(1996), having investigated the "age–[Fe/H]" and "age–[O/H]" ratios and the
solar neighbourhood metallicity distribution function.

The model predictions for the thick disk are presented in the Fig. 2. The
following parameters of thick disk evolution were found: Ttop = 1 Gyr, Tsfr=
5 Gyr and Tinf = 7 Gyr. As Fig. 2 shows, the solid line of the prediction of
thick disk model is in agreement with the dashed line obtained by least-squares
fitting to the Mg relative abundance observations of thick disk stars.

Unfortunately, the number of stars belonging kinematically to the thin disk
exceeds distinctly the number of stars belonging to the thick disk; there are
not enough objects for which one can surely determine the ages. Therefore,
the trend in the "age–[Mg/H] " diagram for the thick disk stars is less obvious
than it is for the thin disk stars.

Under above mentioned model parameters we find that the star formation
history of the thick disk was rather quick, as the majority of the thick disk stars
in our model was formed during 2–3 Gyr and was almost stopped after 10 Gyr
ago. On the contrary, the thin disk stars only begun to form 9–10 Gyr ago, and
the star formation in the thin disk has gone smoothly, gradually going down to
zero at our time.

The accretion of intergalactic gas has played a noticeable role in the evo-
lution of the disk subsystems of our Galaxy. The model line of the relative
abundances of the thin disk stars will change a location and approach the thick
disk star region, if the mass of gas infalling on the disk at the each accretion
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Figure 2. [Mg/Fe] vs [Fe/H] and [Mg/H] vs age diagrams for the thick disk of our Galaxy.
Symbols are the same as in Fig. 1.

episode increases. In other words, the more massive accretion in a unit of time
is a more characteristic feature for thick disk evolution than for thin disk.
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THE MILKY WAY AND THE TULLY–FISHER
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Abstract We present an updated estimate of the surface density and surface brightness
in B, V , I of the local Galactic disc, based on a model for the “Solar cylin-
der” calibrated to reproduce Hipparcos and Tycho star counts. We discuss the
mass-to-light ratio of the local stellar disc and infer the global luminosity of the
Milky Way, which indicates it is underluminous with respect to the Tully–Fisher
relation.

Keywords: Galaxy: fundamental parameters - Galaxy: disk - Galaxy: stellar content

1. Introduction

In the past two decades there has been a steady effort to determine the surface
mass density of the local Galactic disc, excluding eventually any significant
evidence for disc dark matter (e.g. Holmberg & Flynn 2000, 2004). As to
luminosity, the infrared structure of the Milky Way seems well understood
(Gerhard 2002), but studies in the optical typically date back to the ’80s (de
Vaucouleurs & Pence 1978; Ishida & Mikami 1982; Bahcall & Soneira 1980;
van der Kruit 1986). Yet the surface luminosity and colours of the “Solar cylin-
der” are of great interest to compare to extragalactic studies, and to constrain
chemo–photometric models of the Milky Way, which often serve as a calibra-
tion point for the systematic modelling of disc galaxies (Boisser & Prantzos
1999). Estimating the local multi–band surface brightness requires accurate
knowledge of the vertical structure of the disc; in this respect, Galactic models
have much improved after Hipparcos. Time is ripe for an update.

2. The Galactic Model and the Solar Cylinder

We derive the surface brightness of the local Galactic disc from the stellar
census of the Hipparcos and Tycho catalogues, combined to a model for the
vertical structure of the disc. The model consists of a thin disc, a thick disc
and a stellar halo (irrelevant in this study). The vertical structure is modelled
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Figure 1. Mass model by Holmberg & Flynn (2004) and corresponding surface luminosity
histograms in B, V , I . Thick lines: total mass/luminosity; thin lines: thick disc contribution.

as a series of components (e.g. Bahcall & Soneira 1980; van der Kruit 1988)
with a different scaleheight for each component: main sequence stars of dif-
ferent MV , red giants or supergiants. The V -band luminosity function and
the colour distributions (B–V , V –I) vs. MV are calibrated to reproduce the
Hipparcos/Tycho star counts. The mass model is constrained from the kine-
matics and the vertical distribution of AF stars (within 200 pc) and of K giants
(both local and out to ∼1 kpc toward the South Galactic Pole); for details see
Holmberg et al. (1997) and Holmberg & Flynn (2000, 2004).

Figure 1 shows (a slightly updated version of) the mass model of Holmberg
& Flynn (2004), and the corresponding B, V , I luminosity contribution of stars
of different magnitude; the resulting global surface mass/luminosity densities
are also indicated. The luminosity peak around MV ∼ 0.5 is due to clump
giants; giant stars contribute 26 (40, 56) % of the B (V , I) surface luminosity.

Figure 2 lists the surface brightness and colours we derive for the local thin,
thick and total disc, and the stellar mass-to-light ratio (M∗/L) of the Solar cylin-
der. We also compare our results to the theoretical colour–M∗/L relations pre-
dicted by the population synthesis models of Portinari et al. (2004) for differ-
ent Initial Mass Functions (IMFs). Our Solar cylinder values are in excellent
agreement with the predictions for the Kroupa and Chabrier IMFs, which have
been derived for the Solar Neighbourhood — a successful consistency check.

3. From the Solar Cylinder to the Milky Way

From the surface luminosity (or density) at the Solar radius one can infer the
total luminosity (or mass) of the Galactic disc by assuming an exponential pro-
file, and the result is quite robust to the assumed scalelength Rd (e.g. Sommer–
Larsen & Dolgov 2001). The Solar cylinder probes an inter-arm region so we
must allow for the spiral arm contrast to derive the actual azimuthally averaged
surface brightness at the Solar radius. We will henceforth focus on the I-band
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thin disc thick disc total

µB 23.7 25.7 23.5
µV 23.1 24.8 22.9
µI 22.3 23.7 22.0
(B–V ) 0.53 0.90 0.59
(V –I) 0.84 1.13 0.89
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Figure 2. Model results for the surface brightness and colours of the Solar cylinder, and
corresponding location with respect to the colour–M∗/L relations predicted for different IMFs.

as this is most typical for Tully–Fisher (TF) studies and spiral arms are not ex-
pected to induce major effects. In K-band the spiral arm enhancement is only
about 10% (Drimmel & Spergel 2001; Gerhard 2002) and in the I-band the
effect should be comparable (Rix & Zaritsky 1995). Figure 3a shows the total
I-band luminosity and stellar mass of the Galactic disc inferred from the local
surface brightness and density, including a 10% correction for spiral arms. We
must further add the bulge contribution to get the total luminosity; the bulge
K-band luminosity is ∼ 1010 L⊙ (Kent et al. 1991; Gerhard 2002); we assume
the same value in I-band, which is probably an overestimate as the bulge is
mostly composed of red old populations. The total I-band luminosity of the
Milky Way is thus ∼ 4× 1010 L⊙, corresponding to MI ∼ −22.4. With a cir-
cular speed of ∼ 220±20 km/s, the Milky Way turns out to be underluminous
with respect to the TF relation defined by external spirals (Fig. 3b).

4. Conclusions

We have presented an updated estimate of the B, V , I surface brightness and
colours of the “Solar cylinder” and reconstructed from the local disc brightness
the total luminosity of the Milky Way, which appears to be underluminous
with respect to the TF relation; although the discrepancy is not dramatic when
considering the scatter in the TF relation and the uncertainty in the Milky Way
values (20% assumed for the luminosity in Fig. 3). The offset might be partly
due to a colour effect, if the Milky Way is a redder and earlier type spiral than
the Sbc-Sc galaxies defining the TF relation (Portinari et al. 2004); however,
the disc locally is quite blue (B–V ∼0.6) which does not argue for significant
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Figure 3. (a) Total I-band luminosity of the Milky Way inferred as a function of the assumed
disc scalelength Rd. (b) Location of the Milky Way with respect to the I-band TF relation.

colour and M∗/L offsets between the Milky Way and Sbc–Sc spirals. All in
all, the offset might indicate a problem with the luminosity zero–point of the
TF relation, and/or with the M∗/L of disc galaxies. A similar conclusion is
suggested also by semi–analytic models of galaxy formation (Dutton et al.
2004). The issue certainly deserves further investigation.

We are presently refining our I-band luminosity estimate with the aid of
DENIS and other star counts, and defining better our errorbars; we are also
extending our surface brightness determination to other photometric bands,
especially in the infrared utilizing DENIS and 2MASS.
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Abstract We present the results from a blind optical survey targeted on the Arecibo Hi
Strip Survey (AHISS). Object detection and profile fitting of the galaxies were
done with automated algorithms. Our final catalogue is diameter-limited and
contains 306 galaxies with diameters larger than 18′′; 148 of these galaxies were
previously uncatalogued. Thereupon, we estimated the galaxy number density
per square degree and compared it with other optical surveys and with the AHISS
itself. Our number density is several times higher than the one from the AHISS.
We discuss the selection effects for Hi and optical surveys and point out the in-
fluence of different search algorithms and size estimation methods at the number
density. The contribution of LSB galaxies to the local galaxy number density is
about 30 % and thus not negligible.

Keywords:

1. Introduction

The importance of low surface brightness (LSB) galaxies has been estab-
lished over the last ten years (e.g., Impey & Bothun 1997, Minchin et al. 2004).
However, the detection of LSBs and their interpretation was influenced at all
times by selection biases (e.g., Disney 1976) and the understanding of these
biases. To avoid the problems resulting from the night sky brightness, Hi sur-
veys were considered as a possible alternative. Nevertheless, Hi surveys are
also biased due to selection effects. The question, which kind of survey is af-
fected stronger by selection effects, if one wants to search for LSB galaxies,
arises. With our work, we want to give some answers to this question. Fur-
thermore, we want to test the influence of different object detection and data
analysis methods on the galaxy number density.
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2. Data Reduction and Sample Selection

Our survey covers an effective area of 14.3 deg2 at a fixed declination of
14◦12′. This area was initially observed as a part of the blind AHISS. The
data consists of two long strips in the B-band and was obtained at the 1.23m
telescope at Calar Alto equipped with WWFPP and an exposure time of 900 s.
The reduction of our data was done using an automated reduction pipeline
which was specifically developed for mosaic CCD wide field imaging data
(Erben et al. 2005).

Object detection. Our objects were detected using SExtractor (Bertin &
Arnouts 1996). The use of an automated search algorithm yields several advan-
tages (e.g., speed, uniformity in the object detection and reproducibility). Fur-
thermore, it is possible to estimate the detection efficiency by using artificial
galaxies as done in our forthcoming paper (Trachternach et al., in prep.). The
star-galaxy separation was done by the use of the SExtractor CLASS STAR
parameter (CLASS STAR ≤ 0.1). Thereby, 13.400 galaxy candidates remain.

Figure 1. Thumbnail triplet of one of our galaxies. Original galaxy (left), model fit (middle)
and residual image (right).

Galaxy Profile Fitting. Each of the 13.400 galaxies were fitted by an ex-
ponential profile using the galaxy fitting program Galfit (Peng et al. 2002).
Galfit calculates several parameter for each galaxy and generates a triplet of
thumbnails – one of the original object, a model fit and a residual image (see
Figure 1). After the profile fitting, we calculated the central surface brightness.
Furthermore, we have computed the sizes of our objects using the analytical
function of the exponential profile in combination with the limiting surface
brightness derived from SExtractor.

Restriction to the local universe. To remove the contribution of high red-
shifted galaxies, we applied a diameter criterion. A comparison with 26.000
objects from the 2dfGRS (Colless et al. 2001) showed that using a diameter
limit of 18′′ restricts our sample approximately to z≤ 0.1. Cross-checks with
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our objects which have published redshifts lead us to the same conclusion.
After rejecting all galaxies with d ≤ 18′′ and manually sorting out misfitted
objects and observational artifacts, 306 galaxies remain in our final catalogue.

Figure 2. Number densities of our sam-
ples and the one from OBC97.

Figure 3. Number densities of our sam-
ples and the one from Haberzettl et al.

3. Results

Comparisons to other optical surveys. Figure 2 shows the comparison
of our survey to the optical CCD survey from O’Neil et al. (1997, OBC97
from now on). OBC97 made their object detection and size estimation via
the eye. Their limiting surface brightness is approximately µlim ≈ 27 mag
arcsec−2, which is roughly two magnitudes fainter than the mean of ours
(µlim ≈ 25.2 mag arcsec−2). Although our diameter limit is larger than theirs
(18′′ vs. 13.′′5), we found much more objects than they did. If we compare
samples with the same diameter criterion, the difference is up to a factor of 5.

Another comparison is shown in Figure 3, where we compared the number
density of several samples of our survey with the sample from Haberzettl et
al. (2005, in prep.). Size estimation was again done visually, whereas object
detection was done using SExtractor. Their survey is much deeper than ours
(µlim ≈ 29 mag arcsec−2) and they used a considerably smaller limiting dia-
meter compared to us (d≥ 10.′′75). Although they are able to follow a galaxy
to much fainter isophotes than we were able to do, the number density of their
sample is comparable to our d ≥ 14′′ sample. Putting these two comparisons
together, we conclude that the eye is not as reliable for the detection of faint
objects as an automated search algorithm. Moreover, the eye underestimates
the galaxies’ sizes meaning that the eye is not capable of following a galaxy as
deep in the noise as we were able to do by using our analytical approach.



64 ISLAND UNIVERSES

Comparison to the AHISS. The number density of our survey is 21.4
galaxies deg−2, the one from the AHISS is 0.92 galaxies deg−2 (or 3 galaxies
deg−2 if restricting the area to the one the main beam covered). All detected
objects from the AHISS were found in our survey by our automated search
algorithms. By comparing the number densities, one can see that our number
density is 23.2 times as high as the one from the AHISS. (7.1 times by a com-
parison restricted to the main beam area). These differences are the result of
the stronger selection effects for Hi surveys in respect to optical surveys. The
small search volume and the flux limit of the AHISS account for the major
part of the differences between the number densities. If one extends the search
volume by using better correlators, the problem of beam-filling and flux limita-
tion becomes worse. Another selection effect is likely caused by the ionization
of the neutral gas for column densities below 1019.5 cm−2 due to extragalactic
UV radiation (e.g., Sprayberry et al. 1998). Moreover, the column density de-
creases to a lower central surface brightness (e.g., Minchin et al. 2003). Thus,
one needs extremely sensitive Hi surveys to detect these low column densities
of Hi. Hence, optical surveys are – at least at the moment – more efficient in
detecting LSB objects than Hi surveys.

4. Conclusions

We conclude that Hi surveys are – currently – less suitable than optical
surveys for the detection of LSB galaxies in blind surveys due to stronger se-
lection criteria. We show furthermore, that automated search algorithms rise
the number density significantly and that a size estimation by the eye leads to
underestimated sizes of the galaxies and therefore, if using a diameter limit, to
a lower number density.

About 30 % of the galaxies from our survey are LSBs. Therefore, their
contribution to the local galaxy number density and to the baryonic matter is
not negligible.
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Abstract I review (i) the impact of spiral structure on the kinematics and chemistry of the
solar neighbourhood and (ii) recent developments in the theory of warps. It has
been suggested at age ∼ 3Gyr the random velocity of a star saturates, but I show
that this conjecture is excluded by Hipparcos data. Spiral structure dominates the
heating of disks, but spirals don’t just heat disks, they churn them. In the solar
neighbourhood churning is required to explain the distribution of stars in age
and metallicity. It seems likely that most of the chemically heterogeneous star
streams of the solar neighbourhood owe their existence more to churning than to
heating. A strong case can now be made that warps reflect misalignment between
the symmetry axes of the outer dark halo and the inner disk. The inner halo is
tightly coupled to the disk, so when modelling a warp it is essential to have a
fully dynamical halo. Warps should now provide valuable probes of structure of
dark halos in the region around visible galaxies.

Keywords: galaxies: kinematics and dynamics - stellar dynamics

1. Introduction

Galaxy disks are complex dynamical systems that are far from well under-
stood. Within the last decade there have been important developments in our
understanding of the impact that spiral structure has on the chemical and dy-
namical evolution of disks. Meanwhile the evidence has hardened that warps
are symptoms of the misalignment of the outer and inner parts of galactic halos.

2. Disk Heating

We tend to think of waves as travelling perturbations that leave the medium
that carries them unchanged after they have passed by. Actually some wave
energy is always absorbed by the medium and heats it. Thus it has long been
clear that spiral waves in disks must increase the random velocities of stars. An
alternative heating mechanism, scattering of stars by giant gas clouds, was pro-
posed by Spitzer & Schwarzschild (1953) and the relative importance of these
two heating mechanisms was estimated by Jenkins & Binney (1990) from the
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axis ratio of the velocity ellipsoids near the Sun: σφ/σR is increased by cloud-
scattering and reduced by wave heating. They concluded that wave heating
strongly dominates.

Waves heat only resonant stars, and in a cool disk with a steady spiral pat-
tern these stars are localised to narrow annuli around the Lindblad resonances.
In the solar neighbourhood the random velocities of main-sequence stars are
independent of colour for B − V > 0.6, but steadily increase with B − V
for B − V < 0.6 (Dehnen & Binney 1998 and Figure 1). The break in the
σ, B−V relation is called Parenago’s discontinuity and occurs at the colour of
stars that have main-sequence lifetimes comparable to the Hubble time. Pare-
nago’s discontinuity presumably arises because to the red of the discontinuity
one sees all stars that have ever been formed, while as one moves blueward of
it the oldest stars one sees get younger and younger, and young stars have not
had time to pick up such large random velocities as old red stars.

Binney, Dehnen & Bertelli (2000; hereafter BDB) modelled the σ, B − V
relation and the number of main-sequence stars of each colour in a complete
sample of nearly 12 000 stars with accurate Hipparcos parallaxes by assuming
that the measured velocity dispersion of stars of age τ is

σ = v10[(τ + τ1)/(10 Gyr + τ1)]
β , (1)

and that over the lifetime τmax of the disk the rate of formation of stars of mass
M has been proportional to

M−α exp(−γt). (2)

They were able to obtain good fits to the data for α ≃ 2.35 (Salpeter value),
β ≃ 0.33, γ ≃ 0, τ1

<∼ 0.03 Gyr and τmax ≃ 11 Gyr. Thus BDB required
the solar neighbourhood to be remarkably old, and to have formed at a very
constant rate.

Edvardsson et al. (1993) obtained high-resolution spectroscopy and Strom-
gren photometry for a kinematically unbiased (but chemically biased) sample
of 189 F and G dwarfs, and from these data Quillen & Garnett (2001) plot-
ted velocity dispersion against age. Freeman & Bland-Hawthorn (2002) ar-
gued that these data show that the velocity dispersion rises with age only for
τ <∼ 3 Gyr, and then flattens off until an age ∼ 9.5 Gyr is reached, where σR

jumps by a factor >∼ 1.5. Such an evolution of σ with time would be consistent
with a small value of the index β in equation (1), leading to rapid saturation of
the wave-induced random velocities, combined with a merging event 9.5 Gyr
ago, that abruptly increased the velocity dispersion of the disk that had formed
by that time.

It is interesting to ask whether this interpretation of the Edvardsson et al.
data is consistent with the much larger sample of Hipparcos stars discussed
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Figure 1. Top panel: velocity dispersion versus colour for a kinematically unbiased sample
of main-sequence stars with accurate Hipparcos parallaxes (points) and two model curves. The
dashed curve shows the steady-acceleration model whose parameters occur at the top of Table
2 of BDB. The full curve is for a model inspired by Freeman & Bland-Hawthorn (2002) and
described in the text. Lower panel: number of stars at each colour in the data and in the model
predictions.

by BDB. Figure 1 shows the Hipparcos data as points, and the predictions of
two models as curves. The dashed curve shows a model from BDB: for this
model the parameters in equations (1) and (2) are α = 2.26, β = 0.328,
γ = −0.006, v10 = 58.1 km s−1, and τ1 = 0.03 Gyr, while the age of the disk
is τmax = 11.2 Gyr. The full curves in Figure 1 are for a model in which the
velocity dispersion varies with age τ as

σ =







v3[(τ + τ1)/(3 Gyr + τ1)]
β for τ < 3 Gyr,

v3 for 3 Gyr ≤ τ < 9.5 Gyr,
1.5v3 otherwise

(3)

as suggested from the Edvardsson sample. The parameters of this model are
α = 2.29, β = 1.05, γ = 0.051, τ1 = 1.99 Gyr, v3 = 45.0 km s−1, and
τmax = 12 Gyr. The parameter-optimization routine that successfully fitted
to the data the dashed model based on equation (1) is clearly less successful
when working from equation (3): the model falls unacceptably below the data
between B−V = 0.55 and 0.64 as a consequence of the assumption that accel-
eration saturates after 3 Gyr. From this result I conclude that acceleration does
not saturate at 3 Gyr, and that the contention of Freeman & Bland-Hawthorn
(2002) that it does arises from an over-interpretation of the rather sparse and
unrepresentative Edvardsson et al. sample. This conclusion is consistent with
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the age–velocity dispersion relations derived by Gomez et al. (1998) from a
different sample of Hipparcos stars – see their Figure 2.

3. Churning by Spirals

A crucial finding of Edvardsson et al. (1993) was that stars are scattered
widely in the age-metallicity plane. In the conventional picture of galactic
chemical evolution, the ISM at any galactocentric radius has a well defined
metallicity that increases steadily with time. Consequently, all stars formed
at the same time at the same radius should have the same metallicity Z. The
Evdardsson et al. data imply either that there is a wide spread in the metallicity
of the ISM at a given radius, or that the stars that are currently in the solar
neighbourhood were formed at a wide variety of different radii.

Since stars have non-zero epicycle radii, it is clear that stars do move in ra-
dius, but it is straightforward to show that such movement is insufficient to ac-
count for the Edvardsson et al. data. Consider, for example, stars of age 5 Gyr,
which have log(Z/Z0) in the range (−0.4, 0.15). The radial velocity disper-
sion of these stars is ∼ 30 km s−1, so we have vR(max) ∼ 30

√
2 km s−1,

which implies an epicycle amplitude X ≃ 30
√

2 km s−1/κ ≃ 1.2 kpc, where
κ ≃ 36 km s−1 is the epicycle frequency. Equation (14) of Sellwood & Binney
(2002) gives the change in the metallicity of the present-day ISM as δ log(Z) =
−0.96δR/R, so stars born now at R0 ± 1.2 kpc will be spread in metallicity
by δ log(Z) ≃ ±0.14. If the metallicity of the ISM is everywhere increasing,
as is probably the case, the range in metallicity will be somewhat narrower,
whereas the measured range is nearly a factor of 2 larger.

Sellwood & Binney (2002) showed that a single transient spiral feature can
shift the guiding centre of a star near corotation by 2 − 3 kpc. The guiding-
centre shifts of stars are correlated in the sense that all stars with one orbital
phase relative to the spiral pattern move outwards, and an equal number with
different phases move inward, with the result that the distribution of mass
within the disk is unchanged. Since the gravitational potential energy of the
disk is unaffected by the shifts, they do not have a tendency to heat the disk.
However, the shifts do “churn” the disk in the sense that they mix the disk
chemically. Churning explains the absence of a well defined metallicity-age
relation: the old, metal-rich stars in the Edvardsson et al. sample were born
at small radii where the metallicity quickly rose to near-solar values, and have
had their guiding centres increased to near R0. Conversely, a small number of
young stars with log(Z/Z0) <∼ −0.4 arise because some stars born at R > R0

have migrated inwards.
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Star streams

Hipparcos data enable one to determine the density of stars in velocity space
near the Sun. Jeans’ theorem implies that the isodensity surfaces should ap-
proximately coincide with the ellipsoids U2 +γ2V 2 + ǫW 2 = constant, where
γ = 2Ω/κ, with Ω the circular frequency. This expectation was confounded by
Dehnen (1998), who showed that the projection of the velocity-space density
onto the (U, V ) plane is far from smooth and ellipsoidal. In fact, a substan-
tial faction of the stars seem to be associated with streams that are centred on
velocities that differ markedly from the local standard of rest.

It has been known for a very long time that some stars form streams. The
standard explanation of this phenomenon is that each stream is a dispersing
association or cluster, that has been tidally disrupted. If this hypothesis were
valid, the members of any given stream should have very similar ages and
metallicities. Famaey et al. (2005), who had not only proper motions and par-
allaxes but also spectroscopy, were able to locate individual stars in velocity
space, rather than simply deriving the density of stars in a statistical manner, as
Dehnen (1998) had done from Hipparcos data alone. They found that some of
Dehnen’s star streams contain stars with many different ages and metallicities,
so they are not disrupting star clusters. Rather they must be groups of pre-
viously unrelated stars that have acquired similar peculiar velocities because
they happen to have similar orbital phases with respect to a non-axisymmetric
feature in the Galaxy’s gravitational potential.

Dehnen (2000) made a strong case that the most extended of these streams,
the Hercules stream, is comprised of stars that are resonantly trapped by the
Galactic bar. Quillen & Minchev (2005) have suggest that the Pleiades/Hyades
and Coma Berenices streams are generated by a two-armed spiral perturbation
with a pattern speed such that the Sun lies near the 4:1 inner Lindblad reso-
nance. Desimone, Wu & Tremaine (2004) investigated the impact on the local
velocity space of a sequence of spirals that were transient rather than long-
lived and therefore had less well-defined pattern speeds. When studied with
the resolution of current data, the structures generated by these perturbations
look moderately like the observed features, but to some extent share with the
work of Quillen & Minchev (2005) the fault of producing features that are too
narrow in U and too broad in V . An interesting and inadequately explored
possibility is that in these heterogeneous star streams we are seeing in action
the shift mechanism discussed by Sellwood & Binney (2002).

4. Warps

Despite four decades of work, there is still no consensus on the origin of
warps. Warps become pronounced beyond the radius at which even a maxi-
mum disk model predicts that dark matter makes a large contribution to the
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rotation curve, so it has been clear for a long time that the dynamics of warps
involves, and is a probe of, the dark halo (Binney 1978). For over a decade
the field was dominated by the idea of Toomre (1983) and Dekel & Shlosman
(1983) that warps are “normal modes” of disks in which a fixed pattern steadily
precesses in the external gravitational field of an aspherical halo (Sparke &
Casertano 1988). Within the last decade it has been realized that the vertical
response of the halo to the cusped gravitational field of the disk cannot be ig-
nored. Nelson & Tremaine (1995) estimated the energy that would be gained
by halo particles in the time-varying potential of the disk, and showed that it
would very quickly exceed the energy of the warp, which is small. From this
calculation they argued that the warp would be quickly damped. Binney, Jian
& Dutta (1998) followed the dynamics of a disk of massive rings embedded
in an N-body halo and showed that before the warp can damp, it distorts the
halo sufficiently to change radically the torques acting on each ring, which in a
normal mode are nicely adjusted to cause all rings to precess at the same rate.
Consequently, a disk that is configured to be a normal mode of a rigid halo is
almost immediately not a normal mode of the actual halo, and its warp winds
up in a few dynamical times. The net result of this winding up is to convert the
warp’s energy into heat within the disk rather than within the halo, as Nelson
& Tremaine had conjectured.

The failure of the normal-mode model prompted Jiang & Binney (2000;
hereafter JB) to re-examine the possibility that warps are steadily forced by in-
fall. They again simulated the disk as a series of rings embedded in an N-body
halo, but now they started with the disk flat and aligned with the equatorial
plane of the halo. Then they added particles to the halo on near-circular but
inclined orbits. They found that the resulting enhancement in the density of
the halo in the inclined torus within which mass was injected caused the disk
to become warped in a fairly realistic way.

In his Rutgers thesis Juntai Shen has recently significantly improved on the
models of JB in several respects. First his disks are made of stars rather than
rings, which makes them more rigid since radial oscillations of stars directly
couple adjacent annuli. Second his disks extend to 8Rd, where Rd is the expo-
nential disks’ scale length, rather than to 4Rd as in JB. Third his simulations
contain ∼ 12 times as many particles as those of JB.

Rather than injecting particles with off-axis angular momentum as JB did,
Shen simply adds in the potential of a slowly growing inclined ring of mean
radius 15Rd; the final mass of the torus is 2.5 times the mass of the disk. He
argues that this torus would evolve dynamically on such a long timescale that
its own dynamics can be ignored.

As Figure 2 shows, the torus distorts the initially flat stellar disk into a warp
that is strikingly reminiscent of warps observed in HI. Moreover, Shen finds
that these warps conform to Briggs (1990) rules of HI warps, namely: (i) the
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Figure 2. (top) The warp excited in a simulated stellar disk by Shen (2005) and (bottom) the
Hi warp of NGC 4013 observed by Bottema (1996).

disk is planar at R <∼ R25 ≃ 3Rd and becomes warped between R25 and the
Holmberg radius (R26.5 ≃ 4.4Rd); (ii) the line of nodes is fairly straight inside
R26.5; (iii) outside R26.5 the line of nodes is a loosely-wound leading spiral.

Shen confirms the result of Binney, Jiang & Dutta (1998) that at each radius
the halo aligns with the local disk. The quadrupole field of the torus forces
slow retrograde precession of the flat inner disk. Outer annuli of the disk are
more strongly torqued by the torus, and in the absence of disk self-gravity
precess faster than the inner disk, causing the line of nodes to be a trailing
spiral. When the disk is realistically massive, torques on outer annuli from the
inner disk slow the precession of the outer annuli so much that the line of nodes
becomes a leading spiral.

The tori that drive the warp in the simulations of JB and Shen (2005) are
artificial devices inspired by the idea that material that is being accreted with
off-axis angular momentum would form such a torus. Polar-ring galaxies, the
Magellanic stream and the ring of tidal debris from the Sagittarius dwarf galaxy



74 ISLAND UNIVERSES

constitute hard evidence that material with off-axis angular momentum is ac-
creted, but the mass of such material is uncertain because it depends on how
much dark matter is being accreted alongside the detected baryonic matter. In
fact probably the way forward is to use warps to probe the shape of the halo
outside the disk, and to relate this to the visible manifestations of accretion.

5. Conclusions

Understanding disks is fundamental to understanding the structure and for-
mation of galaxies: through most, perhaps all, of cosmic history they have
been the main sites of star formation, and they are also sensitive dynamical
probes of the gravitational potentials and thus mass distributions of their host
galaxies. We are fortunate to live at a strategic location in a typical disk, and
the last few years have been notable for a rapidly spreading appreciation of the
window this gives us on the galaxy-formation process (e.g., Freeman &Bland-
Hawthorn 2002).

Spiral structure is fundamental to galactic disks but we are only just begin-
ning to understand the profound affects it has on the kinematics and chemistry
of the solar neighbourhood. The tendency of spiral structure to heat disks is
well known but is confined to Lindblad resonances. At corotation spiral struc-
ture has a major impact on the chemistry of the disk, but leaves the kinematic
unchanged. Observations of the solar neighbourhood show that this second
process, “churning”, is an important one, and it seems likely that it is respon-
sible for the existence of heterogeneous star streams.

It may be that after forty years of fumbling we finally have a grip on the
origin of warps. If so, there is tremendous potential for using this widespread
phenomenon to probe the dark halo and mass accretion outside disks in a way
that will complement the use of spiral structure and bar dynamics to probe the
dark halo within the visible parts of galaxies. The picture of the centres of dark
halos that emerges from these studies conflicts with the predictions of standard
CDM cosmology in interesting ways. Will these predictions fare better when
tested in the circumgalactic environment? The next few years promise to be
interesting.

References

Binney, J., 1978, MNRAS, 183, 779
Binney, J., Jiang, I.-G. & Dutta, S., 19998, MNRAS, 297, 1237
Binney, J., Dehnen, W. & Bertelli, G., 2000, MNRAS, 318, 658 (BDB)
Bottema, R., 1996, A&A, 306, 345
Briggs, F.H., 1990, ApJ, 352, 15
Dekel A. & Shlosman I., 1983, in IAU Symposium 100, ‘Internal Kinematics and Dynamics of

Galaxies’, ed. E. Athanassoula, Dordrecht, Reidel, p. 187
Dehnen, W., 1998, AJ, 115, 238



Dynamics of Disks 75

Dehnen, W., 2000, AJ, 119, 800
Dehnen, W. & Binney, J., 1998, MNRAS, 298, 387
De Simone, R., Wu, X. & Tremaine, S., 2004, MNRAS, 350, 627

275, 101
Famaey, B., Jorissen, A., Luri, X., Mayor, M., Udry, S., Dejonghe, H. & Turon, C., 2005, A&A,

430, 165
Freeman, K.C. & Bland-Hawthorn, J., 2002, ARA&A, 40, 487
Gomez, A., Grenier, S., Udry, S., Haywood, M., Meillon, L., Sabas, V., Sellier, A., Morrin, D.,

1998, in “Hipparcos–Venice ’97”, 621, ESA
Jenkins, A. & Binney, J., 1990, MNRAS, 245, 305
Jiang, I.-G. & Binney, J., 2000, MNRAS, 314, 468 (JB)
Nelson R.W., Tremaine S., 1995, MNRAS, 275, 897
Quillen & Garnett 2001
Quillen, A.C. & Minchev, I., 2005, AJ, 130, 576
Sellwood, J.A. & Binney, J., 2002, MNRAS, 336, 785
Shen, J., 2005, Rutgers University PhD Thesis.
Sparke, L.S. & Casertano, S., 1988, MNRAS, 234, 873

Toomre, A., 1983, in IAU Symp. 100, ‘Internal Kinematics and Dynamics of Galaxies’, ed. E.
Athanassoula, Reidel, Dordrecht, p. 177

Edvardsson, B., Andersen, B., Gustafsson, B., Lambert, D.L., Nissen, P.E., Tomkin, J., 1993, A&A,

Spitzer, L. & Schwarzschild, M., 1953, ApJ, 118, 106



76 ISLAND UNIVERSES

Renzo Sancisi, Giuseppe Bertin, and Tjeerd van Albada.

Ignacio Trujillo, Matthew Bershady, and Michael Pohlen.



CIRCULAR VELOCITY AND CENTRAL

VELOCITY DISPERSION IN

LOW SURFACE BRIGHTNESS GALAXIES

E.M. Corsini1∗, A. Pizzella1, E. Dalla Bontà1, F. Bertola1, L. Cocato2 and
M. Sarzi3

1Dipartimento di Astronomia, Università di Padova, Italy
2Kapteyn Astronomical Institute, University of Groningen, The Netherlands
3Physics Department, University of Oxford, UK

* corsini@pd.astro.it

Abstract We analyzed a sample of high and low surface brightness (HSB and LSB) disc
galaxies and elliptical galaxies to investigate the correlation between the circular
velocity (Vc) and the central velocity dispersion (σc). We better defined the
previous Vc– σc correlation for HSB and elliptical galaxies, especially at the
lower end of the σc values.

Elliptical galaxies with Vc based on dynamical models or directly derived
from the Hi rotation curves follow the same relation as the HSB galaxies in the
Vc– σc plane. On the contrary, the LSB galaxies follow a different relation, since
most of them show either higher Vc (or lower σc) with respect to the HSB galax-
ies. This argues against the relevance of baryon collapse in the radial density
profile of the dark matter haloes of LSB galaxies. Moreover, if the Vc– σc re-
lation is equivalent to one between the mass of the dark matter halo and that of
the supermassive black hole, these results suggest that the LSB galaxies host a
supermassive black hole with a smaller mass compared to HSB galaxies of equal
dark matter halo. On the other hand, if the fundamental correlation of SMBH
mass is with the halo Vc, then LSBs should have larger black hole masses for
given bulge σc.

Keywords: galaxies: elliptical and lenticular, cD – galaxies: fundamental parameters –
galaxies: kinematics and dynamics – galaxies: spirals

1. Introduction

A possible relation between the central velocity dispersion of the spheroidal
component (σc) and the galaxy circular velocity (Vc) measured in the flat re-
gion of the rotation curve (RC) was suggested by Whitmore et al. (1979). By
measuring stellar velocity dispersions and Hi line widths for a sample of 19
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spiral galaxies they found a a significant decrease in Vc/σc with increasing
bulge-to-disk ratio. Since σc and Vc probe the potential of the spheroid and
dark matter (DM) halo, a mean value Vc/σc ≃ 1.7 implies these components
are dynamically separate with the bulge substantially cooler than halo.

Gerhard et al. (2001) derived the Vc– σc relation for the sample of giant
elliptical galaxies studied by Kronawitter et al. (2000). This was explained as
an indication of near dynamical homology of these objects which were selected
to be nearly round and almost non-rotating elliptical galaxies. These galaxies
form a unique dynamical family which scales with luminosity and effective
radius. As a consequence the maximum Vc of the galaxy is correlated to its σc.
Whether the same is true for more flattened and fainter ellipticals is still to be
investigated. On the contrary, both shape and amplitude of the RC of a spiral
galaxy depend on the galaxy luminosity and morphological type (e.g., Burstein
& Rubin 1985). As a consequence for spiral galaxies the Vc– σc relation is not
expected a priori.

Nevertheless, Ferrarese (2002) and Baes (2003) found that elliptical and
spiral galaxies define a common Vc– σc relation. In particular, they find that
for a given σc the value of Vc is independent of the morphological type. But
σc and Vc are related to the mass of the supermassive black hole (hereafter
SMBH, see Ferrarese & Ford 2005 for a review) and DM halo (e.g., Seljak
2002), respectively. Therefore Ferrarese (2002) argued that the Vc– σc relation
is suggestive of a correlation between the mass of SMBH and DM halo.

Previous works concentrated on high surface brightness (HSB) galaxies. It
is interesting to investigate whether the Vc– σc relation holds also for less dense
objects characterized by a less steep potential well. This is the case of low
surface brightness (LSB) galaxies, which are disc galaxies with a central face-
on surface brightness µB ≥ 22.6 mag arcsec−2 (e.g., Impey et al. 1996). In
Pizzella et al. (2005) we studied the behavior of LSB galaxies in the Vc– σc

relation. Here we present our results.

2. Sample Selection

In the past years we started a scientific program aimed at deriving the de-
tailed kinematics of ionized gas and stars in HSB and LSB galaxies in or-
der to study their mass distribution and structural properties (e.g., Pignatelli et
al. 2001).

We measured the velocity curves and velocity dispersion profiles along the
major axis for both the ionized-gas and stellar components for a preliminary
sample of 50 HSB galaxies [10 S0–S0/a’s in Corsini et al. (2003); 7 Sa’s in
Bertola et al. (1996) and Corsini et al. (1999); 16 S0–Sc’s in Vega Beltran
et al. (2001); 17 Sb–Scd’s in Pizzella et al. (2004a)] and 11 LSB galaxies
(Pizzella et al. 2004b). The HSB sample consists of disc galaxies with Hubble
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type ranging from S0 to Scd, an inclination i ≥ 30◦ and a distance D <
80 Mpc. The LSB sample consists of disc galaxies with Hubble type ranging
from Sa to Irr, an intermediate inclination (30◦ ≤ i ≤ 70◦), and a distance
D < 65 Mpc. In order to complete our sample of disc galaxies we included
the 38 Sa-Scd galaxies previously studied by Ferrarese (2002) and the 12 Sb-Sc
galaxies by Baes et al. (2003).

Finally, we considered a sample of 24 elliptical galaxies with a flat RC and
for which both Vc and σc are available from the literature. They include 19 ob-
jects studied by Kronawitter et al. (2000) who derived Vc by dynamical mod-
eling and 5 objects studied by Bertola et al. (1993) for which Vc is directly
derived from the flat portion of their Hi RCs. The addition of these galaxies
will allow to test against model-dependent biases in the Vc– σc relation.

3. Measuring Vc and σc

For all the disc galaxies we obtained the ionized-gas RC. We rejected galax-
ies with asymmetric RCs or RCs which were not characterized by an outer flat
portion. The flatness of each RC has been checked by fitting it with a linear law
V (R) = AR + B for R ≥ 0.35 R25. The radial range has been chosen in or-
der to avoid the bulge-dominated region. The RCs with |A| ≥ 2 km s−1 kpc−1

within 3σ have been considered not to be flat. We derived Vc by averaging the
outermost values of the flat portion of the RC. We derived σc from the stellar
kinematics by extrapolating the velocity dispersion radial profile to the centre.
This has been done by fitting the innermost data points with an empirical func-
tion (either an exponential, or a Gaussian or a constant). We did not apply any
aperture correction to σc as discussed by Pizzella et al. (2004a).

For the elliptical galaxies we obtained Vc either from the dynamical models
by Gerhard et al. (2001) or from the flat portion of the Hi RC. For these galaxies
we relaxed the flatness criterion in favor of their large radial extension which
is about 10 times larger than that of optical RCs. Aperture measurements of
the stellar velocity dispersion corrected to re/8 were adopted to estimate σc.

4. The Vc– σc Relation for HSB and Elliptical Galaxies

In summary, we have 40 disc galaxies [15 from our preliminary sample, 16
from Ferrarese (2002), and 9 from Baes et al. (2003) with flat RCs extending
to ∼ 0.8 R25] and 24 elliptical galaxies [19 from Kronawitter et al. (2000)
with flat RCs extending to about ∼ 0.5 R25, 5 from Bertola et al. (1993) with
flat Hi RCs extending to ∼ 3 R25].

A power law has been usually adopted to describe the correlation between
Vc and σc for galaxies with σc> 80 km s−1. We find

log Vc = (0.74 ± 0.07) log σc + (0.80 ± 0.15) (1)
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Figure 1. The correlation between Vc and σc. The data points corresponding to HSB galaxies
(filled circles), LSB galaxies (squares), and elliptical galaxies with Vc obtained from Hi data
(diamonds) or dynamical models (crosses) are shown. The dash-dotted and continuous line

represent the power-law (Eq. 1) and linear fit (Eq. 2) to HSB and elliptical galaxies. The dotted

line represents the linear-law fit (Eq. 3) to LSB galaxies. For a comparison, the dashed line

corresponds to the power-law fit to spiral galaxies with σc > 80 km s−1 by Baes et al. (2003).

with Vc and σc expressed in km s−1. The resulting power law is plotted in
Fig. 1 (dash-dotted line). However, according to a χ2 analysis the data are
also consistent with a linear law out to velocity dispersions as low as σc ≈ 50
km s−1

Vc = (1.32 ± 0.09)σc + (46 ± 14). (2)

The resulting straight line is plotted in Fig. 1 (continuous line).
The data points corresponding to the 5 elliptical galaxies with Vc based on

Hi data follow the same relation as the remaining disc and elliptical galaxies.
They are mostly located on the upper end of the Vc– σc relation derived for disc
galaxies, in agreement with the findings of Bertola et al. (1993). They studied
these elliptical galaxies and showed that their DM content and distribution are
similar to those of spiral galaxies.
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5. The Vc– σc Relation for LSB Galaxies

The LSB and HSB galaxies do not follow the same Vc– σc relation. In fact,
most of the LSB galaxies are characterized by a higher Vc for a given σc (or a
lower σc for a given Vc) with respect to HSB galaxies. By applying to the LSB
data points the same regression analysis which has been adopted for the HSB
and elliptical galaxies of the final sample, we find

Vc = (1.35 ± 0.19)σc + (81 ± 23) (3)

with Vc and σc expressed in km s−1. The straight line corresponding to this fit,
which is different from the one obtained for HSB and elliptical galaxies and
happens to be parallel to it, is plotted in Fig. 1 (dotted line). To address the
significance of this result, which is based only on 8 data points, we compared
the distribution of the normalized scatter of the LSB galaxies to that of the HSB
and elliptical galaxies. They are different at a high confidence level (> 99%)
by a Kolmogorov-Smirnov test. The fact that these objects fall in a different
region of the Vc– σc plane confirms that LSB and HSB galaxies constitute two
different classes of galaxies.

6. Conclusions

Both demographics of SMBHs and study of DM distribution in galactic
nuclei benefit from the Vc– σc relation. The recent finding that the mass of
SMBHs correlates with different properties of the host spheroid supports the
idea that formation and accretion of SMBHs are closely linked to the formation
and evolution of their host galaxy. A task to be pursued is to obtain a firm
description of all these relationships spanning a wide range of SMBH masses
and address if they hold for all Hubble types. In fact, the current demography
of SMBHs suffers of important biases, related to the limited sampling over
the different basic properties of their host galaxies. The finding that the Vc– σc

relation holds for small values of σc points to the idea that SMBHs with masses
M• < 106 M⊙ may also exist and follow the M•-σ relation.

Moreover, it has been suggested that the Vc– σc relation is equivalent to
one between the masses of SMBH and DM halo (Ferrarese 2002; Baes 2003)
because σc and Vc are related to the masses of the central SMBH and DM
halo, respectively. Yet, this claim is to be considered with caution, as the
demography of SMBHs is still limited, in particular as far as spiral galaxies
are concerned. Furthermore, the calculation of the virial mass of the DM halo
from the measured Vc depends on the assumptions made for the DM density
profile and the resulting rotation curve (e.g., see the prescriptions by Seljack
et al. 2002). A better estimate of the virial velocity of the DM halo Vvir can
be obtained by constraining the baryonic-to-dark matter fraction with detailed
dynamical modeling of the sample galaxies. The resulting Vvir−σc relation
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is expected to have a smaller scatter than the Vc– σc relation. If the M•-σ
relation is to hold, the deviation of LSB galaxies with bulge from the Vc– σc of
HSB and elliptical galaxies suggests that for a given DM halo mass the LSB
galaxies would host a SMBH with a smaller mass compared to HSB galaxies.
On the other hand, if the fundamental correlation of SMBH mass is with the
halo Vc, then LSBs should have larger black-hole masses for given bulge σc.
This should be accounted for in the theoretical and numerical investigations of
the processes leading to the formation of LSB galaxies.

The collapse of baryonic matter can induce a further concentration in the
DM distribution, and a deepening of the overall gravitational well in the central
regions. If this is the case, the finding that at a given DM mass (as traced by Vc)
the central σc of LSB galaxies is smaller than in their HSB counterparts, would
argue against the relevance of baryon collapse in the radial density profile of
DM in LSB galaxies.
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Abstract The stellar radial velocity in the central region of the Large Magellanic Cloud
(LMC) is used to estimate the radial velocity curve along various position angles
(PA) including the line of nodes (LON). The central part of the radial velocity
profile along the LON shows a V-shaped profile instead of a straight line profile.
This is a clear indication of counterrotation. To explain the observed velocity
profile, we propose the existence of two disks in the inner LMC, with one coun-
terrotating. This two disk model is found to match the Hi velocities as well. The
presence of a counter-rotating core could be due to internal (secondary bar) /
external (gas accretion) origin.

Keywords: Magellanic Clouds - galaxies: interactions - galaxies: kinematics and dynamics

1. Introduction

The Large Magellanic Cloud (LMC) has been the subject of a large num-
ber of surveys over the years in a wide variety of wavebands (see Westerlund
1990). The radial velocity curve of the LMC was estimated up to 8 kpc by van
der Marel et al. (2002) using carbon stars. The linear inner part of the rotation
curve has one peculiarity, which is the presence of negative velocity near the
center. This result was not given any importance in the paper due to statisti-
cally insignificant number of stars near the center. Two kinematic components
in CH stars were found by Hartwick & Cowley (1988) and a lower velocity
component in carbon stars was found by Graff et al. (2000). The Hi velocity
studies also revealed two kinematic components, the L and the D components
(Rohlfs 1984; Luks & Rohlfs 1992). Double peaked Hi velocities, indicat-
ing Hi clouds with two velocities in the same line of sight have been found in
some locations in the LMC, suggestive of Hi gas being located in two layers
in the LMC. The galacto-centric radial velocity curve as shown in figure 8 of
Rohlfs et al. (1984) shows that the central linear part of the velocity profile has
a reversal of the slope near the center. All the above point to the possibility
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of a kinematically distinct component in the inner LMC. Zhao et al. (2003)
estimated and studied the radial velocity of 1347 stars in an attempt to detect
the presence of a kinematically different component in the inner LMC, and as-
signed a probability of less than 1% for its presence. We re-analyze the above
data and search for evidence of a second kinematic component in the inner
LMC.

2. Rotation Curve and the V-shaped Profile

The radial velocity of 1347 stars presented by Zhao et al. (2003) is used to
obtain the stellar radial velocity curves. The bar region of the LMC is more
or less covered by this data. The main advantage of this data is that it is ho-
mogeneous such that the same set up is used to estimate all the velocities,
thereby reducing the systematic errors. On the other hand, the observed stars
do not belong to any particular evolutionary category, thus represents a het-
erogeneous population. We also used the stellar velocities of red super giants
(Olsen & Massey 2003), carbon stars (Lunkel et al. 1997) and red giants (Cole
et al. 2005). The center of the LMC is taken to be α = 05h19m38s.0; δ =
−69o27′5”.2 (J2000) of de Vaucouleurs & Freeman (1973), which is the opti-
cal center. The α and δ are converted to the linear X, Y co-ordinates using this
center.

Stars located along PA = 130o and located up to 0.4o away from the PA in the
perpendicular direction, on both sides are selected and their average velocity
was estimated. The plot is shown in figure 1, bottom left panel. The error bars
as shown in the figure indicate the dispersion in the velocity among the stars in
each bin. The striking feature of the plot is the

’

V’ shaped velocity profile in
the central region, where we expect a straight line profile corresponding to the
primary bar. The radial distance along any PA is taken positive for the northern
part and negative for the southern part of the LMC (Feitzinger 1980). The
rotation curve as estimated from carbon stars by van der Marel et al. (2002)
(their table 2) is shown as solid line. It can be seen that their suggestion of
counterrotation near the center is confirmed here.

3. Two Disk Model and the Fit to the Observed Radial
Velocity Profiles

We tried to model the disk of the LMC such that a counterrotating contribu-
tion is added to the main disk of the LMC. The main disk of the LMC which
contains the bar and majority of the mass is responsible for most of the radial
velocity curve. The LON of the counterrotating region is also found to be 130o.
Thus the inner kinematic change is produced by invoking counterrotation, with
respect to the main large scale disk, whose parameters were estimated by
van der Marel et al. (2002). On the other hand, the region just outside the
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Figure 1. The radial velocity profiles of stars along various PAs. Black points indicate stel-
lar velocities of Zhao et al. (2003), red points indicate carbon star velocities from Kunkel et
al. (1997), blue points indicate velocities of red super giants from Olsen & Massey (2003) and
yellow points indicate velocities of red giants from Cole et al. (2005). The bold line in the bot-
tom left panel is the rotation curve estimated by van der Marel et al. (2002). D1 and D2 denote
the disk1 and disk2 respectively. The dotted line between D1 and D2 denote the average of the
two. This figure also appears in Subramaniam & Prabhu (2005).
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counterrotating core was found to have a LON 	= 130o. The position of the
LON of this region can be estimated from the fact the there is a positive slope
observed at a PA of 40o. This indicates that the value of LON is larger than
130o. A value of 160o – 170o for the PA was able to reproduce the observed
slope along 40o. It is found that the LON of Hi gas is 170o and it extends only
up to 2.5 – 3.0o. The inclination of the Hi distribution was found to be similar
to that of the stellar disk. Thus it is quite possible that the intermediate region
between the counterrotating core and the outer LMC, is dominated by a disk,
which is more of Hi gas and having the above mentioned properties. The stel-
lar data shows a lot of scatter for 170o, probably due to the fact that the stars
are quite disturbed in this region.

We generated two disks. One with the LON=130o that follows the kinemat-
ics of the stellar disk (D1) and with an inclination of i = 35o about the LON.
The other disk, that is dominated by Hi gas, has the LON=170o (D2). The
detailed model can be found in Subramaniam & Prabhu (2005). In this model,
there are some locations in the line of sight, where the two disks are physi-
cally and kinematically separated. Points in the line of sight which are located
in two disks and separated by more than 360 pc are assumed to be physically
separated. The scale-height of the Hi disk was estimated to be about 180 pc
(Padoan et al. 2001), thus the assumed value for separation is just enough to
physically separate the disks. Locations which are in the same line of sight, but
located in two disks and have more than 20 kms−1 difference in velocity are as-
sumed to be kinematically separated. Figure 2 shows the predicted locations in
the LMC. One of the observed features in the LMC is the presence of Hi clouds
in layers. The location of the double peaked clouds of Rohlfs et al. (1984) are
over plotted as red points. One can see that the majority of the double peaked
clouds are located within the predicted region. Hi in the north-western side
is matched very well. Some part of the south-east lobe of Hi is found to be
extended outside, and this lobe is known to extend to larger distance from the
LMC, due to tidal effects Staveley-Smith et al. (2003). Thus a larger extent
of the Hi gas in this lobe may be expected. The more or less agreeable match
between the predicted and observed locations of the double velocities indi-
cates that the assumed two disk model is very close to the true nature of the
LMC. Stars located in two disks can increase the star-star microlensing in the
line of sight, thereby increasing the probability of self-lensing within the inner
LMC. The locations of the observed micro-lensing events towards the LMC
are shown in figure 2 as big open circles on the predicted physically and kine-
matically separated locations on the LMC. Many of the events can be found to
fall within the predicted region. This suggests that the two disks in the inner
LMC fit most of the criteria required for self-lensing within the LMC.
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Figure 2. Locations in the LMC where the two disks are separated by more than 360 pc and
have velocity differing by more than 20 kms−1 are shown as black points. Over plotted are
the locations of Hi gas (red filled circles) where two components were detected by Rohlfs et
al. (1984) and the locations of the micro-lensing events identified towards the LMC (blue open
circles). This figure also appears in Subramaniam & Prabhu (2005).

4. Discussion

The main result of the present study is in the identification of a counter-
rotating core in the LMC. The inner LMC within a radius of 3o is modeled
as having the presence of two disks, with one counterrotating. This model is
valid inside the 3o radius. The region outside is not studied here and probably
follows the parameters as estimated by van der Marel et al. (2002).

Kinematically peculiar cores are generally understood as being fossil fin-
gerprints of merging history of host galaxies (see Mehlert et al. (1998)). The
identified counterrotation may also be associated with the secondary bar of the
LMC (Subramaniam (2004)). The proposed formation scheme is the accretion
of a retrograde satellite. Counterrotating secondary bars could also be formed
due to the instabilities in the primary bar (Friedli & Martinet (1993)). This
scenario does not require any merger. Thus, the true nature and the reason for
the formation of the counterrotating core in the LMC is to be understood from
a wide variety of possibilities which are of external/internal origin.

In the LMC, the population I stars are found to show the kinematics of Hi
gas indicating that they belong to the disk2. It is possible that the young stars in
the LMC are formed from the gas which has been accreted recently. Bruns et
al. (2004) presented a complete Hi survey of the Magellanic system. The LMC
and the SMC were found to be associated with large gaseous features - the



88 ISLAND UNIVERSES

Magellanic Bridge, the interface region, and the Magellanic stream. This gas
connects the two not only in position, but also in velocity. The gas in the Mag-
ellanic Bridge has low velocities in the LMC-standard-of-rest frame making
an accretion of some of this gas by the LMC very likely. Thus it is very likely
that the inner gas-rich disk of the LMC could be formed from this infalling gas,
which could provide new fuel to star formation.

References

Bruns et al., 2005, A&A, 432, 45
Cole, A.A., Tolstoy, E., Gallaghar, III, J.S. & Smecker-Hane, T., 2005, AJ, 129, 1465
de Vaucouleurs, G., & Freeman, K.C. 1973, Vistas Astron., 14, 163
Feitzinger, J.V., 1980, Space Sci. Rev., 27, 35
Friedli, D., & Martinet, L., 1993, A&A, 277, 27
Graff, D.S., Gould, A., Suntzeff, N.B.,& Schommer, R.A. 2000, ApJ, 540, 211

Kunkel, W.E., Demers, S., Irwin, M.J. & Albert, L., 1997, ApJ, 488, 129
Luks, Th., & Rohlfs, K. 1992, A&A, 263, 41
Mehlert,D., Saglia, R.P., Bender, R., & Wegner, G., 1998, A&A, 332, 33
Olsen, K.A.G., & Massey, P. 2003, AJ, 126, 2867
Padoan, P., Kim, S., Goodman, A. & Staveley-Smith, L., 2001, ApJ, 555, L33
Rohlfs, K., Kreitschmann, J., Siegman, B.C., & Feitzinger, J.V. 1984, A&A, 137, 343
Staveley-Smith, L., Kim, S., Calabretta, M.R., Haynes, R.F. & Kesteven, M.J., 2003, MNRAS,

339, 87
Subramaniam, A., 2004, ApJ, 604, L41
Subramaniam, A & Prabhu, T.P., 2005, ApJ, 625, L47
van der Marel, R.P., Alves, D.R., Hardy, E., & Suntzeff, N.B., 2002, AJ, 124, 2639
Westerlund, B.E., 1990, Astronomy & Astrophysics Review, 2, 29
Zhao, H.S., Ibata, R.A., Lewis, G.F., & Irwin, M.J. 2003, MNRAS, 339, 701

Hartwick, F.D.A., & Cowley, A.P., 1988, ApJ, 334, 135



HALO MASS PROFILES OF

LOW SURFACE BRIGHTNESS GALAXIES

W.J.G. de Blok

RSAA, Mount Stromlo Observatory, Australia

edeblok@mso.anu.edu.au

Abstract A recent study has claimed that the rotation curves of Low Surface Bright-
ness (LSB) galaxies are largely consistent with ΛCDM simulations, contradict-
ing a large body of observational work that appears to show that the CDM-
characteristic steep mass-density cusps are absent in real galaxies. I describe an
improved analysis method that shows that only a small minority of LSB rotation
curves is possibly consistent with ΛCDM simulations. The large majority prefer
semi-constant kpc-sized mass-density cores.

Keywords: galaxies: kinematics and dynamics - galaxies: fundamental parameters - dark
matter

1. Introduction

In recent years the inner structure of dark matter haloes has been the topic
of some discussion. Low Surface Brightness (LSB) galaxies are dominated
by dark matter (de Blok & McGaugh 1997), and observations suggest that
these galaxies have a roughly constant dark-matter density core, with a typical
size of order a few kpc. On the other hand, numerical simulations based on the
(Λ)Cold Dark Matter (CDM) paradigm suggest a very steep inner mass density
distribution, a so-called “cusp” (e.g., Navarro, Frenk & White 1996; Navarro,
Frenk & White 1997).

In a recent paper Hayashi et al. (2004; hereafter H04) claim that the inner
slope is difficult to constrain, both observationally as well as theoretically and
point out that rotation curve constraints are strongest where numerical simu-
lations are least reliable. They present a method to fit circular velocity curves
derived from their high-resolution cosmological simulations as well as LSB
galaxy rotation curves from Mcgaugh et al. (2001), de Blok & Bosma (2002)
and Swaters et al (2003), and conclude that the observed curves are consis-
tent with the CDM paradigm; a conclusion that contradicts a large body of
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observational work. To quantify the observed and simulated rotation curves
they use a three-parameter fitting formula (see, e.g., Courteau 1997):

V (r) =
V0

(

1 +
(

rt
r

)γ)1/γ
. (1)

Here V0 is the asymptotic velocity of the flat part of the rotation curve, rt is a
scale radius (the transition radius between the rising and flat part of the rotation
curve) and the parameter γ describes the abruptness of the turn-over between
the rising and flat parts of the rotation curve.

Figure 9 in H04 compares the distributions of γ for observations and simu-
lations. The LSB rotation curves show a broad distribution in γ with two peaks
around γ ∼ 1 and γ ∼ 5. The γ distribution of the simulated CDM haloes is
markedly different. It is narrow and centered around γ ∼ 0.6 with a dispersion
of ∼ 0.4. At first sight the two distributions seem quite incompatible, and one
might conclude that the LSB rotation curves are not consistent with the CDM
simulations. H04 argue, however, that for most (∼ 70 per cent) of the LSB
galaxy rotation curves the reduced χ2 distribution is quite broad and shallow,
so that by constraining the fit to γ < 1, a fit can be found that is consistent
with the simulations, at the cost of only a small increase in χ2

red. They con-
clude that “this sample of LSB rotation curves is not manifestly inconsistent
with the predictions of ΛCDM cosmological models” and thus contradict most
observational work on LSB rotation curves which argues the opposite.

2. Slopes

To investigate the reasons behind this surprising conclusion, we investigate
the logarithmic slope α(r) of the mass-density distribution corresponding to
the rotation curve given in Eq. (1). This slope is given by

α(r) ≡ d log ρ

d log r
= − 2 + γ

1 +
(

rt
r

)γ +
γ

1 + 3
(

rt
r

)γ . (2)

The slope thus depends on both γ and rt. We can now compare the slopes
α(r) of both observations and simulations. To make the comparison as fair as
possible we will compare them at identical radii, and choose a radius that is
well-resolved by both. In H04 the smallest reliably resolved radius, defined by
the so-called convergence radius (Power et al. 2003), is rconv = 0.3h−1 kpc.
For h = 0.7 we find rconv ∼ 0.4 kpc and this is the radius we choose. The
slope at rconv in the simulations varies between α ∼ −1 and ∼ −1.3.

Figure 1 shows iso-slope contours in the (γ, rt) plane, evaluated at r = 0.4
kpc. It is immediately obvious that α is not a unique function of γ, but depends
equally strongly on rt. Only a very small part of parameter space results in
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Figure 1. Distribution of slopes α in the (γ, rt) plane evaluated at a radius of 0.4 kpc. Iso-
slope contours run from α = −0.2 (top contour) to α = −2.0 (bottom contour) in steps of
∆α = −0.2. The black, almost horizontal contour indicates a slope α = −1. Over-plotted are
the best-fit (γ, rt)-combinations for the LSB galaxies investigated in H04.

steep, CDM-compatible slopes and constraining γ < 1 still allows values up
to α ∼ −0.2.

Over-plotted in Fig. 1 are the best-fit γ and rt values of the LSB rotation
curves as determined by H04. The very large majority of the galaxies have
slopes inconsistent with the values α < −1 derived in the H04 simulations.
Note again that the slopes in simulations and observations are compared at
identical radii, and that the γ and rt values were derived using the entirety of

the rotation curves. The constraints introduced by H04 are thus insufficient
conditions for agreement with CDM, as constraining to γ < 1 does not auto-
matically imply a mass-density slope consistent with CDM. (In their analysis
H04 implicitly assumed that the slope depends on γ alone). For a more ex-
tended description of the analysis presented here see de Blok (2005).

3. Additional Constraints

Unless one is prepared to allow for shallow slopes in CDM at these radii
(making it inconsistent with its own simulations) an extra constraint on the
slope is needed to ensure agreement with CDM. In practice this means that
(γ, rt) parameter space needs to be searched for the minimum χ2 value that
still results in a steep slope. At 0.4 kpc the H04 simulations show slopes
−1.3 < α < −1, and strictly speaking one ought to restrict the search of
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(γ, rt) space to slopes α < −1. However, to take into account uncertainties in
data and simulations, and give the CDM models as much leeway as possible, a
more liberal range of α < −0.8 will be used. This is the steepest slope we can
expect at this radius from an ultra-compact ISO halo with RC ∼ 0.5 kpc, and
thus cleanly separates the ISO and CDM domains.

H04 determine for each LSB rotation curve the reduced χ2 for the best-
fitting (γ, rt) model, as well as the minimum χ2

red value using their extra CDM
constraints. They argue that for most of the galaxies the CDM constraints
only cause a small increase in the reduced χ2, and that therefore the CDM-
constrained models are not much worse than the best-fit models. However, in
order to cause the same change in reduced χ2 the change in absolute χ2 must
be much larger for a rotation curve with a large number of data points than for
a rotation curve with a small number of data points. In other words, a small
change in χ2

red can be very significant for a curve with a large number of data
points, while it can be insignificant for a curve with only a small number of
data points.

The observed sample contains a large number of rotation curves, with a wide
range in the number of data points, varying from ∼ 10 to over 350. The rele-
vant parameter is thus not the reduced χ2, but the change in absolute χ2. The
confidence level of any parameter combination is given by the corresponding
change in χ2 with respect to the minimum value. For a model with three free
parameters (γ, rt, V0) as used here, the (1, 2, 3)σ confidence intervals for any
fit are given by ∆χ2 = (3.5, 8.0, 13.9), respectively.

Using these criteria, a rotation curve can be defined to be consistent with
CDM if the best-fit values of γ and rt lie within 2σ of the closest (γ, rt) com-
bination with a α < −0.8 slope. In order for the fit to give any meaningful
constraints, one should furthermore require that the area enclosed by the 2σ
confidence level is a small fraction R of the total area of parameter space in-
vestigated. If this is not the case, then any conclusions regarding agreement
or disagreement with CDM are only very weak at best. Here we investigate
a parameter space (γ, rt) ranging from (γ : 0 → 5; rt : 0 → 5 kpc) and
choose a ratio R = 0.25. Small values of R indicate that the 2σ area is only
a small fraction of total parameter space, and therefore yield significant solu-
tions. Large values of R indicate that the fit does not constrain models in a
significant way.

Of the 36 galaxies from H04 that we investigate here, 20 have well-con-
strained solutions R < 0.25. The rest are only loosely constrained and there-
fore cannot make strong statements regarding (dis-)agreement with CDM. Of
the 20 well-constrained galaxies, 3 are consistent with CDM using our defini-
tion, and 17 are inconsistent.

This is investigated further in Fig. 2. Here R is plotted against the number
of data points in each rotation curve. A distinction is made between rotation



Halo Mass Profiles of Low Surface Brightness Galaxies 93

Figure 2. The ratio R of the area enclosed by the 2σ contour and the total parameter search
area (see text for fuller description) plotted against the number of data-points in the rotation
curve. Open circles have a best-fit (γ, rt) within 2σ of a point with a steep slope α < −0.8.
Filled circles are more than 2σ away from such a point.

curves that are consistent with CDM and those that are inconsistent with CDM
using the constraints introduced here. Firstly, of the 15 galaxies that are con-
sistent with CDM (regardless of their value of R), 13 have less than 30 data
points. Furthermore, of these 13 galaxies, only 1 has R ≤ 0.25 (i.e. is well-
constrained). Looking at the 21 galaxies that are inconsistent with CDM (inde-
pendent of R), only 10 have less than 30 data points. Of these 10 galaxies, all
except one have R ≤ 0.25. Rotation curves with more than 30 data points tend
to be better constrained on average, as well as have a tendency to be inconsis-
tent with CDM. It is also interesting to note that even amongst galaxies with
only a limited number of data points, the most constrained solutions (small R)
tend to be those inconsistent with CDM. The majority of solutions (∼ 85 per
cent) that are consistent with CDM have only a small number of data points
and are ill-constrained. These ill-constrained solutions therefore do not decide
between any model one way or the other, and statements that these galaxies
are consistent with CDM are thus not very strong. Of the well-constrained
solutions the large majority is inconsistent with CDM. Furthermore, of the
13 galaxies with more than 30 data points only 2 are consistent with CDM.
These two galaxies (NGC 3274 and NGC 4455) also happen to have the small-
est optical scale-lengths and highest surface brightnesses from all galaxies with
available photometry in the Mcgaugh et al. (2001), de Blok & Bosma (2002)
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and Swaters et al. (2003) samples. These galaxies are therefore unlikely to be
dominated by dark matter in their inner parts and it is very likely that the steep
slopes in these two galaxies simply reflect the stellar mass distribution.

Amongst the rotation curves with less than 30 points there is only one galaxy
with R < 0.25 that seems consistent with CDM. This is UGC 731, a bona-fide
LSB dwarf, and is the best and only candidate in the entire observed sample
for a CDM-consistent, dark-matter-dominated galaxy with a well-constrained
solution. In summary, a comparison of the circular velocity profiles of CDM
haloes with rotation curves of LSB galaxies indicates that the shapes and in-
ferred central densities of most LSB galaxies are mostly inconsistent with those
of simulated haloes within the limitations imposed by observational error.
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THE DISK MASS PROJECT

Breaking the disk-halo degeneracy
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Abstract Little is known about the content and distribution of dark matter in spiral galax-
ies. To break the degeneracy in galaxy rotation curve decompositions, which
allows a wide range of dark matter halo density profiles, an independent mea-
sure of the mass surface density of stellar disks is needed. Here, we present
our ongoing Disk Mass project, using two custom-built Integral Field Units, to
measure the vertical velocity dispersion of stars in ∼40 spiral galaxies. This will
provide a kinematic measurement of the stellar disk mass required to break the
degeneracy, enabling us to determine the dark matter properties in spiral galax-
ies with unprecedented accuracy. Here we present preliminary results for three
galaxies with different central disk surface brightness levels.

Keywords: galaxies: spiral — galaxies: fundamental parameters — galaxies: kinematics
and dynamics — instrumentation: spectrographs

1. Motivation

A major roadblock in testing galaxy formation models is the disk-halo de-
generacy: density profiles of dark matter halos as inferred from rotation curve
decompositions depend critically on the adopted M/L of the disk component.
An often used refuge to circumvent this degeneracy is the adoption of the
maximum-disk hypothesis (van Albada & Sancisi 1986). However, this hy-
pothesis remains unproven. Bell & De Jong (2001) showed that stellar popula-
tion synthesis models yield plausible relative measurements of stellar M/L in
old disks, but uncertainties in the IMF prevent an absolute measurement of stel-
lar M/L from photometry. Another tool to determine the M/L, and specifically
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whether disks are maximal, is the Tully-Fisher relation, e.g. by looking for
offsets between barred vs. un-barred galaxies, but this too is only a relative
measurement. Evidently, none of these methods are suited to break the degen-
eracy, and without an independent measurement of the M/L of the stellar disk,
it is not possible to determine the structural properties of dark matter halos
from rotation curve decompositions.

A direct and absolute measurement of the M/L can be derived from the ver-
tical component σz of the stellar velocity dispersion. For a locally isothermal
disk, σz =

√

πG(M/L)µzo, with µ the surface brightness, and z0 the disk
scale height. The latter is statistically well-determined from studies of edge-on
galaxies (de Grijs & van der Kruit 1996; Kregel et al. 2002). Thus, σz pro-
vides a direct, kinematic estimate of the M/L of a galaxy disk and can break
the disk-halo degeneracy.

This approach has been attempted before with long-slit spectroscopy on sig-
nificantly inclined galaxies. For example, Bottema (1997) concluded for a
sample of 12 galaxies that, on average, the stellar disk contributes at maximum
some 63% to the amplitude of the rotation curve. These observations, how-
ever, barely reached 1.5 disk scale-lengths, required broad radial binning, and
because of the high inclinations, the measured velocity dispersions required
large and uncertain corrections for the tangential (σφ) and radial (σr) compo-
nents of an assumed velocity dispersion ellipsoid.

2. The Disk Mass Project

Measuring σz in kinematically cold stellar disks requires spectroscopy at
moderately high resolution (R≈104) of extended light at relatively low surface
brightness levels (µB ≈ 24 mag/arcsec2). Clearly, measurements of σz have
been severely hampered by the limited signal-to-noise of the observations to
date, as well as the small samples of galaxies studied so far.

With the advent of Integral Field Unit (IFU) spectroscopy, the observational
situation can be dramatically improved, and significant progress in determin-
ing the mass surface densities of stellar disks can now be made. The main
advantage of IFU spectroscopy over traditional long-slit studies lies in the fact
that IFUs are capable to collect light from a much larger solid angle and that
many IFU spectra can be combined to increase the signal-to-noise.

Capitalizing on this aspect of IFU spectroscopy, we have initiated our long-
term Disk Mass project. The main goal is to measure σz as a function of radius
out to 2.5 disk scale lengths in ∼40 undisturbed, nearly face-on spiral galaxies
with a wide range of global properties like total luminosity, surface brightness,
colour, and morphology. To achieve this, we have constructed two special-
purpose wide-field fiber-based IFUs, and adopted a two-phased observational
strategy extending over a 3-4 year period.
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Figure 1. Two custom-built fiber-based wide-field IFUs. Active fibers are back-illuminated.
Dark fibers terminate shortly behind the focal plane and serve as buffer for stress relief and to
edge-protect the active fibers while polishing the fiber head.Left: focal plane layout of the fibers
in the SparsePak IFU: the grid is filled with 3 pointings. Right: focal plane layout of the fibers
in the P-Pak IFU. Sky fibers are located in 6 mini-IFUs surrounding the main fiber head.

Phase A aims at collecting Hα velocity fields for a parent sample of nearly
phase-on spiral galaxies. From the UGC, we selected disk galaxies at |b| ≥ 25◦

to minimize Galactic extinction, with diameters between 1′ and 1.5′ to match
them to the large field-of-view of our IFUs, and with optical axis ratios of
b/a>0.85 to ensure a nearly face-on orientation. This yielded a total sample
of 470 galaxies from which we removed the strongly barred and interacting
galaxies, and randomly picked galaxies to observe.

Subsequently, the regularity of the gas kinematics is evaluated from the
Hα velocity fields. The main purpose is to identify kinematically disturbed
disks which are likely to violate the assumption of local isothermal equilib-
rium, which is required when relating σz and disk scale height to the mass
surface density of the disk. Furthermore, Andersen & Bershady (2003) have
demonstrated that accurate inclinations and rotation curves can be derived for
nearly face-on disks, provided a regular and symmetric Hα velocity field of
high signal-to-noise. The parent sample will be expanded until 40 galaxies
with regular gas kinematics have been identified.

Phase B of our project aims at measuring σz in the stellar disks of the sub-
sample of 40 galaxies with regular gas kinematics. Velocity dispersions are
determined from the broadening of the absorption lines in the blue part of the
spectrum around 515 nm, containing absorption lines of the MgIb triplet and
many Fe lines. For a selected number of galaxies, σz is also measured from the
broadened CaII triplet absorption lines around 860 nm.
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Figure 2. Examples of galaxies in the parent sample. Upper row: optical images at the
same grayscale levels. Bottom row: Hα velocity fields obtained with SparsePak. The three
galaxies on the left, with different central disk surface brightness levels, are suitable for follow-
up observations of their stellar kinematics which are presented in Figure 3. UGC 4256 is an
example of a galaxy which is too irregular, as is the case for most galaxies in our parent sample.

Apart from these spectroscopic observations with our IFUs, all galaxies in
the parent sample will be imaged in the U,B,V,R,I and J,H,K passbands. All
galaxies in the subsample will be imaged in neutral hydrogen to determine the
contribution from the cold gas to the total surface mass density of the disks.

3. Two Custom-built Integral Field Units

As mentioned above, measuring σz requires spectroscopy at moderately
high spectral resolution of diffuse low surface brightness light. To achieve this,
we have built two special-purpose wide-field IFUs consisting of large aperture
fibers which carry light from a focal plane to the pseudo-slit of a pre-existing
spectrograph. The diameter of the fibers is maximized while providing a spec-
tral resolution of no less than R≈8000. The maximum number of fibers is then
determined by the length of the spectrograph slit, while the layout in the focal
plane is designed to span more than an arcminute on the sky. Obviously, the
penalty paid for large aperture fibers is a limited angular resolution, but this is
of secondary importance for our Disk Mass project.

SparsePak, built at the University of Wisconsin in Madison, contains 75
science and 7 sky fibers, each 4.7 arcsec in diameter (Fig. 1). The 25m long
fibers pipe light from a 71′′×72′′ field-of-view (fov) at the F/6 imaging port of
the 3.6m WIYN telescope at Kitt Peak to its Bench Spectrograph. SparsePak
is described in detail by Bershady et al. (2004, 2005).

P-Pak, built at the AIP in Potsdam, contains 331 science and 36 sky fibers,
each 2.7 arcsec in diameter (Fig. 1). The 3m long fibers carry light from a
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Figure 3. Azimuthally averaged absorption line spectra at 5 radial bins for 3 galaxies with dif-
ferent central surface brightness. Each spectrum is plotted at the corresponding surface bright-
ness level. At the right of each spectrum, the number of disk scale lengths for the radial bin is
indicated. UGC 6918 was observed for 3×45min with SparsePak at R=11,750. UGC 463 and
UGC 1635 were observed for 5×60min with P-Pak at R=7,800. The number of averaged spectra
at each radius is 6, 8, 12, 18, and 18 for SparsePak, and 18, 42, 66, 90, and 114 for P-Pak.

64′′×74′′ hexagonal fov at the focal plane behind a F/3.5 focal reducer lens on
the 3.5m Calar Alto telescope, to the collimator lens of the Cassegrain mounted
PMAS spectrograph (Verheijen et al. 2004; Kelz et al. 2005). Fifteen additional
fibers allow for an accurate simultaneous wavelength calibration.

4. Current Status

Phase A is effectively complete. From analyzing the gas kinematics (Fig. 2),
it became clear that only about 1 in 3 galaxies have sufficiently regular gas
kinematics to successfully fit a tilted-ring model to the Hα velocity field, al-
lowing us to measure the shape and amplitude of the inner rotation curves from
which to total mass (dark plus luminous) of the inner galaxy follows. Hence,
a parent sample of 130 galaxies has been constructed from which a subsample
of 40 regular galaxies can be selected.

We have started Phase B in the fall of 2004 and observed the stellar kine-
matics in the MgIb region with P-Pak for 11 galaxies. With SparsePak we have
observed the MgIb kinematics for 8 and CaII kinematics of 7 galaxies. With
both IFUs we have built up an extensive library of spectroscopic template stars
covering a range of spectral types, metallicities and log(g).

5. First Results

Figure 3 shows, for 3 galaxies with different disk central surface brightness
levels, the azimuthally averaged stellar absorption line spectra in the MgIb
region of the spectra for five radial bins. Using the stellar template spectra,
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Figure 4. Left: Mass surface density as function of local B- and K-band surface brightness.
Right: Mass-to-light ratios in the B- and K-band as a function of radius. Circles: UGC 6918,
triangles: UGC 463, asterisks: UGC 1635. Lacking K-band photometry for UGC 1635 forced
us to adopt a B−K colour constant with radius.

we have measured σz as a function of radius, assuming a Gaussian broadening
function. Figure 4 shows the derived mass surface densities and mass-to-light
ratios. Although we are dealing with three entirely different galaxies, the K-
band M/L is quite similar for these galaxies while the B-band M/L seems to
increase systematically with lower central disk surface brightness.
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Abstract Dark Matter supposedly dominates the extragalactic Universe (Peebles 1993;
Peacock 1998; Moore et al. 1999; D’Onghi & Lake 2004), yet no dark structure
of galactic proportions has ever been convincingly identified. Earlier (Minchin
et al. 2005) we suggested that VIRGOHI 21, a 21-cm source we found in the
Virgo Cluster at Jodrell Bank using single-dish observations (Davies et al. 2004),
was probably such a dark galaxy because of its broad line-width (∼200 km s−1)
unaccompanied by any visible gravitational source to account for it. We have
now imaged VIRGOHI 21 in the neutral-hydrogen line, and have found what
appears to be a dark, edge-on, spinning disc with the mass and diameter of
a typical spiral galaxy. Moreover the disc has unquestionably interacted with
NGC 4254, a luminous spiral with an odd one-armed morphology, but lacking
the massive interactor normally linked with such a feature. Published numeri-
cal models (Vollmer et al. 2005) of NGC 4254 call for a close interaction ∼108

years ago with a perturber of ∼1011 solar masses. This we take as further, inde-
pendent evidence for the massive nature of VIRGOHI 21.

Keywords: galaxies: intergalactic medium - dark matter - galaxies: peculiar

1. Observations

The data were taken in March 2005 at the Westerbork Synthesis Radio Tele-
scope (WSRT) in two full 12-hour syntheses. The velocity range between 980
and 2890 km s−1 was covered in 230 channels with a resolution of 10 km s−1.
The beam was 99×30 arc sec in size (extended North-South) and the noise was
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Figure 1. (a) Hi contour map of the 21-cm observations, superimposed on a 1 square degree
negative Digitized Sky Survey image. Contours are from 2.5 × 1019 to 2 × 1020 cm−2 at
intervals of 2.5 × 1019 cm−2.(b) Shows the declination-velocity projection of the data cube.
More detail can be seen in the on-line animation of the cube.

0.3 mJy beam−1 channel−1, giving a 5σ column-density to sources 25 km s−1

wide of 2 × 1019 Hydrogen atoms cm−2.
Figure 1a shows a neutral Hydrogen (Hi) contour map of the field superim-

posed on a negative optical image. VIRGOHI 21 is the elongated structure in
the centre with a previously unseen bridge stretching towards the spiral galaxy

the full 3 dimensional data cube, an animation of which contains far more in-
formation (see http://www.astro.cf.ac.uk/groups/galaxies/slow rot.gif).

The ∼25 arc minute filamentary bridge stretches from the low-velocity,
western edge of NGC 4254, falling in radial velocity from 2250 km s−1 at dec-
lination +14◦20′ to 1900 km s−1 at +14◦41′ where it is suddenly arrested.
Then at +14◦46′ it is abruptly wrenched upwards again towards 2100 km s−1

at 14◦49′. Figure 2 is a blow-up of the source region superimposed on a deep
CCD image, illustrating that there is no optical counterpart. Object ‘A’, which
falls within the Hi contours of the detection, has an optical redshift of z = 0.25.

2. Discussion

Combining the new data with the old, we argue:
(a) If attributed to gravitation, changes in velocity of galactic size over galactic
scales, as seen here, require masses of galactic proportions. On dimensional
grounds the velocity wrench ∆V (∼200 km s−1) seen at VIRGOHI 21 over a
conservative length-scale ∆x (∼14 kpc ≃ 5 × 1022 cm ≃ 3 arc minutes at the
Virgo Cluster distance of 16 Mpc; Minchin et al. 2005) implies a mass M ≥

NGC 4254 (bottom left). Figure 1b shows the velocity-declination projection of
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Figure 2. As Fig. 1, but expanded and superimposed on a negative of our deep CCD B-band
image (Minchin et al. 2005) with a surface-brightness limit of 27.5 B mag. arcsec−2.

(∆V )2∆x/G ≃ 1010−11 solar masses. More specifically the gravitational
(free-fall) timescale (∆x)3/2/(GM)1/2 needs to be ≤ ∆x/V , the time it takes
for gas travelling at V (relative to M ) to change velocity by ∆V . And where
∆V ∼ V , as it appears to be here (see Fig. 2b), M ≥ (∆V )2∆x/G again.
(b) The bridge between NGC 4254 and VIRGOHI 21 reveals that they have in-
teracted. According to published numerical simulations (Vollmer et al. 2005)
the morphological peculiarities of NGC 4254 can be explained by an interac-
tion with a mass of ∼1011M⊙, 3×108 years ago. As the projected length of the
bridge is 120 kpc this would imply it has been drawn out at a projected speed
of 390 km s−1, which is comparable to the radial velocity difference between
NGC 4254 and VIRGOHI 21 of 400 km s−1.
(c) NGC 4262, the spiral to the North-East, is not involved. There is no bridge
to it and the radial velocity difference between NGC 4254 and NGC 4262 is
too large (900 km s−1) to generate one.
(d) If object C, the Hi galaxy just to the east (left) of VIRGOHI 21 (Fig. 2)
were involved its mass, by (a), must be ∼1011M⊙. However, its measured Hi
velocity distribution and size suggest a probable mass ≤ 109M⊙, while it has
a luminosity of only 108L⊙ and an MHI of 4 × 106M⊙. It is two orders of
magnitude too undermassive and underluminous to explain the dynamics of
VIRGOHI 21, while there is no sign of its interacting.
(e) The structure of VIRGOHI 21 (Fig. 2a) is centred at R.A. 12h17m52s and
elongated in the North-South plane between +14◦41′ and +14◦49′. Its remark-
able velocity change (from 1900 to 2100 km s−1) is, however, confined to the
tilted structure (Fig. 2b) between +14◦46′ and +14◦49′, which closely resem-
bles the characteristic shape of an edge-on disc (Kregel et al. 2004). If indeed
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Table 1. PROPERTIES OF THE DARK DISC

Diameter 2R, [from +14◦46′ to 49′] 14 kpc (4 × 1022 cm)
Circular Velocity Vc, [(1900 − 2100)/2] 100 km s−1

Spin Period P , [2πR/Vc] 4 × 108 years
Total Mass MT , [RV 2

c /G] 2 × 1010M⊙ (solar masses)
Face-on Mass-density [MT /πR2] 2 × 10−2 g cm−2

Hydrogen Mass MHI , [flux FHI = 0.7 Jy km s−1] 4 × 107M⊙

Face-on gas density NHI , [MHI/πmHIR
2] 3 × 1019 Hi atoms cm−2

Total Mass to Blue Light Ratio in solar units > 750M⊙/L⊙

[assuming a disc 0.5′ × 3′]

what we are witnessing here is a dark, gravitationally bound, edge-on rotat-
ing disc then its properties are as presented in Table 1, with a minimum mass
of 2 × 1010M⊙. Judging from visible disc galaxies, whose masses continue
to rise beyond their Hi edges (Salucci & Persic 1997), the full size and mass
of such a disc could easily reach ∼1011M⊙. The very low surface-brightness
limits (dimmer than 27.5 Blue mag arcsec−2; Minchin et al. 2005) imply that
the disc has Mtot/LB > 750M⊙/L⊙, where normal galaxies have < 50.

The integrated spectrum, minus the bridge, is consistent with earlier single-
dish observations, implying that the interferometer misses little Hi. The sur-
prising ease with which it has been mapped is due to two pieces of luck: it
is edge on, thus increasing the apparent surface density, and most of its gas is
spread over fairly low velocity widths within each synthesised beam.

The incontrovertible evidence of an interaction with NGC 4254 provides in-
dependent support for the massive nature of VIRGOHI 21. NGC 4254 is a lu-
minous one-armed spiral galaxy, sufficiently peculiar to have attracted several
studies (Iye et al 1982; Phookun et al. 1993; Vollmer et al. 2005). Single-armed
spirals are invariably the result of interactions with close-by massive compan-
ions (Iye et al 1982); the lack of any visible companion thus triggered much
interest. Recent numerical models by Vollmer et al. indicate that NGC 4254
“had a close and rapid encounter with a 1011M⊙ galaxy ∼250 Myr ago. The
tidal interaction caused the spiral structure...”. Phookun et al., in a VLA study
of the galaxy, find a trail of gas leading away from it (their Figure 5) in both the
right direction and with exactly the right velocity-gradient required to intersect
VIRGOHI 21. Thus the case for VIRGOHI 21 being the aforesaid ∼1011M⊙

mass which caused the peculiarities in NGC 4254 seems strong.
Models for VIRGOHI 21 now have a number of crucial observations to

explain: the broad velocity-width in a galactic volume (implying large mass);
its elongated geometry; its steep velocity profile; the bridge to NGC 4254, and
to no other galaxy; the damage to NGC 4254; and the lack of light.

The first hypothesis to consider is that we are detecting tidal debris left by
the past interaction of NGC 4254 and another galaxy. This is rather easy to
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dismiss here where the lines are so broad, and there are no such interactors
visible nearby. Imagine two galaxies with radial velocities, V1 and V2 at either
end of an approximately linear tidal bridge of physical length d pitched at an
angle θ to the plane of the sky. A telescope pointed towards it has a transverse
beam diameter of b at the bridge. The only significant gas motions within
the bridge will be streaming velocities along its length. From end to end of
the bridge the radial velocity difference is |V2 − V1| while within the telescope
beam the measured velocity width, ∆V , will be (b/d sin θ)×|V2−V1|. But, as
is well known, bridges of any size arise only when the total velocity difference
between the interacting galaxies – |V2 − V1|/ cos θ here – is of the same order
as the circular velocity Vc in the donor (Toomre & Toomre 1972). It follows
immediately that ∆V/Vc ≃ (b/d) tan θ. Thus broad line widths ∆V ≃ Vc, as
here, can only be seen within a beam if both interactors appear to lie within,
or very close to the beam (d cos θ ≤ b). There are no such putative interactors
anywhere close to VIRGOHI 21 (see figures), let alone within a beam diameter.
VIRGOHI 21 cannot be such tidal debris.

Of other models that have been suggested, or that we have been able to
devise, neither Ram Pressure Stripping (Oosterloo & van Gorkom 2005) nor
a Group gravitational field (Bekki et al. 2005a), nor long-range interactions
deliberately aimed at simulating this object (Bekki et al. 2005b) can explain
the abrupt changes of velocity. A ballistic encounter of the bridge with other
gas clouds would require a number of separate but neighbouring clouds trav-
elling at improbably different velocities to account for the different kinks in
VIRGOHI 21. If radiation pressure were responsible, where is the necessary
powerful source? We are left with the massive dark disc model (Minchin et
al. 2005) which explains all the above.

The biggest theoretical puzzle for the Dark Galaxy model of VIRGOHI 21
is its observed shortage of baryons. Visible disc galaxies typically have, in
the form of stars and gas, ∼10 per cent of their dynamical mass in baryons, a
figure consistent with cosmological models which predict ∼7 times as much
Dark Matter as baryonic in the Universe at large (Salucci & Persic 1997). Had
VIRGOHI 21 10 per cent of its mass in baryons it would contain ∼2 × 109

solar masses which would, if it were once in the form of Hi spread evenly
across the existing dynamical disc, yield a column density ∼1021 atoms cm−2

– sufficiently above the “star-formation threshold” of ∼1020 cm−2 (Martin &
Kennicutt 2001), or above the Toomre criterion for gravitational instability in
a rotating disc (Toomre 1964), to form stars (Verde et al. 2002). Since it ap-
parently contains no stars it must have and must always have had, ten times
less baryons – a phenomenon often apparent in dwarf galaxies (Mateo 1998).
Only 2 × 108M⊙ of Hi is currently detectable – and even that could have
been stolen from NGC 4254 during their interaction. Ram pressure stripping
of a 1021 cm−2 disc by the present intra-cluster medium in Virgo (assuming a
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dynamic pressure ∼10−11 to 10−12 cgs units) is just possible numerically, but,
given that clusters form late, it would be a relatively recent phenomenon – so
this would only work if VIRGOHI 21 is younger than the cluster as a whole.
While the interaction with NGC 4254 could certainly have removed gas, that
doesn’t explain the lack of star-formation prior to that relatively recent en-
counter. Thus 90 per cent of the baryons one might have expected to find in
VIRGOHI 21 appear to be missing. Whatever the reason, the lack of baryons
in such massive objects can only decrease their detectability.

Theoretical difficulties with the baryon deficiency aside, the new observa-
tions make it even harder to escape the inference that VIRGOHI 21 contains a
massive dark disc.
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Abstract We investigate the mass-to-light ratios of stellar populations as predicted by
stellar population synthesis codes and compare those to dynamical/gravitational
measurements. In Bell & de Jong (2001) we showed that population synthesis
models predict a tight relation between the color and mass-to-light ratio of a stel-
lar population. The normalization of this relation depends critically on the shape
of the stellar IMF at the low-mass end. These faint stars contribute significantly
to the mass, but insignificantly to the luminosity and color of a stellar system. In
Bell & de Jong (2001) we used rotation curves to normalize the relation, but ro-
tation curves provide only an upper limit to the stellar masses in a system. Here
we compare stellar and dynamical masses for a range of stellar systems in order
to constrain the mass normalization of stellar population models. We find that
the normalization of Bell & de Jong (2001) should be lowered by about 0.05-0.1
dex in M/L. This is consistent with a Kroupa (2001), Chabrier (2003), or a Ken-
nicutt (1983) IMF, but does not leave much room for other unseen components.

Keywords: stars: mass function - galaxies: stellar content - galaxies: fundamental parame-
ters - galaxies: kinematics and dynamics - dark matter

1. Introduction

In Bell & de Jong (2001) we showed that stellar population models predict a
strong correlation between an optical color of a stellar population and its mass-
to-light (M/L) ratio (see also e.g., Bell et al. 2003; Portinari et al. 2004). We
showed that the slope of this relation is rather insensitive to the exact details
of the star formation history and chemical enrichment of the stellar popula-
tion (except for recent star bursts) and to dust reddening, owing to the well-
known age/metallicity/dust degeneracy. Furthermore, the color–M/L slope is
also rather insensitive to the IMF used. Yet, the normalization of the color–
M/L relation is highly IMF dependent, shifting up and down depending on
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how many stars are present at the low-mass end of the stellar IMF (these stars
contribute significantly to the mass of a population, but insignificantly to its
luminosity and color).

In Bell & de Jong (2001) we used maximum disk rotation curves to constrain
the normalization of the color–M/L relation. The predicted stellar population
masses derived from the color–M/L relation should never over-predict the ob-
served dynamical masses derived from rotation curves. However, while rotat-
ing gas in a disk galaxy is a very simple dynamical system and hence a clean
constraint, rotation curves of disk galaxies have the disadvantage that they only
provide an upper limit to M/L ratios once we accept that dark matter may be
present in disk galaxies. There is no guarantee that there is no unseen mat-
ter contributing to the dynamical mass within the radius where the maximum
disk is constrained, be it baryonic (e.g., cold molecular gas) or non-baryonic.
Hence, rotation curves only provide an upper limit to the normalization of the
color–M/L relation. Here we compare dynamical masses and masses predicted
by stellar population modeling of a variety of stellar systems in order to con-
strain the normalization of the color–M/L relation1.

2. Comparing Dynamical and Population M/L Estimates

In order to compare dynamical and stellar population masses we have to
make a number of assumptions:

The IMFs of the stellar populations in the different objects are the same,
notwithstanding the large range in object scale sizes and masses in-
volved.

The stellar population models used are accurate in a relative sense (not
necessary in absolute calibration).

The stellar systems in question have not selectively lost (or accreted)
stars in a particular mass range.

Where necessary we use the HST Key Project distance scale.

We will now go through a number of dynamical/gravitational versus stellar
population mass comparisons, and express the range of allowed population
M/L ratios in terms of the IMF normalization used in Bell & de Jong (2001),
i.e. a Salpeter x=1.35 IMF between 0.1 and 125 M⊙ reduced in mass by a
factor 0.72.

1In principle, any of these systems could have a dark component co-spatial with the stellar light (in some
cases this is rather unlikely), and hence all comparisons are strictly speaking upper limits to the relation.
2We do not explicitly include a mass contribution for objects with masses less than 0.1 M⊙; as argued later,
the contribution from brown dwarf or planetary regime objects to the stellar M/L is expected to be 0.04 dex
or less.
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Globular Clusters At first sight globular clusters seem ideal targets to com-
pare dynamical and stellar population masses: their stellar populations, dust
corrections and dynamics are simple, and they are unlikely to contain large
amounts of dark matter near their centers. However, mass segregation has re-
sulted in centers of clusters being dominated by massive stars, the outer parts
by lower mass stars. The outer stars are subsequently more likely to be stripped
by interaction with the galaxy, making it even harder to get a good sampling of
the original full IMF. Detailed dynamical modeling of Galactic globular clus-
ters shows clear evidence of these effects, with M/L changing with radius (e.g.,
Gebhardt & Fischer 1995).

When we compute the dynamical core M/L ratios of Galactic globular clus-
ters following McLaughlin (2000) and compare those to single burst PEGASE

(Fioc & Rocca-Volmerange 1997) models using the colors and metallicities
of Harris (1996), we find that the dynamical M/L values are much lower (by
about 0.23 dex) than predicted by the single burst models of a 10–12 Gyr old
population. Alternatively, we can follow a more simplified approach by using
virial masses (Pryor & Meylan 1993), which are more representative of the to-
tal globular cluster. We find that the 12 Gyr stellar population masses are lower
by 0.10 dex than the virial masses when using our Bell & de Jong (2001) IMF
normalization, albeit with a large scatter of 0.20 dex rms (comparable to the
uncertainties in the dynamical M/L values).

In recent years it has also become possible to measure virial masses of glob-
ular clusters in other nearby galaxies. This has the advantage that it is easier
to get integrated properties the globular clusters and many objects at the same
distance, but as disadvantage the limited accuracy that can be reached, even
with 8 m class telescopes. The results of extra-galactic globular clusters are
still inconclusive, with dynamical masses of Cen A as measured by Martini &
Ho (2004) being more massive than our stellar population model predictions
by 0.08 dex, but the dynamical masses of M33 (Larsen et al. 2002) being 0.27
dex lower than predicted.

Elliptical galaxies Recently, Cappellari et al. (2006) have performed a de-
tailed analysis of dynamical and stellar populations masses of a sample of
early-type galaxies. Their integral field spectrograph SAURON data allows
them to derive accurate dynamical masses using Schwarzschild modeling and
stellar population masses using line-strength indices modeling. Using a Kroupa
(2001) IMF and Vazdekis et al. (1999) stellar population synthesis models, they
find that old, fast rotating elliptical galaxies have dynamical and stellar popula-
tion masses that are very similar. Younger, fast rotating elliptical galaxies have
smaller stellar population masses than dynamical masses, but they can be made
to agree by assuming that the young ages are the result of a superposition of
a dominant, old massive population and a small, young population. However,
slowly rotating, old massive elliptical galaxies seem to have higher dynamical
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than stellar population M/L ratios, a discrepancy that cannot be solved by a
super-position of young and old populations, because the population already is
old according to the line indices.

Cappellari et al. (2006) argue that under the assumption that the IMF is
the same for all galaxies this must mean that these massive, slowly rotating
galaxies have a significant dark matter within their effective radius where the
dynamical measure was made. However, once we accept that some elliptical
galaxies must have a dynamically significant amount of dark matter in their
central region, we cannot exclude that all elliptical galaxies have dark matter
contributing to their central dynamics. Therefore, the comparison of stellar
population and dynamical masses in elliptical galaxies becomes an upper limit
to the normalization of the “IMF mass”, identical to the maximum disk rota-
tion curve constraint. In terms of this mass normalization, this argues for a
∼ 0.05 dex lower normalization that used by Bell & de Jong (2001), given that
the Vazdekis models include masses down to 0.01 M⊙.

Maximum disk rotation curves: As described above, we used maximum
disk rotation curve limits to normalize the color–M/L relation in Bell & de
Jong (2001). In Kassin, de Jong & Weiner (2006) we have repeated this analy-
sis, but we expanded the Verheijen (1997) Ursa Major cluster sample with
34 luminous galaxies and improved the treatment of shifting the mass mod-
els to another distance. We compared the maximum disk values to the updated
color–M/L relations of Bell et al. (2003) and find that the Bell & de Jong (2001)
normalization is fully consistent with this expanded data set. The normaliza-
tion may at best be 0.05 dex higher to account for the scatter in the color–M/L

relation.
Minimum disk rotation curves: While most galaxy rotation curves are fairly

smooth, some show enough structure to allow determination of a lower limit
to a stellar M/L to explain these structures under the assumption that the dark
matter component is smooth (e.g., Noordermeer et al. 2004). Such analysis is
complicated by the unknown intrinsic distribution of dark matter, the effect of
adiabatic contraction, and rotation curve uncertainties (including non-circular
motions). Using NGC 157 (Kassin et al. 2006) we find a lower limit of -0.3 dex
with respect to the Bell & de Jong (2001) normalization to explain the strongly
declining rotation curve of this galaxy. However, the large asymmetries and
hence large errorbars on the rotation curve of this galaxy limits the usefulness
of this galaxy. More suitable systems (mainly early-type spiral galaxies with
falling rotation curves) are studied by Noordermeer (2006).

Disk velocity dispersions: The mass and scale height distribution determine
the vertical velocity dispersion of a self-gravitating disk. Thus, to determine
a disk mass from a measured vertical velocity dispersion in a face-on system
we have to make assumptions about the (unobservable) vertical stellar distri-
bution,while for edge-on systems, where we can measure the vertical stellar
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distribution, we have to relate the observed radial and tangential velocity dis-
persion to the (unobservable) vertical velocity dispersion (Bottema 1997). Re-
cently, Kregel et al. (2005) used velocity dispersions of a sample of 15 edge-on
galaxies to determine a dynamical mass Tully-Fisher relation and compared it
to the stellar population mass Tully-Fisher relation of Bell & de Jong (2001).
They find an offset of about -0.24 dex, assuming a vertical-to-radial velocity
dispersion ratio (σz/σR) of 0.6. However, the determined M/L ratio scales
quadratically with the poorly known σz/σR ratio. To the best of our knowl-
edge, only 3 measurements of σz/σR have been made to date, ranging between
0.5 and 0.9 (Gerssen, Kuijken, & Merrifield 2000). Without substantially bet-
ter understanding of the behavior of σz/σR as a function of galaxy properties,
it is unclear that one can place competitive constraints on stellar M/L ratios
using this method.

Bar streaming motions: A galactic bar moving through the interstellar medi-
um creates streaming motions and often a shock, the size of which depends
somewhat on the pattern speed of the bar, but mostly on the mass of the
bar. Weiner et al. (2001; 2004) obtained Hα velocity fields of NGC 4123
and NGC 3095 and modeled these with fluid-dynamical models. Their mod-
els only permit a limited range in stellar M/L, such that the galaxies are close
to maximum disk. In Fig. 1 we compare the local bar colors and the derived
M/L values of these two galaxies to the stellar population models of a range
in metallicity and with exponentially decaying star formation rates. We show
the models normalized at the Bell & de Jong (2001) value on the left, reduced
by 0.1 dex in M/L on the right. The models cover a limited area in these

Figure 1. Comparing the Weiner et al. (2001; 2004) bar dynamics M/L constraints to Pégase
stellar population models (Fioc & Rocca-Volmerange 1997). We plot 12 Gyr old exponential
decaying star formation rate models with different decay rates τ connected by solid lines, differ-
ent metallicities by dotted lines, as indicated. The two data points for NGC 4123 and NGC 3095
are indicated with formal errorbars. The arrows on the data points indicate the reddening for
these galaxies according to Tully et al. (1998). On the left we show the Bell & de Jong (2001)
normalization, at the right a 0.1 dex lower normalization.
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diagrams, showing the age-metallicity degeneracy that makes the color–M/L

relation work in the first place.
We expect the central region to suffer from extinction, and we have plot-

ted indicative dereddening vectors on the measured data points. These vectors
were derived from Tully et al. (1998) global galaxy reddening values, and the
extinction in the central region may be somewhat higher. The left panel, where
the Bell & de Jong normalization is used, shows that the raw and reddening-
corrected stellar M/L ratios are consistent with the model normalization. The
right-hand panel, with the model stellar M/L values decreased by 0.1 dex com-
pared to Bell & de Jong (2001), is just consistent with the reddening-corrected
data. The bar streaming motions modeling therefore provides some of the
strongest constraints on our color–M/L normalization, allowing only a range
of ∼0.2 dex.

Pérez et al. (2004) confirm the analysis of Weiner et al. (2001) to the extent
that, for the two out of their sample of five galaxies for which they could derive
M/L constraints, the barred galaxies had to be close to maximum disk (at least
80% stellar mass contribution in bar region).

Spiral arm streaming motions: In a similar fashion, streaming motions can
be used to estimate the mass in a spiral density wave. Clearly this is a more
challenging exercise, as arm-induced shocks and streaming motions are much
weaker than those induced by bars. Kranz et al. (2003) studied five high surface
brightness galaxies with long-slit spectra and optical/near-IR surface photom-
etry. They can only weakly constrain stellar M/L (their Table 3), and find i)

most of their sample have maximum disk M/L values consistent with the Bell
& de Jong calibration, and ii) most high vrot disks are consistent with close
to maximum disk, whereas the lower rotation velocity disks could be substan-
tially sub-maximal (with less than ∼60% of the disk mass coming from stars
within 2.2 disk scalelengths).

Strong galaxy lensing: Strong gravitational lensing provides an estimate of
the gravitational mass within the lens area with rather straightforward model-
ing. To compare the gravitational mass of the lens with its stellar population
mass we have to correct the observed colors using k-corrections or better yet,
redshift the model spectra to the lens redshift and calculate a new color–M/L

grid in the observed bands. Furthermore, we have to realize that galaxies are
younger at higher redshift and the color–M/L relation will shift. For simplic-
ity we can model this with exponentially declining star formation rate models
(which becomes an increasingly poorer approximation at higher redshift, be-
cause starbursts will become relatively more important). Such exponentially
declining models — started 12 Gyr ago — have color–M/L relations in rest-

frame colors that are decreased by 0.15 dex at redshift 1 compared to the z=0
relation.
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To minimize these corrections a lensing galaxy at low redshift should be
used in the gravitational to stellar mass comparison. Furthermore, the lensed
images should be of small angular separation, surrounding only the central
region of the lens galaxy, which is most likely to be dominated by stellar mass.
We should keep in mind that any masses derived from lensing, like maximum
rotation curves, only provides an upper limit to the stellar population mass
estimates, as significant dark matter may be present in the centers of some
galaxies as also suggested by the Cappellari et al. (2006) elliptical galaxies
result.

Indications from the first studies to satisfy these criteria are encouraging.
Smith et al. (2005) present an example of a low redshift (z=0.0345), tight lens,
finding a M/LI∼1.8, M/LB∼4.7. Using the reported F475W and F814W
observed magnitudes, galactic foreground corrections, and k-corrections as-
suming a non-evolving ancient galaxy template (solar metallicity and ∼12 Gyr
old), we find excellent agreement with the predicted stellar M/L values, as usual
accounting for gas recycling from ageing stellar populations (M/LI,pred∼1.8,
M/LB,pred∼4.5). Koopmans et al. (2006) analyze an extensive sample of 15
lenses with z=0.06–0.33. In this case, the dynamically-derived total M/L scale
is compared with the lensing results, finding consistency (i.e., they have roughly
cross-checked the dynamical mass scale — e.g., Cappellari et al.’s scale —
with the lensing scale). A more careful, explicit test of the color-derived stellar
mass scale with the lensing mass scale is clearly warranted.

3. Conclusions

In Fig. 2 we give an overview of all constraints derived in the previous sec-
tion on stellar population M/L values relative to an IMF normalization of Bell
& de Jong (2001). The strongest constraints are currently provided by the
Weiner et al. (2001, 2004) constraints from bar streaming motions. However,
this constraint is derived from only two galaxies, and is therefore very suscep-
tible to for instance errors in the distances to the galaxies. We have indicated
in Fig. 2 the effect of 15% distance errors, which accounts for 0.075 dex off-
set in the M/L IMF normalization. Another source of uncertainty lies in the
stellar population modeling. The Padova isochrone tracks (Girardi et al. 2002)
are used in many of the popular models (e.g., Charlot & Bruzual 2003; Fioc
& Rocca-Volmerange 1997; Vazdekis 1999) and these models all give very
similar results in terms of the color–M/L relation. However, a class of mod-
els based on the fuel consumption theorem that treats the late stages of stellar
evolution differently are giving somewhat different results, especially in the
infrared where AGB and RGB stars dominate (e.g., Maraston 2005). These
models have indeed a slightly steeper slope in the color–M/L relation, espe-
cially in the near-infrared, but surprisingly the normalizations of the different



114 ISLAND UNIVERSES

Figure 2. Overview of offsets between dynamical and stellar population mass estimates rela-
tive to the normalization of Bell & de Jong. Ranges are indicated by horizontal errorbars, upper
and lower limits are indicated with horizontal arrows. The vertical dotted line indicates the
our best estimate for the offset given all constraints. The uncertainty in this offset caused by
15% distance errors are indicated at the top. The vertical arrows indicate offsets expected for a
Kroupa (2001) IMF (left, green) and a Kennicutt (1983) IMF (right, cyan).

sets of models are very consistent in the intermediate color range where most
of the normalization constraints are derived. Combining all constraints, we
argue that the most likely normalization is about 0.05–0.1 dex lower than the
Bell & de Jong (2001) normalization, i.e. a Salpeter x=1.35 IMF between 0.1
and 125 M⊙ reduced in mass by a factor 0.6 (-0.22 dex).

This normalization is consistent with for instance the Kroupa (2001) or
Chabrier (2003) IMFs (offset by about -0.25 dex with respect to Salpeter IMF)
and a Kennicutt (1983) IMF (-0.3 dex). It leaves however not much margin
for other unseen but known mass components in the dynamical comparisons.
Stellar and substellar objects below our 0.1 M⊙ mass limit could contribute up
to 10% (0.04 dex) of the IMF mass. A significant molecular gas component in
the inner part of spiral galaxies could push down the rotation curve constraint.
However, it is satisfying to see that the current Galactic IMF estimates give
stellar mass estimates in a wide range of objects that are fully consistent with
their dynamical masses.
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FEEDING THE NUCLEAR STARBURST

IN NGC 6946
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Abstract We present the highest angular resolution (0.6 arcsec) and most sensitive CO(2-1)
and (1-0) observations ever made of the nuclear region of the nearby late type
(Scd) spiral galaxy NGC 6946. The data - obtained with the Plateau de Bure
interferometer - resolve for the first time the gas morphology inside the central
300 pc of NGC 6946. The CO maps reveal an S-shaped spiral running through
a small-scale gas disk centered on the galaxy nucleus. The disk has a radius of
≈ 20 pc and shows signs for radial streaming motion towards the nucleus. Our
findings suggest that significant amounts of molecular gas are currently being
funneled into the very nucleus of NGC 6946, which is undergoing a period of
intense star formation. Our observations provide a detailed test for models of
nuclear gas spirals inside the inner Lindblad resonance as a possible funneling
mechanism towards galactic nuclei, and will be used to constrain the efficiency
of nuclear star formation in NGC 6946.

Keywords: galaxies: nuclei - galaxies: starburst - galaxies: kinematics and dynamics - sub-
millimeter

1. Introduction

A large fraction of nearby spiral galaxies experience intense star formation
within a few hundred pc from their nuclei. Many detailed studies exist of the
stellar populations produced in these starbursts and the physical conditions in
the ionized gas surrounding them. These studies mostly use imaging and/or
spectroscopy at visible and NIR wavelengths, which yield sub-arcsecond reso-
lution and thus allow to study star formation processes on scales of individual
giant molecular clouds (a few tens of pc).

However, relatively little is known about the mechanisms that lead to
the high gas densities within the central ≈ 100 pc that are required to tri
gger such intense star formation. While much progress has been made in
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hydro-dynamical modeling of the gas flow in barred gravitational potentials
(e.g., Wada & Koda 2001), there are few observational tests of these models
on the scales relevant for nuclear starbursts.

The reason mostly lies in the fact that maps of the molecular gas can rarely
match the spatial resolution obtained at optical/NIR wavelengths. For exam-
ple, the most comprehensive interferometric CO survey of nearby galaxies, the
BIMA SONG (Regan et al. 2001, Helfer et al. 2003), has a spatial resolution of
6′′, or 300pc at a distance of 10Mpc. Until the commissioning of the Atacama
Large Millimeter Array, only a few nearby galaxies offer the chance to obtain
a more detailed picture of the molecular gas dynamics within and around the
nuclear starbursts.

NGC 6946 provides such an opportunity. It is one of the nearest (d=5.9Mpc,
Karachentsev et al. 2000) large spiral galaxies outside the local group, and cur-
rently experiences intense star formation in its central 5′′ (150 pc, Engelbracht
et al. 1996). It harbors a small stellar bar (major axis diameter of ≈ 220 pc)
which is most clearly visible in the K-band image of Elmegreen et al. (1998).
High-resolution HST maps of the nuclear dust and emission line morphology
(Martini et al. 2003, Böker et al. 1999) show a complex pattern of star for-
mation and dense material which is difficult to interpret without kinematical
information.

On larger scales, NGC 6946 has an unusual four-armed spiral structure
which is traceable inwards down to scales of a few arcsec, both in the stel-
lar light and the CO line emission (Regan & Vogel 1995). Such a morphology
is rare in barred spirals, and cannot easily be explained by hydro-dynamical
models of gas flows in a barred potential. The effect of the small nuclear
bar on the gas dynamics in the inner kpc remained unclear from previous CO
observations due to their limited spatial resolution. Here, we present new in-
terferometric CO maps that reach 0.6′′ (15 pc) resolution and reveal in detail
the gas flow patterns within and around the galaxy nucleus.

2. Data

The 12CO(1 − 0) and 12CO(2 − 1) lines were observed in February 2002
using the IRAM PdB interferometer with 6 antennas in its A and B configu-
rations providing 30 baselines from 32 to 400 m. The resulting resolution is
0.58′′×0.48′′ (PA −165◦) at 1.3mm and 1.25′′×1.01′′ (PA 22◦) at 2.6mm us-
ing uniform weighting. The calibration and mapping were done with the GAG
software packages CLIC and GRAPHIC. The bandpass was calibrated on the
quasar 2037+511. For phase and amplitude calibration, 2037+511 was ob-
served every 20 minutes. The flux calibration was also checked on this source,
we achieve an accuracy of better than 15% at both wavelengths. Maps were
CLEANed with 10000 iterations. The spectral resolution of the 12CO(1 − 0)
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Figure 1. Intensity maps of the 12CO(1 − 0) (left) and 12CO(2 − 1) (right) emission lines.
The beam sizes are indicated in the lower right, the resolution is 1.2′′ and 0.6′′ in the (1-0) and
(2-1) maps, respectively. Note the S-shaped spiral structure in the 12CO(2 − 1) map which
extends all the way into the central 2′′. The channel maps (not shown) indicate that the gas
concentration inside the central 2′′ (50 pc) is in a disk configuration.

and 12CO(2−1) line data is 6 and 3km s−1, respectively. The resulting inten-
sity maps of the 12CO(1−0) and 12CO(2−1) lines are presented in Figure 1.

Our analysis of the gas kinematics is still ongoing, but the preliminary veloc-
ity map (Figure 2) shows clear deviations from the butterfly pattern expected
for gas disk in circular rotation. These deviations - which are evident even
within the central few pc - are indicative of radial motions towards the nu-
cleus. This implies that molecular gas is accumulating within the central few
pc, plausibly enabling star formation at very small distances from the galaxy
nucleus.

3. Summary

Our observations unambiguously confirm that the molecular gas in the cen-
tral kpc of NGC 6946 is distributed in a spiral pattern, rather than in a mole-
cular bar. The arms of the outer gas spiral extend to within ≈ 5′′ (140 pc)
from the nucleus, where they form an S-shape structure that runs through the
nuclear starburst. We detect streaming motions along this inner S-shape struc-
ture which are consistent with gas falling towards the nuclear starburst. This
indicates that the raw material for nuclear star formation is constantly being
replenished. The gas dynamics can plausibly be explained by the effect of
the small-scale stellar bar evident in NIR images, although detailed dynamical
modeling of the observations is still in progress. The high gas densities in the
nucleus are sufficient to produce intense star formation, as evident in the strong
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Figure 2. Velocity map of the 12CO(2−1) emission line. The pattern shows deviations from
pure circular rotation, suggestive of radial motions towards the nucleus.

nuclear Hα and Paα emission seen in optical and NIR images (e.g., Böker et
al. 1999).
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INTEGRAL FIELD SPECTROSCOPY OF NGC 2855

AND NGC 7049
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Abstract We present the ionized gas bidimensional velocity field of two spiral galaxies
(NGC 2855 and NGC 7049) which show an S-distortion of the isovelocities. We
performed models of the velocity field in order to investigate the possible pres-
ence of an inner polar disk which generate such a kinematic behaviour, or the
presence of a strong internal warp of the gaseous disk. The decomposition of
the surface brightness map of NGC 7049 seems to indicate the presence of an
orthogonal decoupled component, while the case of NGC 2855 seems to be bet-
ter explained in terms of a strong central warp of the gaseous disk.

Keywords: galaxies: kinematics and dynamics - galaxies: spirals - galaxies: structure -
galaxies: individual: (NGC 2855, NGC 7049)

1. Introduction

A statistical study reveals that velocity gradients for the gaseous compo-
nent along the minor axis in galaxies are quite common (Coccato et al. 2004)
even if they are unexpected if the gas is moving onto circular orbits. This
is a signature that the motions are not circular or the gas is not settled in a
plane. Among the variety minor axis velocity gradient shapes, the particu-
lar case in which a central velocity plateau along the major axis is combined
with a rotation confined only in the innermost regions of the minor axis is sug-
gestive of the presence of an Inner Polar Disk (IPD, i.e. a dynamically and
spatially coherent polar gaseous and/or stellar structures rotating in a orthogo-
nal plane with respect the main galaxy disk). In Figure 1 we plot an example
of this particular case. Because of the non-complete coverage of the velocity
field, long-slit spectroscopy is not enough to fully characterise the IPDs. In-
tegral field spectroscopy is therefore the ideal tool for these purposes. In par-
ticular, we selected two Sa galaxies, NGC 2855 and NGC 7049, whose long
slit kinematics are suggestive of the presence of a IPD (Corsini et al. 2003).
The correct characterisation of the velocity field is fundamental to derive the
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Figure 1. Observed emission line intensity map, radial velocity field and velocity dispersion
field for the Hα and [N II] emission lines for the two target galaxies.

correct mass density profile, which can be underestimated if we simply assume
circular motions.

2. Galaxy Sample

Spectroscopic observations were carried out at the Very Large Telescope
(Paranal, Chile) using the Integral Field Unit (IFU) of the VIsible Multi Object
Spectograph (VIMOS) mounted on the UT3 telescope. Data were obtained
during the Period 73 (proposal I.D.: 073.B-0545) on 26 – 27 February 2004
(for NGC 2855) and 13 - 15 May 2004 (for NGC 7049). We used the red high
resolution grism (HR-red) which ensured a wavelength coverage from 6300 to
8700 Å with a instrumental resolution of FWHM = 68 km/s measured at Hα.
The observed field of view is 27′′ × 27′′, the spatial resolution is 0”67/fibre.
The measured emission map, velocity field and velocity dispersion field for the
Hα and [N II](6583) emission lines are shown in Figure 1.

3. Data Analysis

The bidimensional velocity fields reveal the presence of non circular mo-
tions in the central regions (see Figure 2). They can be due to: i) a central
warping of the gaseous disk, ii) an orthogonally decoupled component (IPD),
or iii) outflows.

We can exclude the case of non-circular but coplanar motions due to the
triaxial potential of the bulge (de Zeeuw & Franx 1989) because this scenario is
not able to reproduce the observed central plateau along the major axis (Corsini
et al. 2003).

The observed kinematics of both galaxies are modelled with a tilt ring model
and a two orthogonal component model, in order to understand the intrinsic
geometry of the gaseous disk and derive the correct velocity. We show the
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Figure 2. The observed velocity fields (left panels) were fitted with a circular model (central
panels), assuming the gas is settled in a thin disk. Residuals from the model (right panels) are
remarkable.

Figure 3. Upper panels: results for the tilted ring model for NGC 2855. Lower panels: results
for the two component model for NGC 7049.

results in Figure 3. In the case of the tilted ring model, an arctan function is
chosen to characterise the variation of the circular velocity along the radius,
while both variations in the position angle and inclination of the rings are con-
sidered. In the case of two orthogonal component, the emission line map is
considered as the sum of two exponential disk, the main disk and the IPD (this
choice fits the emission line surface brightness profile well). The intrinsic ve-
locity field of the IPD is derived from the total velocity field, assuming that
the velocity field of the main disk is in circular motions (and derived from the
model of Figure 2):

VTotal =
FMainVMain + FIPDVIPD

FIPD + FMAIN
(1)
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4. Conclusions

The bidimensional velocity fields showed an S-shaped distortion on the
isovelocities. These deviations from the circular motions reach almost 100
km s−1 in the central regions.

We build a two orthogonal component model, which simulate the presence
of two orthogonal gaseous disk with circular motions and exponential surface
brightness profile. This model does not fit with NGC 2855 data, while for
NGC 7049 it fits only for the emission line surface brightness. This mean that:
i) there is no IPD in NGC 7049, or ii) there is an IPD in NGC 7049 (as sug-
gested by the emission line map), but its motions are not circular as assumed in
the model. In that case we derive its velocity field as a “weighted” subtraction
from the main disk velocity field (see Equation 1).

An alternative scenario to the IPD is offered by an internal warp of the
galaxy disk (for which the IPD represents an extreme configuration): the gaseous
disk is formed by tilted and concentric rings, which are almost orthogonal in
the central region. This scenario fits quite well the situation for NGC 2855,
reproducing the S-shaped distortion of the velocity field, but not the situation
of NGC 7049.

There is no evidence of a bar in NGC 2855, and the stars show regular kine-
matics and corotate with the gas component (Corsini et al. 2002). This indi-
cates that the orbits in which the gas is moving are not stable (van Albada et
al. 1982). In addition we have evidences that the galaxy is acquiring external
material (Malin & Hadley 1997) in a direction close to the apparent minor axis.
By this argument we conclude that the inner warped structure of the gaseous
disk of NGC 2855 is due to an ongoing external acquisition process and it is
not in equilibrium. This means that after the acquisition process is over, the
gaseous disk of NGC 2855 must settle into the main galaxy equilibrium plane
and, if the triaxial potential of the bulge is strong enough to allow an equilib-
rium plane orthogonal to the main disk (de Zeeuw & Franx 1989), the central
part of the warped disk will form an IPD. In this scenario, NGC 2855 may
represent a galaxy with a forming IPD.
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AND CENTRAL DISK IN NGC 5448
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Abstract We analyse SAURON kinematic maps of the inner kpc of the early-type (Sa)
barred spiral galaxy NGC 5448. The observed morphology and kinematics of
the emission-line gas is patchy and perturbed, indicating clear departures from
circular motion. The kinematics of the stars is more regular, and displays a small
inner disk-like system embedded in a large-scale rotating structure. We focus on
the [Oiii] gas, and use a harmonic decomposition formalism to analyse the gas
velocity field. The higher-order harmonic terms and the main kinematic fea-
tures of the observed data are consistent with an analytically constructed simple
bar model, which is derived using linear theory. Our study illustrates how the
harmonic decomposition formalism can be used as a powerful tool to quantify
non-circular motions in observed gas velocity fields.

Keywords: galaxies: kinematics and dynamics - galaxies: structure

1. Introduction

Line-of-sight velocity distributions are efficient probes of the dynamical
structure of galaxies, and can be used to derive the mass distribution, intrin-
sic shape and the motions of stars and gas. Non-axisymmetric components
such as bars, or external triggers, can lead to significant galaxy evolution via,
e.g., redistribution of the angular momentum, triggering of star formation, or
building of a central mass concentration (e.g., Shloshman et al. 1989; Knapen
et al. 2000). Much can be learned about these processes by simultaneously
studying both the stellar and gas dynamics of nearby galaxies by means of
integral-field spectroscopy. Here we summarize such a study for the spiral
galaxy NGC 5448, which was observed with SAURON as part of a representative
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Figure 1. Top Left: Digitised Sky Survey image with SAURON footprint and north-east orien-
tation arrow. All other panels show the SAURON data with the same orientation and overplotted
contours in magnitude steps of 0.25. Two-dimensional Voronoi binning has been applied to all
our maps, as described in Falcón–Barroso et al. (2005). The titles are indicated at the bottom
right corner of each panel with plotting ranges according to the top color bar. All velocities and
velocity dispersions are given in km s−1.

survey of 72 nearby early-type galaxies (de Zeeuw et al. 2002; Falcón–Barroso
et al. 2005). A more comprehensive report can be found in Fathi et al. (2005).

2. Data

We observed NGC 5448 with SAURON on April 14th 2004. Detailed specifi-
cations for the instrument, reduction procedure, and the data preparation pro-
cedure can be found in Bacon et al. (2001); Emsellem et al. (2004); Sarzi et
al. (2005). The SAURON flux map in Fig. 1 displays a smooth stellar distribu-
tion and the presence of prominent dust lanes to the south of the nucleus. The
stellar kinematics shows a global disk-like rotation with a smaller inner stellar
disk within the central 7′′ radius. Along the strong dust lanes, the gas shows a
patchy distribution, with an asymmetric elongation of [Oiii] gas towards the
east as well as the galactic poles. The gas velocity map clearly shows a promi-
nent ‘S’-shaped zero-velocity curve with sharp edges indicating very strong
non-circular gas motions.
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Figure 2. Top row, from left to right: observed SAURON gas velocity field of NGC 5448; the
harmonic reconstruction of the SAURON gas velocity field; residual field; and the analytic bar
model, which reproduces best the main kinematic features of the observed gas velocity field (in
km s−1). Middle and bottom row: the tilted-ring and harmonic parameters as a function of outer
radius of each ring, and v∗ = c1 sin i. The over-plotted red filled circles are the analytically
calculated first and third harmonic terms for the bar model, with the 3σ (99.7%) confidence
level error bars. The orientation of the maps is the same as in Fig. 1.

3. Analysis and Results

In order to study the gas velocity field, we apply the tilted-ring decompo-
sition combined with the harmonic expansion formalism from Schoenmakers
et al. (1997). This formalism allows us to extract the gaseous kinematic in-
formation such as the rotation curve, kinematic position angle variation, and
higher harmonic terms. Wong et al. (2004) derived the higher-order harmonics
for an axisymmetric potential with an m = 2 bar perturbation. This bar model
depends on a set of parameters describing the potential, as well as the viewing
angle. We construct libraries of models with different input parameters, and
find that we can describe our observed velocity field with the bar model shown
in Fig. 2. Thus, the radial motions of the gas are associated with that of the
large-scale bar (see Fathi et al. 2005 for a detailed discussion).

NGC 5448 exhibits clear signatures of the presence of other components
than a single bar, which affect the observed velocity field. Inspecting the pho-
tometry and the central parts of the gaseous and stellar velocity field, we find
signatures of a central stellar disk embedded in the larger disk (see Fig. 3).
We approximate the stellar velocity field with an exponential thin disk to
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Figure 3. A thin isothermal disk model for the stellar velocity field of NGC 5448. The circle
marks the 7′′ region within which we find a disk-like structure. All maps are given in km s−1.

emphasize the kinematic signatures of the central disk. Figure 3 illustrates
our simple inclined disk model, after subtraction of which we find that the in-
ner stellar disk-like component rotates faster than the outer disk. Fitting also
an exponential disk to the region interior to the 7′′ radius, we find that the cen-
tral disk-like structure is misaligned with respect to the outer disk by ∼ 13◦.
The stellar kinematic maps show that the central disk rotates faster than the
main disk, and our observed gas distribution and kinematics indicate that this
central disk also hosts gas which rotates faster than its stellar counterpart. It
is known that bars are efficient in transferring mass towards the inner regions
of their host galaxies. The centrally concentrated matter may be able to form
a secondary bar or a central disk. Our analysis shows that the non-circular gas
kinematics in NGC 5448 could be driven by the large-scale bar. The central
disk could then have been formed as a result of the gas accumulation at the
centre.

Acknowledgements It is a pleasure to acknowledge the entire SAURON team for
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fruitful discussions. KF thanks the conference organizers for all their efforts.
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ROTATION USING OPEN STAR CLUSTERS
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Abstract The dark matter distribution of the Milky Way remains among the major un-
solved problems about our home galaxy. The masses of other spiral galaxies
can be determined from their rotation curves through long-slit spectroscopy. But
for the Milky Way obtaining the complete rotation curve is a more complex
problem. By measuring the 3-dimensional motions of tracer objects the rotation
curve and Galactic mass distribution can be derived, even outside the solar circle
where HI tangent point analysis is not possible. We present the first findings
from a project to measure the motions of open clusters, both inside and outside
the solar circle. From a nearly uniform sample of spectroscopic data for large
numbers of stars in over 50 open clusters in the third and fourth Galactic quad-
rants, we derive the speed of Galactic rotation at the solar circle as Θ0 = 214+6

−9

km s−1. Future work will include clusters in the other Galactic quadrants and
analysis of the local rotation curve.

Keywords: Galaxy: open clusters and associations - Galaxy: fundamental parameters -
Galaxy: structure - Galaxy: kynematics and dynamics

Considering the importance of galactic potentials in shaping the chemody-
namical evolution of their stellar populations, it is unfortunate that the surface
mass distribution of the Milky Way is still poorly constrained, even while our
knowledge of Galactic stellar abundance distributions grows ever more de-
tailed. One reason for this shortcoming is the difficulty of determining the
Galactic rotation curve in the outer disk. The inner Galactic rotation curve
has been derived from tangent point analysis of H i radial velocities (RVs;
e.g., Malhotra 1995). However, outside the solar circle one must also obtain
proper motions and reliable distances for some suitable stellar tracer popula-
tion to properly derive the rotation curve. To this end, we have collected a
near uniform sample of spectroscopic data from stars in over 100 open clus-
ters at medium–high resolution (R ∼ 15, 000) using the HYDRA multi-fiber
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Figure 1. Visualization of the Milky Way in the X, Y coordinate system of the Galaxy with
the Sun at (0,0). The 56 clusters used here (primarily in the third and fourth Galactic quadrants)
are shown by their Vlsr: stars (Vlsr > 5 km s−1), squares (−5 < Vlsr < 5 km s−1), and
triangles (Vlsr < −5 km s−1). The transition between negative and positive Vlsr clusters lies
near the solar circle (dashed line) as expected for well-behaved circular Galactic rotation.

spectrographs on the CTIO 4-meter and WIYN 3.5-meter telescopes. We
specifically target stars for which proper motions have previously been mea-
sured (e.g., Dias et al. 2001), and place additional fibers on other stars in the
field to expand the membership census in anticipation of future astrometric
surveys (e.g., GAIA). The average motion of all verified members will yield
a reliable, accurate systemic proper motion and RV for each cluster to trace
the rotation curve. However, in this proceedings we focus specifically on an
analysis of the speed of Galactic rotation at the solar circle (Θ0) based solely
on cluster RVs and positions.

Data for the sub-sample of 56 clusters presented here were all obtained us-
ing the Blanco 4-meter telescope at CTIO. The spectra were reduced using
standard techniques. RVs were determined using the IRAF fxcor package as
described in Frinchaboy et al., 2005. Cluster star members were isolated both
from our RVs and the proper motion membership criteria of Dias et al. (2001,
2002a). We adopt a ±5–10 km s−1 RV range to discriminate cluster members,
which is several times larger than the typical individual stellar RV errors (1–2
km s−1) and the expected velocity dispersions of these systems. With proper
motions and RVs for each star we can, in principle, derive full space velocities,
but we already have significant sensitivity to the speed of the local standard
of rest through the cluster RVs and positions, for a conservative first analy-
sis. An average of 8–9 stellar members per cluster yields a mean error in sys-
temic velocity for all clusters used here of 3.9 km s−1. The analysis was com-
pleted using distances from the Dias et al., 2002b catalog combined with our
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Figure 2. Histograms of the difference of Vlsr − Vcirc for the 56 open clusters for a range
of adopted R0 and Θ0. The dotted line denotes a difference of zero which corresponds to a flat
rotation curve at the given Θ0

heliocentric RVs converted to Vlsr (see Figure 1) using the solar peculiar mo-
tion (U, V, W ) velocities (10, 5.2, 7.2) km s−1 given in Binney & Merrifield,
199).

Under the assumption that open clusters closely trace the circular speed of
the Milky Way at their Galactic radius, we can predict their expected observed
Vlsr under an assumed rotation curve and solar Galactocentric distance (R0).
For simplicity, we assume a flat rotation curve over the relevant Galactic radii.
Comparison of our measured Vlsr’s to derived Vcirc’s (i.e., the Vlsr a cluster
would have in the same position for a flat rotation curve of speed Θ0) over a
range of R0 (7.0–8.5 kpc) and Θ0 (180–220 km s−1) reveals a systematic trend
with assumed Θ0 but little apparent sensitivity to R0 (see Figure 2). Over this
range of R0 the mean (Vlsr-Vcirc) difference was consistently closest to zero
when Θ0 ranged between only 210–215 km s−1. With finer analysis of the
Θ0 = 210–215 km s−1 region (see Figure 3), we find that (Vlsr-Vcirc) = 0.0±
0.2 km s−1 for Θ0 = 214+6

−9 km s−1. The quoted errors are the 3σ deviation
given by the error on the mean. This Θ0 result is in the middle of the wide range
of other recent findings that range from Θ0 = 184 km s−1 (Olling & Merrifield,
1998) to Θ0 = 255 km s−1 (Uemura et al. 2000), two limiting values strongly
ruled out by our open cluster velocities if the Milky Way has a well-behaved,
simple, circular velocity field. Future work on this project will nearly double
the number of clusters available (to approximately 100) and expand coverage
to the first and second Galactic quadrants. Additionally, the proper motion data
will be incorporated to investigate not only the mean Galactic rotation curve

but whether second order variations in the local velocity field of the disk can
be discerned.
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Figure 3. Same as Figure 2 with a finer grid of assumed Θ0. We find that Θ0 = 214 km
s−1 provides the best match to the Local Standard of Rest velocity for our preliminary cluster
sample.

Acknowledgements We would like to thank the NOAO TAC for granting this
project long-term status and NOAO for travel support of this thesis. We ac-
knowledge funding by NSF grant AST-0307851, NASA/JPL contract 1228235,
the David and Lucile Packard Foundation, and the F.H. Levinson Fund of the
Peninsula Community Foundation. PMF also acknowledges support from the
Virginia Space Grant Consortium, an AAS International Travel Grant, and the
conference organizers.

References

Binney, J. & Merrifield, M., 1998, Galactic Astronomy (Princeton University Press), p. 627
Dias, W. S., Lepine, J. R. D. & Alessi, B. S. , 2001, A&A, 376, 441
Dias, W. S., Lepine, J. R. D. & Alessi, B. S. , 2002, A&A, 388, 168
Dias, W. S., Alessi, B. S. , Moitinho, Lepine, J. R. D. & Alessi, B. S. , 2002, A&A, 389, 871
Frinchaboy, P. M., Munoz, R. R., Phelps, R. L., Majewski, S. R., & Kunkel, W. E. 2005, AJ,

submitted

Malhotra, S., 1995, ApJ, 448, 138
Olling, R. P. & Merrifield, M. R., 1998, MNRAS, 297, 943
Uemura, M., Ohashi, H., Hayakawa, T., Ishida, E., Kato, T., & Hirata, R., 2000, PASJ, 52, 143



Katia Ganda∗ and Reynier Peletier

Kapteyn Astronomical Institute, Unversity of Groningen, The Netherlands

* katia@astro.rug.nl

Abstract We are currently engaged in a study aimed at clarifying the nature of late-type
spiral galaxies. Using the IFU SAURON we have obtained the two-dimensional
stellar and gaseous kinematics for a sample of 18 galaxies spanning a range in
Hubble type between Sb and Sd. Here we illustrate the applied methods and
present the kinematical maps and preliminary analysis for one of our galaxies.

Keywords: galaxies: kinematics and dynamics - galaxies: individual (NGC 2964)

Introduction

The complexity and low surface brightness of spiral galaxies towards the
end of the Hubble sequence is the cause of the fact that we know relatively little
about them, especially about their optical properties. Recently, HST imaging
showed that they can host a variety of structures: bulges, nuclear star clusters,
stellar disks, small bars, double bars. We do not know really how those features
were made and how they fit into an evolutionary picture. Stellar populations
and kinematics, as direct tracers of the star formation and mass assembly his-
tory of the systems, would help clarify the picture. In this paper we present the
first results from a study aimed at understanding the structure and star forma-
tion history of their inner parts. We focus on the two-dimensional kinematics
and stellar populations using emission and absorption lines at optical wave-
lengths for a sample of nearby late-type spiral galaxies.

1. Sample Selection

Our sample of galaxies consists of optically selected galaxies (BT < 12.5,
taking RC3 values) with HST imaging available from WFPC2 and/or NIC-
MOS. Their morphological type ranges between Sb and Sd, according to the
RC3 classification. Galaxies in close interaction and Seyferts have been dis-
carded. The resulting sample contains 18 nearby spiral galaxies.
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2. Observations and Data Reduction

We observed our sample galaxies in January 2004 using SAURON, which is a
visitor instrument at the WHT in La Palma, Spain, and is a panoramic integral-
field spectrograph using a lenslet array. It has a field of view of 41′′×33′′, with
a spatial sampling of 0.′′94 and it covers the spectral window 4800-5300Å.
Therefore, it allows us to measure the Hβ emission line, the [OIII] and [NI]
doublets and the absorption features Hβ, Mgb, FeI (Bacon et al. 2001). For
each galaxy, we took 2 to 6 exposures of 1800 s. Extraction, reduction and
calibration of the data were carried out using the dedicated package XSauron
(de Zeeuw et al. 2002) and some IRAF tasks.

3. Kinematical Maps

On the fully reduced spectra we performed a two-dimensional binning in
order to reach a minimum signal-to-noise ratio (Cappellari & Copin, 2003).
The requested signal-to-noise is 60 and 5 for stars and gas respectively. We
measured then the stellar kinematics using a pixel fitting method which fits to
the spectra linear combinations of single age, single metallicity models con-
volved with a Gauss-Hermite expansion; a low-order polynomial is also in-
cluded in the fit to account for small differences in the flux calibration between
the galaxy and the template spectra (Cappellari & Emsellem, 2004). While fit-
ting, the spectral regions that are potentially affected by nebular emission are
masked out. This allows us to derive the mean velocity V , velocity dispersion
σ and the higher order Gauss-Hermite moments h3 and h4. The gas kinematics
was instead computed by fitting to the full spectrum (without masking) both
the emission lines amplitude and the optimal combination of the stellar tem-
plates (Sarzi et al. 2005, Falcón-Barroso et al. 2005).

The stellar kinematics turns out to be often characterized by a central drop
in σ, indicating a kinematically cold region; this could either be due to a cen-
tral disk of newly forming stars or to the fact that the bulge is so faint. We
detect a considerable amount of ionized gas in our objects, and the gas kine-
matical maps display often a very complicated appearance. The gas rotates
faster than the stars and around the same axis, although it is in some cases mis-
aligned with respect to the photometric minor axis. The zero-velocity lines are
often wiggling, bending or S-shaped. We do not generally detect major differ-
ences between gas distribution and kinematics in Hβ and [OIII], except in one
case (NGC4102, which is classified as a LINER). Overall, the sample galaxies
display low [OIII]/Hβ ratios over most of the SAURON field, suggesting star
formation, as expected in spiral galaxies. Here we will present an “example”
galaxy, namely NGC2964.
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Figure 1. Stellar and gaseous kinematics for NGC2964. First row: stellar velocity and veloc-

ity dispersion; [OIII] flux, [OIII]/Hβ line ratio; second row: Hβ velocity, velocity dispersion

and flux; HST unsharp-masked image. The orientation of the maps is given by the arrow and its

dash, which point respectively to North and East.

4. Kinemetry Analysis

We analysed our gas velocity maps using a method called kinemetry (Kra-
jnovíc et al., 2005, Wong et al. 2004 ) which performs an harmonic expansion
of the map along ellipses, in a similar way to the standard approach in use in
photometry:

V (θ) = a0 + a1 sin(θ) + b1 cos(θ) + a3 sin(3θ) + b3 cos(3θ) + ... (1)

In case of circular motions, only a0 and b1 are different from zero. Thus,
the analysis of the behaviour of the higher order terms can teach us about
the perturbations in the potential that give rise to non-circular motions. We
applied the method to our Hβ velocity maps and started interpreting the output,
following the approach of Wong et al. (2004). Here we present the results for
NGC2964.

5. NGC2964

Our data reveal a variety of features in this galaxy (see Figure 1). The
stars rotate quite regularly along the major axis, although a twist in the zero-
velocity line can be seen very close to the edge of the field, on both sides. The
stellar velocity dispersion increases quite smoothly moving toward the cen-
tre. The ionized gas shows a clumpy distribution, which could suggest a spi-
ral arm structure, and complex kinematics in both lines, with a very irregular
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Figure 2. NGC2964: radial variations of kinemetric coefficients b1, a1 and a3; diagnostic

diagram a3/b1 vs a1/b1.

zero-velocity line and with the velocity dispersion peaking in a region slightly
away from the very centre. The [OIII]/Hβ line ratio map assumes low values
over most of the field, and is enhanced in a ring-like structure surrounding an
elongated nuclear region where the ratio becomes low again. This could be a
star forming region.

Kinemetry reveals the presence of non circular motions, with a minimum
in a1 and a maximum in a3 at a radius corresponding to the location of the
gas-σ peak noticed in the velocity dispersion map (see Figure 2). According
to our analysis, this can be due to the presence of a bar perturbation, which
is also detectable in the photometry, and/or to the spiral pattern, recognizable
photometrically as well.
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Abstract We study the vertical density distribution of stars and gas (Hi and H2) in a galac-
tic disk which is embedded in a dark mater halo. The new feature of this work is
the inclusion of gas, and the gravitational coupling between stars and gas, which
has led to a more realistic treatment of a multi-component galactic disk. The
gas gravity is shown to be crucially important despite the low gas mass fraction.
This approach physically explains the observed scaleheight distribution of all the
three disk components, including the long-standing puzzle (Oort 1962) of a con-
stant Hi scaleheight observed in the inner Galaxy. The above model is applied
to two external galaxies, NGC 891 and NGC 4565, and the stellar disk is shown
to be not strictly flat as was long believed, but rather it shows a moderate flaring
of a factor of ∼ 2 within the optical radius.

Keywords: galaxies: kinematics and dynamics - galaxies: ISM - galaxies: structure - Galaxy:
structure

1. Introduction

The visible mass in a galactic disk is distributed in a thin disk, hence the
planar and the vertical dynamics can be treated separately. The vertical dis-
tribution is not studied well unlike the planar mass distribution, though it is
important to understand it since it acts as a tracer of the galactic potential and
the disk evolution. The vertical distribution in a one-component, isothermal,
self-gravitating disk was studied in a classic paper by Spitzer (1942). How-
ever, the physical origin of the thickness of stars and gas in a galactic disk and
in particular their radial variation is not yet fully understood – we address this
problem here.

In the past, gas gravity was often ignored even when studying the verti-
cal distribution of gas, and the gas response to the stellar potential alone was
considered. We show that stars and gas need to be treated jointly to get their
correct vertical distribution. Due to its low velocity dispersion, gas forms a
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thin layer and hence affects the dynamics and the vertical distribution of stars
as well, despite the low gas mass fraction.

2. Formulation of Three-Component Model

The vertical scaleheight of Hi gas in the inner Galaxy is remarkably con-
stant, which has been a long-standing puzzle (Oort 1962, Dickey & Lockman
1990). The vertical scaleheight is a measure of equilibrium between the grav-
itational force and the pressure. Hence the Hi gas responding to the gravi-
tational potential of an exponential stellar disk alone should show flaring, in
contrast to the observed constant scaleheight.

We propose that an increase in the gravitational force due to the inclusion
of gas can decrease the gas scaleheight, and study this idea quantitatively
(Narayan & Jog 2002b). We formulate a general treatment, where the stars,
the Hi gas and the H2 gas are treated as three gravitationally coupled disk
components, embedded in a dark matter halo. Thus each disk component ex-
periences the same joint potential due to the three disk components and the
dark matter halo, but each has a different response due to its different random
velocity dispersion.

The equation of hydrostatic equilibrium along z or the vertical direction for
each component and the joint Poisson equation are solved together. Thus each
component obeys:

d2ρi

dz2
=

ρi

< (vz)i
2 >

[−4πG(ρs + ρHI + ρH2
) +

d(Kz)DM

dz
] +

1

ρi
(
dρi

dz
)2

where i=1,2,3 denote the three disk components, and ρi and <(vz)i
2>1/2 de-

note the mass density and the velocity dispersion respectively.
The above three coupled, second-order differential equations are solved nu-

merically and iteratively, using dρi/dz = 0 at the midplane and the observed
mass surface density (Σi) as the two boundary conditions in each case. This
results in a sech2-like density profile for the mass density in each case, and we
use its HWHM to define the vertical scaleheight.

Resulting Vertical Scaleheight vs. Radius

On using the joint potential, the Hi scaleheight decreases as expected, and
is in a better agreement with observations (Fig. 1), especially at large radii
where the effect of gas gravity is higher because of the higher gas fraction. For
H2 gas, the joint potential gives a good agreement at all radii. In the stellar
case, the joint potential gives a nearly flat curve that slowly rises with radius
with a slope of 24 pc kpc−1 for 5-10 kpc, this agrees well with the near-IR
observations (Kent et al. 1991).
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Figure 1. Galactic Hi scale height as function of radius. The joint potential gives a better
fit to the Hi data, and explains the constant Hi scaleheight observed in the inner Galaxy. The
agreement is even better for a slight linear increase in the Hi velocity dispersion at small radii.

3. Radially Increasing Stellar Scaleheight

We next applied this general model to two external, prototypical edge-on
spiral galaxies: NGC 891 and NGC 4565, for which gas density values are
known from observations - see Narayan & Jog (2002a) for details.

From the pioneering study of the vertical luminosity distribution of edge-on
spiral galaxies, van der Kruit & Searle (1981a,b) concluded that the stellar ver-
tical scaleheight in a galactic disk is constant with radius, and this is explained
if the ratio Rvel/Rd = 2, where Rvel and Rd are the scalelengths with which
the stellar velocity dispersion and disk luminosity fall off exponentially. This
has been a paradigm in galactic structure for 25 years. However, there is no
clear physical explanation for this. We argue that such a strict relation is un-
realistic in general given the different sources of stellar heating now known to
operate in a disk, such as heating via scattering off clouds or spiral arms within
the galactic disk, and via heating due to tidal encounters with other galaxies.

Hence, our model is applied to NGC 891 and NGC 4565, treating the above
ratio as a free parameter. The resulting stellar scaleheight is not strictly con-
stant but instead shows flaring by a factor of ∼ 2 within the optical radius
(Fig. 2). This result agrees with observations (de Grijs & Peletier 1997). This
is an important result for galactic structure.
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Figure 2. Resulting stellar vertical scaleheight vs. radius for different radial velocity dis-
persion scalelength to stellar disk scalelength ratios. In general, the stellar scaleheight shows
moderate flaring when the ratio Rvel/Rd > 2.

4. Conclusions

The multi-component approach developed here cohesively explains the ob-
served vertical scaleheights of all the three disk components, namely the stars,
the Hi and the H2 gas in the inner Galaxy.

The above model is applied to two external galaxies, NGC 891 and NGC
4565, and the resulting stellar scaleheight is shown to be not constant with
radius, instead it shows flaring. Such a moderate increase in stellar scaleheight
is likely to be common in other galaxies as well.
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Abstract We have obtained high resolution two-dimensional velocity fields from integral
field spectroscopy along with derived rotation curves for nine low surface bright-
ness galaxies. This is a positive step forward in terms of both data quality and
number of objects studied. We fit NFW and pseudo-isothermal halo models to
the observations. We find that the pseudo-isothermal halo better represents the
data in most cases than the NFW halo, as the resulting concentrations for the
latter are lower than would be expected from ΛCDM. Cusps can clearly be de-
tected by this method when they are present and the data are of high quality. Yet
only one of our six best cases is consistent with a cusp.

Keywords: galaxies: kinematics and dynamics - galaxies: halos - dark matter

1. Introduction

Though it is widely agreed that low surface brightness (LSB) galaxies are
dark matter dominated at all radii (de Blok & McGaugh 1997) and, hence, are
ideal test subjects for studying the dark matter distribution, a consensus has
not yet been reached on the interpretation of their rotation curves. Are the dark
matter halos of LSB galaxies "cuspy" NFW halos, as expected from cosmo-
logical numerical simulations (e.g., Navarro, Frenk & White 1997; Moore et
al. 1999; Klypin et al. 2001), or are they closer to "cored" pseudo-isothermal
halos? NFW halos can be fit to the observations, but the cosmological para-
meters implied by the fits are inconsistent with the standard ΛCDM picture
(McGaugh, Barker & de Blok 2003). Pseudo-isothermal halos provide much
better fits, and in the case of a power-law fit to the density, ρ ∼ rα, the opti-
mum value of α seems to be -0.2 ± 0.2 (de Blok, Bosma & McGaugh 2003).
However, such models have no cosmological dependence or theoretical basis.
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In hopes of salvaging the NFW halo, a number of systematic effects have been
suggested to affect the data (Swaters et al. 2003a,b).

In an effort to address these concerns, the quality of observations has been
greatly improved. The first suggested effect which could "hide" a NFW-halo
was beam smearing in two-dimensional 21-cm Hi velocity fields. Subsequent
long-slit Hα observations increased the resolution by an order of magnitude.
When cusps did not appear along with the resolution increase, effects such as
slit misplacement and non-circular motions came to the forefront. We address
these issues with new data that is both high resolution and two-dimensional.

2. Observations

We observed twelve LSB galaxies using the DensePak Integrated Field Unit
on the WIYN telescope at Kitt Peak. DensePak is comprised of 3" diameter
fibers arranged in a 43" x 28" rectangle. The distances to the galaxies are such
that a 3" fiber provides sub-kpc resolution. The fiber bundle orientation on the
sky and number of pointings were tailored to each galaxy so that the critical
central regions were covered by the fibers. Two 1800 sec exposures were taken
at each pointing.

Velocities of the Hα, [NII]λ6584, [SII]λ6717 and [SII]λ6731 emission lines
were measured for each fiber. The average of the measured velocities in each
fiber was taken as the fiber velocity. Velocity fields were constructed by com-
bining individual DensePak pointings and comparing an Hα flux image made
from the DensePak data to an actual Hα image. Velocity fields were then
transformed to rotation curves using the NEMO program ROTCUR. For three
of the galaxies no useful data covering a large fraction of the galaxy has been
obtained.

3. Data

As an example of the data quality, we show in Figure 1 for the galaxy
UGC 5750 the location of the DensePak fibers on an image of the galaxy, the
observed velocity field, the DensePak rotation curve along with previous long-
slit and Hi rotation curves, and the fits of some models in the log V - log r
plane. As can be seen, the new data agree very well with the previous long slit
data obtained by McGaugh, Rubin & de Blok (2001) and de Blok & Bosma
(2002).

4. Rotation Curve Fits

We fit the combined rotation curves with pseudo-isothermal and NFWfree

halos for the minimum disk case. We also fit an NFWconstrained halo which
was required to match the velocities at the outer radii of each galaxy, in effect,
constraining the concentrations to agree with cosmology. We highlight the
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Figure 1. Top left: coverage of the DensePak data for UGC 5750, overlaid on a Hα image.
Top right: observed velocity field of UGC 5750 derived from the DensePak data. Bottom left:
comparison of the new rotation data for UGC 5750 with previous work by McGaugh, Rubin &
de Blok (2001) and de Blok & Bosma (2002). Bottom right: Model rotation curve fits for the
new data, assuming minimum disk (M/L=0). The solid (red) curve represents the best fitting
pseudo-isothermal halo, the short-dashed (green) curve the best fitting free NFW halo, and the
long-dashed (black) curve the best fitting constrained NFW halo.

results for UGC 5750 in Figure 1d. UGC 5750 is clearly well-fit by an pseudo-
isothermal halo. We stress that the fit should extend to the whole rotation
curve, and that the inner most points on their own do not constitute a good fit
to a NFW halo. In our sample so far, only NGC 4395 is fit by a NFW halo.
The concentrations for the other galaxies do not agree with values expected for
ΛCDM.
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5. Conclusions and Further Work

We have obtained velocity fields and rotation curves for a sample of LSB
galaxies observed with DensePak. That we did observe one halo consistent
with the expected cusp shows that cusps can be detected when they are present
and the data are of high quality.

Future work will include mass-modeling, reconstruction of slit placement,
and a detailed assessment of the non-circular motions possibly indicated by the
twisting of the kinematic axes.
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Introduction

Long-lasting spiral structure in galaxies is established when density waves
form a pattern that rotates at a constant angular frequency Ωp, the pattern speed.
This quantity, critical to understanding spiral structure, galaxy evolution, and
the connection, if any, between bars and spirals in galaxies, is not directly
measurable. Most determinations of pattern speeds have relied on identifying
morphological features at certain radii as resonances, but this depends signif-
icantly on knowledge of the behavior of stars and gas at these resonances.
The Tremaine-Weinberg (TW) method allows for the determination of pattern
speeds based on kinematic observations in a way completely independent of
resonance identification, or theories of spiral structure, relying on the identi-
fication of a tracer that obeys the continuity equation as it orbits through the
pattern.

This work expands on previous studies of the TW method applied to galax-
ies with molecular- or Hi-dominated ISMs. In galaxies where the ISM is found
to be dominated by one phase, it is assumed that this component satisfies the
continuity requirement; for galaxies with H2 dominated ISMs, for instance,
the TW method has successfully been applied using 12CO(1-0) emission as a
tracer for the molecular gas surface density (Rand & Wallin 2004).

1. The Tremaine-Weinberg Method

If the component obeys continuity as it orbits in the spiral/bar potential,
Tremaine & Weinberg (1984) show that

Ωp sin i =

∞
∫

−∞
Σ(X, Y )V‖dX

∞
∫

−∞

Σ(X, Y )XdX

, (1)
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where (X, Y ) are the sky coordinates ‖ and ⊥ to the major axis; Σ(X, Y ) is
the surface density of the component; V‖ is the line-of-sight velocity; and i is
the inclination angle of the galaxy.

If the intensity of the component’s emission traces the surface density, then,
at a given Y (cf. Merrifield & Kuijken 1995),

Ωp =
1

sin i

∞
∫

−∞

I(X)V‖dX

∞
∫

−∞

I(X)XdX

∞
∫

−∞

I(X)dX

∞
∫

−∞

I(X)dX

, (2)

and Ωp, modulo sin i, can be determined from total intensity and velocity field
maps by measuring intensity-weighted averages of observed position <x> and
velocity <v> along lines of constant Y (parallel to the major axis). The slope
in a plot of <v> vs. <x> for such “apertures” is the pattern speed.

2. Data and Analysis

Presently, to determine the spiral density wave pattern speed, we use high-
resolution CO data cubes from the BIMA Survey of Nearby Galaxies (SONG).
The BIMA SONG observations include single-dish data, thereby sampling all
spatial frequencies to support the continuity requirement. Pattern speed de-
terminations for three of the galaxies in this work are presented based on CO
emission data cubes alone; we cite the results of Wong & Blitz (2002), wherein
radial profiles of NGC 5055, 5033, and 5457 (M101) indicate that these galax-
ies are molecule-dominated within the region of CO detection.

In this work, a constant conversion factor X=2×1020 mol cm−2(K km
s−1)−1 between CO intensity and H2 column density is assumed. As demon-
strated in Zimmer, Rand & McGraw (2004), the choice of conversion factor
has little effect on the TW calculation. The choice, however, clearly influences
assertions of molecular dominance, particularly with regard to an important
suspected variation of X with metallicity, which is supported by empirical evi-
dence for an inverse correlation (e.g., Boselli, Lequeux, & Gavazzi 2003). For
the galaxies studied here, NGC 5457, 5055 and 5033, metallicity estimates are
subsolar (as compiled by Pilyugin, et al. 2004), indicating that, if anything, the
conversion factor underestimates the amount of H2 present.

Inclination and position angles (PA’s) used in the TW calculation are deter-
mined by fitting tilted rings to the velocity field as performed by the GIPSY
task ROTCUR. As found in Debattista (2003) and Rand & Wallin (2004), the
scatter in the slope of the <v> vs. <x> plot worsens for PA’s further from the
nominal value. Error bars reported for the pattern speed of each galaxy account
for PA uncertainty and the scatter in the <v> vs. <x> plot for nominal PA.
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Morphological D i PA Vsys Ωp

Type (Mpc) (o) (o) (km/s) (km/s/kpc)
NGC 5457 SAB(rs)cd 7.4 21 42 +4/-2 257 48 +7/-6
NGC 5055 SA(rs)bc 7.2 57 99 ±1 506 67 ±6
NGC 5033 SA(s)c 11.8 68 352 ±2 880 93 +18/-39

Table 1. Properties of sample galaxies.

3. Results

Given that NGC 5457, 5055 and 5033 appear to be dominated by molecular
gas in their inner disks, we can be reasonably confident that the continuity re-
quirement of the TW method is satisfied. Table 1 lists the properties and results
of the TW calculation for each of the galaxies in our sample. Figures 1a and
b display an example of the line-of-sight apertures used in the TW calculation
for NGC 5457 and the corresponding <v> vs. <x> plot, respectively.

4. Conclusions and Future Work

The Tremaine-Weinberg method has long been applied with much success
to bars in galaxies. The relatively recent applications of the method to spiral
patterns, too, are compelling: pattern speeds for M51 and M83, for example
(Rand & Wallin 2004), were found to be in good agreement with those de-
termined from resonances. Generally, however, it is unclear how reliable spi-

Figure 1a. First moment map of the
BIMA CO data for NGC 5457 with aper-
tures used in the TW calculation spaced at
the resolution of the map shown overlayed
as solid lines, with the westernmost being
aperture 1.

Figure 1b. Plot of <v> vs. <x> for the 21
apertures shown in Fig.1a. The dashed line
is the best-fit straight line to all apertures.
The corresponding value of Ωp is 48 +7/-6
km s−1 kpc−1.
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Figure Plot of <v>/<x>
vs. aperture number for
NGC 5457 with filled and
open circles representing
values from the TW calcu-
lation using the original and
axisymmetric velocity fields,
respectively.

ral pattern speed determinations with the TW method are, considering that the
converging and diverging flows responsible for the pattern are typically weaker
in a spiral (e.g. Roberts & Stewart 1987) than in a bar; the method, based on
the continuity equation, relies on the detection of such non-axisymmetric, or
“streaming”, motions that trace spiral arm surface density enhancements in
order to calculate a pattern speed. It is easy to show, in the case of purely
axisymmetric azimuthal motion, that the method returns a weighted average
of the angular rotation frequency. This makes sense: in such a case, only a
material pattern can be sustained.

To understand whether streaming motions are significantly contributing to
the TW analysis, we have repeated the procedure using axisymmetric veloc-
ity fields built from the output of ROTCUR. We generally find little difference
relative to the result for the original velocity field (shown here for the case of
NGC 5457 in a plot of <v>/<x> vs. aperture number in Figure 2). While this
may indicate a limitation of the method, it may alternatively indicate that spiral
patterns are in fact close to material patterns. With M. Merrifield, we are pursu-
ing the latter possibility, while with P. Rautiainen we are studying applications
of the TW method on simulated spirals with varying pattern speeds and spiral
strengths in order to assess the reliability of the method on spiral patterns.
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Abstract Galactic warps represent an old unresolved problem since the discovery of the
Hi warp of the Milky Way at the end of the fifties. In this paper, we propose a
new scenario explaining a large fraction of the observed optical warps. Based on
N-body simulations, we show that realistic galactic disks, where the dark matter
is essentially distributed in a disk, are subject to bending instabilities. S, U-
shaped, as well as asymmetric warps are spontaneously generated and in some
cases are long-lived. While this scenario presents the advantage of explaining
the three observed types of warps, it also brings new constraints on the dark
matter distribution in spiral galaxies. Finally, it gives us a unified picture of
galaxies, where galactic asymmetries like bars, spirals, and warps result from
gravitational instabilities.

Keywords: galaxies: kinematics and dynamics - galaxies: structure - dark matter

1. Why Do Disk Galaxies have Often Spirals and Warps?

Here we propose that the fundamental reason why spiral galaxies present
frequently warps is identical to the one why spirals have frequently spiral arms
and bars: the dissipational component, gas-dust, brings these systems toward
a critical state with respect to gravitational instabilities, producing spiral arms
and bars in the radial direction, and warps in the vertical direction. As long as
gas dissipates the dynamical reheating induced by the instabilities compensates
the cooling due to radiative losses in the gas. The critical state is maintained
and disk galaxies remain very responsive to perturbations.

In such conditions any perturbations, be it gas infall or interactions, trigger
large and long-lived responses of the disks in the form of grand design spirals
or large warps. Thus while external perturbations help galaxies to produce
spirals and warps the fundamental cause why the disk response is large and
slow lies in the marginally stable state of such systems reached by the secular
energy losses.
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Consistent with this scenario is that gas poor disk galaxies, such as S0’s
possess typically only small, tightly wound spiral arms, and warps are rare.
When too little gas is left it is unable to regenerate gravitational instabilities.

The interesting by-product of such a scenario is that the matter content
of galaxy disks is then constraint. Several observational results, like spiral
structures in Hi disks (Masset & Bureau 2003), dark matter and Hi correla-
tion (Bosma 1978; Hoekstra et al. 2001; Pfenniger & Revaz 2005), star forma-
tion in low gas density regions (Cuillandre et al. 2001), and more recently, dif-
fuse gamma-rays in the Galaxy (Grenier et al. 2001), suggest that dark baryons
are in galactic disks associated to Hi and classical molecular clouds. A sub-
stantial amount of matter in the disks would therefore explain many aspects of
disks galaxies, and in passing warps.

Bending instabilities are Jeans-like gravitational instabilities that occur in
flat systems and cause them to warp. Toomre (1966) and Araki (1985) have
shown that an infinite slab of finite thickness may be unstable when the ratio
of the vertical velocity dispersion σz to the velocity dispersion in the plane σu

is less than 0.293 (This value is called the Araki limit). In this work we use
N-body simulations to quantify the effects produced by bending instabilities
in self-gravitating disks of different thicknesses, and to quantify the amount of
matter that bending instabilities require in the disk in order to be unstable, and
the amount of matter that is left in the halo up to the disk radius.

2. The Heavy Disk Model

We have studied the spontaneous formation of warp resulting from bending
instabilities in 9 different galactic models. All mass model are composed of
a bulge, an exponential stellar disk (HR = 2.5, Hz = 0.25 kpc) and a heavy
disk made of Hi gas and dark matter proportional to it. With a respective mass
fraction for the 3 components of 0.068, 0.206, and 0.726, the rotation curve is
approximately flat up to R = 35 kpc. The 9 models differ only by the thickness
hz0 and flaring Rf of the dark matter component.

The initial vertical velocity dispersion σz is found by satisfying the equilib-
rium solution of the stellar hydrodynamic equation in cylindrical coordinates,
separately for each components. To set the azimuthal and radial dispersions,
we have used the epicycle approximation and the ratio between the radial and
vertical epicyclic frequency κ and ν. See Revaz & Pfenniger (2004) for more
details on the models.

All models (from 01 to 09) are displayed on Fig. 1, where the ratio σz/σR

(stability index) is plotted as a function of the vertical dispersion. This latter
value gives an idea of the disk thickness. Thin disks are found at lower left end,
while thick disks are found at the upper right end. The dotted line corresponds
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Figure 1. Ratio σz/σR as a function of the vertical dispersion σz at R = 15 kpc. The values
are taken at the radius where σz/σR is minimum. The dotted line corresponds to Araki’s limit.

to Araki’s stability criterion σz/σR = 0.293. We thus expect that thinner disk
will be less stable.

3. Stability as a Function of the Disk Thickness

As expected from Fig. 2., the evolution of the models depends strongly on
the thickness of the heavy disk. According to their evolution, the models can
be divided in four groups:

1) Model 01 has a ratio σz/σR of 0.18. It is very unstable. The bend-
ing instability occurs quickly and generates a transient asymmetric warp
that extends up to z = 4 kpc at R = 35kpc (see Fig. 2a). After the
perturbation the disk is thickened and the galaxy is stabilized.

2) Models 02, 07 and 03 have still a ratio σz/σR well below the Araki limit.
The bending instability occurs during the first 2 Gyr. An axisymmetric
bowl mode m = 0 (U-shaped warp) grows during about 1 Gyr (Fig. 2b),
before that σz increases and stabilizes the disk.

3) The four models 08, 04, 09 and 05 develop S-shaped warped modes
(m = 1). Except model 05, which has a ratio σz/σR = 0.3 just above
Araki’s limit, all are unstable with respect to a bending. In the case of
model 08, the warp is long-lived and lasts more than 5.5 Gyr, corre-
sponding to about 5 rotation times at R = 30 kpc (Fig. 2c,d).

4) Model 06 has a ratio σz/σR well above 0.3. The model is stable.

These simulations show that the bending instability in heavy disk model may
be at the origin of the 3 observed type of warp : S-shaped, U-shaped and asym-
metric. The high frequency of observed S-shaped warps (Reshetnikov 1998)
is naturally explained because S-shaped warps develop near the Araki limit
(marginally unstable regime) and then are long lived.
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01 : t=1500 a)

08 : t=6000 c)

02 : t=2000 b)

04 : t=3500 d)

Figure 2. Edge-on projections of the models 01, 02, 08 and 04.

4. Dark Matter Constraint

The previous results have been obtained in the absence of a dark halo. We
have checked up to which point the disk self-gravity leads to bending instabil-
ities when the disk is embedded in a conventional hot halo.

For a realistic model, where a fraction (1 − f) of the dark matter has been
transfered into a halo, the vertical instabilities are damped if more than half
of the dark mater is in the halo (f < 0.5). On the contrary, the disk may be
unstable.

When taking into account the dissipational behavior of the gas, as this is the
case in the plane for spirals, the disk is expected to reach a marginally unstable
regime at the Araki limit corresponding to f = 0.5 in our model. We can then
deduce, that half of the dark matter is situated in the disk and the other half in
the halo. The flattening of our model is then in agreement with the flattening
of the Milky Way, recently determined by Johnston et al. (2005), based on the
study of the Sagittarius orbit.
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THE 3-DIMENSIONAL DYNAMICS OF THE

GALACTIC BULGE
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Abstract We report the preliminary results of our research that includes stellar radial ve-
locities and proper motion measurements in several windows of the Galactic
Bulge, using HST images and VIMOS integral field spectroscopy. A new pro-
cedure to obtain spectra of stars in very crowded fields and to combine the in-
formation of both instruments has been developed. Using these results we have
found a significant vertex deviation in two fields.

Keywords: Galaxy: bulge - Galaxy: kinematics and dynamics - stellar dynamics

1. Introduction

The center of our galaxy provide us with the closest example of bulge kine-
matics we can get. In spite of much work we still lack a unique detailed model
to explain the kinematics within the bulge. This lack includes information
about the bar.

Understanding the bulge kinematics requires knowledge of the gravitational
potential that drives the stellar orbits. A suitable data set with 3-dimensional
information (like two projected spatial coordinates, two proper motion coor-
dinates, combined with radial velocities) could solve this problem (Kuijken
2004). Mechanisms to drive the galactic evolution can be inferred once we
have understood the kinematics and its relation to stellar populations.

The complications to get these results are mainly related with the high ex-
tinction by foreground dust near the galactic plane. This high extinction limits
the optical work to only a few windows where the extinction is relatively low
and uniform. Furthermore, we must consider the fact that even in these fields
with low extinction the contamination by disc stars is important (as high as
50% in some cases according to exponential models). In this sense, the use of
photometric data to separate disc and bulge populations is not enough. Only
combining data from new spectroscopy instrumentation with HST photometry
we will be able to infer more precise conclusions about our galactic bulge.
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2. Proper Motion and Radial Velocities

Proper motion images were obtained by HST WFPC2 at two epochs. While
several fields are still in progress, the three nearest fields of the galactic minor

Figure 1. Left, Color Magnitude diagram with radial velocities for the three fields completed.
Right, longitude proper motion µl and radial velocity information for the same three fields.
Note the cuts in the SGR-I and Baade’s Window using the respective CMD and the correlation
coefficient rs. In the two bottom plots a significant vertex deviation has been found.



The 3-Dimensional Dynamics of the Galactic Bulge 155

axis have been already completed; these are Sgr-I (l, b)=(1.26, 2.65), Baade’s
Window (l, b)=(1.13,−3.76), and near NGC 6558 (l, b)=(0.28,−6.17).

The proper motion procedure is similar to used by Anderson & King (2000)
and consists of a combination of PSF reconstruction from bright stars in the
HST images, and PSF core fitting on these same crowded images (Kuijken
& Rich 2002). Information from exposures at different positions was used to
refine the centroids, with residual systematics on the measurements believed to
be better than 1.5 mas.

Radial velocity spectra have been taken in the VLT’s integral field spectro-
graph VIMOS/IFU in high resolution for the same three fields.

Every VIMOS/IFU image has 1600 spectra (each fiber/pixel is a spectrum),
but this huge quantity of spectra does not mean a huge quantity of stars. The
procedure to extract the stellar spectrum requires the organization of the re-
duced data in cubes and the use of the HST images for the same IFU fields.
Using a suitable IFU PSF we can estimate the contribution of each HST list star
in each IFU field pixel and define a matrix according to the real flux found in
the IFU image. The solutions of this system correspond to the fluxes for every
star in the IFU image. Repeating the same process in the spectra IFU cube for
every slice (one slice per angstrom) we are able to rebuild the spectrum of each
star. Performing a cross correlation with a template star we finally obtain the
radial velocity in each spectrum.

3. Discusion

A clear signature of a barred bulge and therefore a non-axisymmetric poten-
tial should show a vertex deviation (angle between the long axis of the velocity
ellipsoid and the line of sight).

Figure 1 combines our first results of radial velocities and proper motion
measurements in the three central fields. We observe encouraging preliminary
results where the signature of a vertex deviation can be inferred. We have
proven the technical capacity to work in very crowded fields and get radial
velocities.

This project is on-going: new data in other fields away from the galaxy
minor-axis will be added. The new fields will provide us information to de-
velop a well constrained model of the Galactic center.
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ASYMMETRIC DRIFT

AND THE STELLAR VELOCITY ELLIPSOID
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Abstract We present the decomposition of the stellar velocity ellipsoid using stellar ve-
locity dispersions within a 40◦ wedge about the major-axis (σmaj), the epicycle
approximation, and the asymmetric drift equation. Thus, we employ no fitted
forms for σmaj and escape interpolation errors resulting from comparisons of the
major and minor axes. We apply the theoretical construction of the method to
integral field data taken for NGC 3949 and NGC 3982. We derive the vertical-to-
radial velocity dispersion ratio (σz/σR) and find (1) our decomposition method
is accurate and reasonable, (2) NGC 3982 appears to be rather typical of an Sb
type galaxy with σz/σR = 0.73+0.13

−0.11 despite its high surface brightness and
small size, and (3) NGC 3949 has a hot disk with σz/σR = 1.18+0.36

−0.28.

Keywords: galaxies: kinematics and dynamics - galaxies: individual (NGC 3949, NGC 3982)

1. Motivation and Methodology

The shape of the stellar velocity ellipsoid, defined by σR, σφ, and σz , pro-
vides key insights into the dynamical state of a galactic disk: σz:σR provides a
measure of disk heating and σφ:σR yields a check on the validity of the epicy-
cle approximation (EA). Additionally, σR is a key component in measuring the
stability criterion and in correcting rotation curves for asymmetric drift (AD),
while σz is required for measuring the disk mass-to-light ratio. The latter is
where the DiskMass survey focuses (Verheijen et al. 2004, 2005); however, in
anything but face-on systems, σz must be extracted via decomposition of the
line-of-sight (LOS) velocity dispersion. Below, we present such a decomposi-
tion for two galaxies in the DiskMass sample: NGC 3949 and NGC 3982.

Previous long-slit studies (e.g., Shapiro et al. 2003 and references therein)
acquired observations along the major and minor axes and performed the
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decomposition via the EA and AD equations; using both dynamical equations
overspecifies the problem such that AD is often used as a consistency check.
Here, use of the SparsePak (Bershady et al. 2004, 2005) integral field unit
(IFU) automatically provides multiple position angles, thereby increasing ob-
serving efficiency and ensuring signal extraction along the desired kinematic
axes. Long-slit studies have also used functional forms to reduce the sensitiv-
ity of the above decomposition method to noise. Here, only measures of the
LOS velocity dispersions within a 40◦ wedge about the major axis are used
to perform the decomposition by incorporating both the EA and AD equations
under some simplifying assumptions. Velocities and radii within the wedge
are projected onto the major axis according to derived disk inclinations, i, and
assuming near circular motion. In the end, our method requires neither fitted
forms nor error-prone interpolation between the major and minor axes. Future
work will compare this decomposition method with the multi-axis long-slit
method and investigate effects due to use of points off the kinematic axes.

Following derivations in Binney & Tremaine (1987) and assuming (1) EA
holds, (2) the velocity ellipsoid shape and orientation is independent of z
(∂(vRvz)/∂z = 0), (3) both the space density, ν, and σR have an exponen-
tial fall off radially with scale lengths of hR and 2hR, respectively, and (4) the
circular velocity is well-represented by the gaseous velocity, vg, the equation

for the AD of the stars becomes v2
g − v∗

2 = 1
2σ2

R

(

∂lnv∗
∂lnR

+ 4 R
hR

− 1
)

, where

v∗ is the mean stellar rotation velocity; hence, σR is the only unknown. The
third assumption requires mass to follow light, Σ ∝ σ2

z , and constant veloc-
ity ellipsoid axis ratios with radius; Σ is the surface density. The major-axis
dispersion is geometrically given by σ2

maj = σ2
φsin2i + (ησR)2cos2i, where

η = σz/σR is constant with radius. Finally, EA, σ2
φ/σ2

R = 1
2

(

∂lnv∗
∂lnR

+ 1
)

,

completes a full set of equations for decomposition of the velocity ellipsoid.

2. Analysis

Data for testing of the above formalism was obtained during SparsePak
commissioning (Bershady et al. 2005, see Table 1). Both NGC 3949 and
NGC 3982 were observed for 3 × 2700s at one IFU position with λc = 513.1
nm and λ/∆λ = 11700 or 26 km s−1. The velocity distribution function
(VDF) of both gas and stars is parameterized by a Gaussian function. In each
fiber with sufficient signal-to-noise, the gaseous VDF is extracted using fits to
the [Oiii] emission line; the stellar VDF is extracted using a modified cross-
correlation method (Tonry & Davis 1979; Statler 1995) with HR 7615 (K0III)
as the template (Westfall et al. 2005). The pointing of the IFU on the galaxy is
determined post factum to better than 1" by minimizing the χ2 difference be-
tween the fiber continuum flux and the surface brightness profile. Subsequent
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Figure 1. Measurements of the LOS dispersions in NGC 3949 (left) and NGC 3982 (right)
for stars (top) and gas (bottom) as a function of galactic radius; the top axis is in units of scale
length (hR is 20 and 10 arcsec in NGC 3949 and NGC 3982, respectively). Major axis, minor
axis, and in between fibers are shown as points, triangles, and crosses, respectively; “axis fibers”
lie in a 40◦ wedge around the axis. The binned mean values are shown for the major axis, minor
axis, and otherwise as dashed, dotted, and solid lines, respectively.

galactic coordinates have been deprojected according to the kinematic inclina-
tion and position angle.

Figure 1 shows LOS dispersions for both the gas, σg,LOS , and stars, σ∗,LOS ;
data points are given across the full field of the IFU with points along the major
and minor axes and in between having different symbols (see caption). From
this Figure note (1) there is no significant difference in σLOS along the major
and minor axes for NGC 3949 and (2) the large gas dispersion within R ≤ 10"
for NGC 3982 is a result of poor single Gaussian fits to the multiple dynamical
components of its LINER nucleus.

Figure 2 gives the folded gaseous and stellar rotation curves and compares
the measured σmaj from Figure 1 with that calculated using the formalism
from §1. The value of η used in Figure 2 provides the minimum difference
between the two sets of data (as measured by χ2

ν ; see Figure 3a). We find
η = 1.18+0.36

−0.28 and η = 0.73+0.13
−0.11 for NGC 3949 and NGC 3982, respectively;

errors are given by 68% confidence limits. A comparison of these values to
the summary in Shapiro et al. (2003) is shown in Figure 3b. The disk of NGC
3982 is similar to other Sb types studied; however, NGC 3949 seems to have
an inordinately hot disk. The latter, while peculiar, is also supported by the
indifference between its major and minor axis σLOS from Figure 1 and the
same indifference seen in the Caii data presented by Bershady et al. (2002).
Our streamlined velocity-ellipsoid decomposition method appears accurate, as
seen by comparison with (1) galaxies of a similar type for NGC 3982, and (2)
data in a different spectral region for NGC 3949.

Acknowledgement This work was supported by an AAS International Travel
Grant, the Wisconsin Space Grant Consortium, and NSF Grant AST-0307417.
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Figure 2. Comparison of measured and calculated σmaj in NGC 3949 (left) and NGC 3982
(right). Top panels show the deprojected rotational velocity for both the gas (grey triangles) and
stars (black points) along the major axis. Bottom panels compare the measured σmaj (points)
to those from our formalism using η as derived from Figure 3a (squares; offset in R for compar-
ison). Errors on σmaj are also calculated when using the 68% confidence limits for η (grey).

Figure 3. Derivation of the ratio η = σz/σR. In (a), the χ2
ν statistic is used to find the

best correspondence between the model and measured data sets for NGC 3949 (black line) and
NGC 3982 (grey line). The 68% (1σ) confidence limits on η are determined by an increase of
χ2

ν by 1 (dotted lines). The disk heating of NGC 3949 (black cross) and NGC 3982 (grey cross)
are placed on Figure 5 from Shapiro et al. (2003) in (b).
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Abstract Simulations and observations of galactic bars suggest they do not commonly
evolve into bulges, although it is possible that the earliest bars formed bulges
long ago, when galaxies were smaller, denser, and had more gas. The most
highly evolved of today’s bars may become lenses over a Hubble time. Most
galaxies in the early Universe are extremely clumpy, with ∼ 108−109 M⊙ blue
clumps that resemble in color and magnitude the isolated field objects nearby.
The presence of blue and irregular bars at high redshift suggests that some bars
formed primarily in the gas phase accompanied by giant starbursts, rather than
in pure stellar disks like most models. Secular and non-secular processes that
cause galaxies to evolve are summarized.

Keywords: galaxies: structure - galaxies: spiral - galaxies: evolution

Introduction

Secular evolution of galaxies includes too many processes to review thor-
oughly here. Instead, a selection of processes with contemporary interests will
be discussed. They include bar evolution in the present-day Universe and at
intermediate to high z, and disk formation at high z, where extremely clumpy
structure seems to be common. A brief summary of secular evolution effects
over a Hubble time is in Section 4. A recent review of secular evolution leading
to central mass concentrations and pseudobulges was in Kormendy & Kenni-
cutt (2004).

1. Bar Evolution

Bar Dissolution to Form a Bulge

The disk and halo of a galaxy exert negative torques on a bar and cause the
bar to get stronger, longer, and slow down over time (Weinberg 1985; De-
battista & Sellwood 1998, 2000; Athanassoula, Lambert, & Dehnen 2005;
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Athanassoula 2005). Bars also change their shape as more orbital families
get populated. They can thicken and develop a peanut-shaped profile perpen-
dicular to the disk as a result of a resonance between the corotating pattern
period and the vertical oscillation period (Combes & Sanders 1981). They can
become more squared off at the ends, or boxy, as a result of increasing pop-
ulations of 4:1 orbits. Orbit families are described in Sellwood & Wilkinson
(1993) and Athanassoula (2005). Gas accretion to the center and subsequent
star formation can lead to a dense nucleus, which either forms an ILR or shifts
the existing ILR to a larger radius. Tightly wound starburst spirals or rings may
appear near these inner resonances and secondary bars can form inside (e.g.,
Englmaier & Shlosman 2004).

Perhaps the most startling development of the 1990’s was that the growth of
the ILR radius with time depopulates bar-supporting orbits (x1 orbits), which
are the elongated orbits parallel to the bar out to nearly the corotation radius.
This depopulation can dissolve a bar completely, forming a bulge-like con-
centration in the center (Hasan & Norman 1990; Friedli & Benz 1993; Hasan,
Pfenniger, & Norman 1993). Norman, Sellwood, & Hasan (1996) ran 2D mod-
els of bar dissolution with 50,000 star particles, no gas and no active halo. They
found that by the time 3-5% of the total disk mass shrank to the galaxy core,
the bar was completely dissolved. They also confirmed this result with a 3D
model using 200,000 star particles and no active halo.

Shen & Sellwood (2004) also ran 3D star models with no active halo and
found in addition that bar weakening occurs in 2 phases, an initially fast stage
where the bar-supporting orbits are scattered, and then a slow stage where the
whole potential changes. More importantly, they pointed out that the central
mass needed to destroy a bar is much larger, by a factor of 10 or more, than
the nuclear black hole mass, concluding that bar destruction is in fact unlikely
in real galaxies. They showed further that a dispersed central mass, as might
result from gas inflow and star formation, required an even higher fraction (e.g.,
> 10% of the disk mass) than a point-like distribution, making the possibility
that gas accretion can eventually destroy a bar (i.e., because of its central mass)
seem even more remote.

Athanassoula, Lambert, & Dehnen (2005) studied bars with active halos and
found that if the halo was massive, the bars survived even with a central mass
of 10% of the disk mass. Bars in low-mass active halos were still destroyed,
like before. The difference is that an active halo continuously removes angular
momentum from the bar, strengthening it by populating x1 orbits. Then the
deleterious effect of the central mass is reduced. Halos also promote spiral
arm formation by the removal of disk angular momentum (Fuchs 2004).

While bars are strengthened by a loss of angular momentum to a disk or
halo, thereby resisting dissolution at the ILR from a central concentration, bars
also weaken by the absorption of angular momentum from gas, and thereby
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become more prone to dissolution (Bournaud & Combes 2002). Gas within
the bar radius shocks at the bar-leading dust lanes. The asymmetric pressures
in these shocks cause the gas to lose orbital angular momentum, eventually
migrating to the center. The shock is asymmetric only if there is energy dissi-
pation; otherwise the backward impulse the gas feels when entering the shock
is compensated by a forward impulse it feels when leaving the shock. From
the point of view of the stars, there is a gravitational attraction to the dust lane,
which is shifted forward of the orbital apocenter. Because stars in bar orbits
spend a longer time at apocenter than at pericenter (on the minor axis), the
time-integrated gravitational force from the gas produces a net positive torque
on the stars. The resulting angular momentum gain causes the elongated stellar
orbits to open up into circular orbits, which have higher angular momentum for
the same energy (the same major axis length). Circularization of orbits makes
the bar ultimately dissolve. Recent simulations of this effect are in Bournaud,
Combes, & Semelin (2005).

Dissolution of a bar by gas torques requires a large amount of gas in the bar
region, as essentially all of the angular momentum that was removed from the
stars to make the bar in the first place has to be returned from the gas. If the
total mass fraction of gas in the bar region is small, then the circularization of
bar orbits may be minimal. Block et al. (2002) propose that continued accretion
of gas onto the galaxy disk can cause a second or third event of bar dissolution
if a new bar forms in the mean time. In this way, bars can dissolve but still have
an approximately constant fraction over a large portion of the Hubble time, as
observed by Sheth et al. (2003), Elmegreen, Elmegreen, & Hirst (2004), Jogee
et al. (2004), and Zheng et al. (2005).

Bars Dissolution to Form a Lens

What is the observational evidence for bar dissolution and what happens to
old bars? The evidence for bar circularization in more centrally concentrated
galaxies (Das et al. 2003) does not actually indicate that bars dissolve. Dis-
solution may take a very long time and the observed circularization could be
only the first step.

There is good evidence for some bar dissolution, however, with the resulting
structure a lens (Sandage 1961; Freeman 1975; Kormendy 1977), or perhaps a
pseudo-bulge (Kormendy & Kennicutt 2004). A lens is not a spheroid or part of
the outer exponential disk. It is a stellar distribution in the inner region with a
rather shallow brightness profile and a sharp cutoff at mid-disk radius. Outside
the lens, the main disk exponential continues. Kormendy (1979) suggested that
lenses are dissolved bars. That is, S0 galaxies with lenses formerly had bars.
Of the 121 low-inclination, bright SB0-SBd type galaxies in Kormendy (1979),
54% of early bar types, SB0-SBa, have a lens, 0% of late bar types SBab-SBc
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have a lens, and 16% of the sample have both a bar and a lens. The lens looks
like it is coming from the bar in these latter cases because the lens size is the
same as the bar size. The lenses in early-type non-barred galaxies are also the
same size as the inner rings in barred (non-lens) galaxies for the same absolute
magnitude galaxy; these rings are another measure of bar size. Lens colors
are generally the same as bar colors too. Some bars even “look” like they are
dissolving into a lens because the bar spreads out into a circular shape at the
ends (e.g., NGC 5101). The axial ratio distribution of lenses weakly suggests
they are thick (triaxial).

The presence of lenses in about half of the early-type barred galaxies (as
mentioned above) but in only a small fraction of early-type non-barred galaxies
suggests further that bars dissolve very slowly into lenses. The most advanced
stages of dissolution are in the early-type bars, which are denser and more
advanced in total evolution than late-type bars.

There are very few simulations of bar dissolution into a lens. A pure star
simulation by Debattista & Sellwood (2000) shows something like a stellar
ring forming at the end of the bar. Stars develop complex orbits over time,
migrating between inside and outside the bar as the lens builds up.

2. Bar Dissolution into Bulges at Very Early Times

We have found that barred galaxies in the early Universe are slightly smaller
than barred galaxies today, by a factor of ∼ 2 in the exponential scale length
(Elmegreen, Elmegreen, & Hirst 2004). Such a measurement avoids problems
with cosmological surface brightness dimming. The same small sizes are ob-
served for spiral galaxies in general, based on a sample of 269 spirals in the
Hubble Ultra Deep Field (Elmegreen et al. 2005a). The presence of spirals in
these high-z disk galaxies suggests that the disks are relatively massive com-
pared to the halos at that time, unlike the inner disks of today’s galaxies. This
suggests, in turn, that galaxies build up from the inside out, as proposed many
years ago (e.g., Larson 1976). With such a process, the dynamical time for
evolution in a disk, which is proportional to the inverse square root of total
density, will be shorter in the early Universe than it is today. That is, the active
parts of galaxy disks are gradually evolving toward lower and lower densities
and longer evolutionary timescales (a process related to “downsizing” – e.g.
Tanaka et al. 2005).

The implication of increasing dynamical time in an aging Universe is that
bar formation and secular dissolution should have been much faster at high
redshift, in approximate proportion to the bar size. Also, the higher gas abun-
dance in young galaxies would have led to a more rapid dissolution then too,
by the Bournaud & Combes (2002) process. Thus some of the very early
stages of bulge formation inside a disk (as opposed to disk accretion around a
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pre-existing bulge) could have involved evolution from a bar. There is no direct
evidence for this yet, however.

Observing The Youngest Bars

Observations of the youngest bars are difficult for several reasons. Figure
1 plots various observables as a function of redshift, using the WMAP cos-
mology (Spergel et al. 2003) and equations in Carroll, Press, & Turner (1992).
Beyond z ∼ 1, galaxies are only a few Gyr old (top left) and a normal size bar
has rotated around only a few times. Thus the bar will be dynamically young
and likely to appear different, perhaps more irregular or round. Also, the bar
age is likely to be younger than the gas consumption time, which is typically
∼ 10 orbit times (e.g., Kennicutt 1998), so the bars will still be gas-rich, like

Figure 1. Four quantities from the standard ΛCDM cosmology are plotted versus redshift, z:
the Universe age and look back time (top left), the physical size of a region subtending 10 pixels
of the HST ACS camera (top right), the redshift range, ∆z, spanning 0.5 Gyr (lower left), and
the apparent surface brightness of a region having an intrinsic surface brightness equal to the
standard Freeman value (lower right).
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some late-type bars today. This makes them irregular also because of dust
obscuration and star formation.

Second (Fig. 1 upper right), between z ∼ 0.6 and 4.6, objects smaller than
2 kpc in physical size, such as a bar thickness, will be smaller than 10 pixels
on the HST ACS camera. This makes it difficult to resolve internal structure.
Bars were not easily seen in the Hubble Deep Fields North and South (e.g.,
Abraham et al. 1999) because of the factor of 2 lower angular resolution of the
WFPC2 camera. Only the largest bars could be seen in the HDF images (Sheth
et al. 2003).

Third (lower left), beyond z ∼ 3 the redshift range corresponding to the
duration of bar formation exceeds ∆z = 1, which means that the bar formation
process gets stretched out over a wide range of z. This is good in the sense
that different stages in bar formation may be seen distinctly, but it is bad in
the sense that bars beyond z ∼ 3 will be incompletely formed and perhaps
unrecognizable.

Fourth (lower right), beyond z ∼ 4 disks with the “standard” rest-B band
surface brightness of today’s Freeman-disk, 21.6 mag arcsec−2, are almost too
faint to see. The 2 − σ noise limiting surface brightness of the Hubble Ultra
Deep Field is ∼ 26 mag arcsec−2 at I band, which is the deepest passband
(Elmegreen et al. 2005a). At z = 4, a Freeman disk will have a central surface
brightness of ∼ 28 mag arcsec−2, which requires averaging over areas at least
as large as ∼ 40 square pixels to observe at the 2 − σ limit. Thus only large
bright regions can be seen. Fortunately the intrinsic surface brightnesses of
disks are higher at high redshift because of enhanced star formation, unless the
extinction is also high. Whether this star formation is enough to reveal bars at
this early epoch is unknown. Surface brightness limitations have already di-
minished the number of spiral galaxies that can be seen in the UDF (Elmegreen
et al. 2005a).

The relatively late formation of disk galaxies compared to spheroids aids
somewhat in the study of bar formation because it means that bars in disks
form late too, when they can be more easily observed. Nevertheless, there
are still considerable problems recognizing and observing young bars. The
apparent loss of bars beyond z ∼ 1 could be partly from these selection effects
affects.

The Morphology of Bars out to z ∼ 1

Most bars look different at z = 1 than they do today. High-z bars are
typically blue and often clumpy, like giant star-forming regions (Elmegreen,
Elmegreen, & Hirst 2004). Sometimes they are off-center. Perhaps this irregu-
larity is not surprising since young disks should still be gas-rich. However, the
observation implies something new about bar formation: that it could occur
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in gas-rich or pure-gas disks with gas dissipation playing an important role.
The bar formation models and simulations existing today are all in pure stel-
lar or dominantly stellar systems, where orbital motions and resonances are
important. In a gas rich disk, bar formation is more like a dissipative instabil-
ity. Recent simulations of bar formation in a pure-gas disk are in Kaufmann et
al. (2004).

3. Clumpy Structure in High-z Galaxies

Most galaxies in the Hubble Deep fields and in the Ultra Deep Field are
very clumpy. Even elliptical galaxies are clumpy in their cores (Elmegreen,
Elmegreen, & Ferguson 2005). A compendium of clumpy structures is shown
in Figure 2.

Figure 2. Mosaic of galaxy types from the HST UDF showing extremely clumpy structure.
In the lower left, elliptical galaxies are shown with contours to illustrate the overall extents and
with unsharp masks at the same scale to highlight the clumps.

The clumps in galaxies in the UDF contain up to 109 M⊙ and are typically
bluer than the rest of the disk or elliptical galaxy. Thus they are probably young
and still forming stars. They are distinct from spiral galaxy bulges, which are
redder and always centrally placed.

An examination of the colors and magnitudes of clumps in 10 highly clumpy
galaxies, called “clump clusters,” suggests their ages are several ×108 years
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(Elmegreen & Elmegreen 2005). This is ∼ 10 times longer than the dynamical
times of the clumps, meaning they are gravitationally bound like star clusters,
but it is not so young that they may be interpreted as currently star-bursting.
Moreover, the clumps have internal densities that are only a factor of ∼ 3− 10
above the local tidal densities in their disks, which means they should disperse
relatively soon because of tidal forces. This is probably the process of disk
formation; i.e., through the dissolution of giant clumps (see also Elmegreen et
al. 2005b).

The origin of the clumps is unknown at the present time. They could be
formed in the disks of spirals and clump cluster galaxies or in the gaseous com-
ponents of elliptical galaxies as a result of gravitational instabilities (Noguchi
1999; Immeli et al. 2004a,b). They could also come in as dwarf-like galaxies
from the surrounding field. Similar but isolated clumps are actually seen in
these fields (Elmegreen & Elmegreen 2005; Elmegreen et al. 2005a).

4. Summary of Evolutionary Effects over a Hubble Time

Evolutionary effects may be divided into two types, non-secular, which re-
sult from one-time events, and secular, which result from a progressive slow
change. Non-secular events include interactions, major mergers, and gas strip-
ping during motion through a galaxy cluster.

Strong interactions form bars (Noguchi 1988; Gerin, Combes, & Athanas-
soula 1990; Sundin & Sundelius 1991; Berentzen et al. 2004). Even binary
companions promote bar formation and may shift the galaxy to an earlier Hub-
ble type because of torqued inflow (Elmegreen, Elmegreen, & Bellin 1990).
Bars are also more common in perturbed galaxies (Varela et al. 2004). Major
mergers form ellipticals (Toomre & Toomre 1972; Barnes & Hernquist 1992;
Schweizer 1998), and in the process, they form at least the youngest halo glob-
ular clusters (Ashman & Zepf 1992), and may produce counter-rotating cores
(Kannappan & Fabricant 2001).

Minor mergers are non-secular events although they may occur more or less
continuously. They thicken spiral disks (Walker et al. 1996; Schwarzkopf &
Dettmar 2000ab; Bertschik & Burkert 2002; Gilmore, Wyse, & Norris 2002)
and may also lead to counter-rotating cores. Interactions may form dwarf
galaxies in tidal tails (Zwicky 1959; Barnes & Hernquist 1992; Elmegreen,
Kaufman, & Thomasson 1993; Duc, Bournaud, & Masset 2004).

Cluster ram pressure strips gas (Gunn & Gott 1972; Warmels 1988; Hoff-
man et al. 1988; Cayatte 1990; Crowl et al. 2005) and may promote the forma-
tion of S0 types (Larson, Tinsley, & Caldwell 1980).

Strong interactions also form ring galaxies (Theys & Spiegel 1976; Lynds
& Toomre 1976), polar ring galaxies (e.g., Cox & Sparke 2004), disk warps,
tidal tails, and so on (Toomre & Toomre 1972).
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Secular interactions include accretion in the form of residual hierarchical
build-up from outside the galaxy, continuous accretion of dwarfs (e.g., Lewis
et al. 2004), galaxy harassment (e.g., Moore et al. 1996), accretion of gas (e.g.,
Bournaud et al. 2005), globular cluster accretion from dwarfs (e.g., Bellazzini,
Ibata, & Ferraro 2004), halo streams (e.g., Ferguson et al. 2005), and so on.

Secular changes are also driven by internal processes, such as bar and spiral
torques, which lead to inner disk accretion and outer disk spreading (see review
in Pfenniger 2000). Gas accretion at resonances makes star-forming rings (see
review in Buta & Combes 1996). Scattering and vertical resonances thicken
disks. Bars dissolve into lenses and (maybe) bulges, as discussed above. And
of course, gas converts into stars, while gas viscosity redistributes the disk gas.

Secular changes among galaxies with different average densities cause early
Hubble types to age more quickly than late Hubble types. Most evolutionary
processes are faster at higher density. As time goes by, the transition between
early and late types moves, converting little-evolved galaxies, which still have
a lot of gas and star formation, to highly evolved galaxies, which are inactive
and fading. As galaxies progress from late to early types, they become more
centrally concentrated, have less gas, less star formation, hotter disks, redder
populations, and more metals. Galaxy mass and size increase over time by
hierarchical buildup at z > 1, and they probably still increase over time today
for late-type spirals as a result of continued accretion and coalescence. Still,
the average mass and size of a galaxy that is actively forming stars tends to
decrease with time (“downsizing”). This is because the most massive galaxies
tend also to be the densest, and they completed their star formation first. Also
with time, galaxies become more and more isolated, which means that floc-
culent spiral types and perhaps low surface brightness disks appear relatively
late.
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BARRED GALAXIES AND GALAXY EVOLUTION
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Abstract We know from near-infrared imaging that bars are present in more than three
quarters of local disk galaxies. Several studies have recently led to the con-
clusion that the fraction, as well as the properties, of bars in galaxies have not
changed much from a redshift of about unity to the present day. In this paper, I
will briefly review the results on which this conclusion is based, and will discuss
some of the implications of bars for the evolution of galaxies. Specifically, I
will discuss the role of bars in fuelling gas from the disk to the nuclear regions,
where starburst activity may ensue, and the relations of bars with the specific but
important class of low-luminosity starbursts known as nuclear rings.

Keywords: galaxies: spiral - galaxies: structure - galaxies: evolution - galaxies: starburst

1. Introduction: Bars, Inflow, and Galaxy Evolution

From theoretical and numerical studies performed over the past decades it
is by now well known that bars will lead to a concentration of gas toward the
central regions of spiral galaxies. This is caused by the asymmetry of the grav-
itational potential, torquing and shocking the gas, which thus loses angular
momentum and moves further in (e.g., Shlosman, Frank & Begelman 1989;
Knapen et al. 1995). The resulting gas accumulation in the central regions
of barred galaxies is rather difficult to confirm, but several pieces of observa-
tional evidence have been published in recent years (reviewed in more detail by
Knapen 2004). Most directly relevant are observations of molecular gas, which
indicate that the ratio of central to disk gas is statistically higher in barred than
in non-barred galaxies (e.g., Sakamoto et al. 1999; Jogee, Scoville, & Kenney
2005).

There is also observational evidence that starburst galaxies are preferen-
tially barred (see Roussel et al. 2001 and references therein), although these
results are subject to important caveats and exclusions. For instance, Huang
et al. (1996) point out that their result of more bars among starburst hosts is
only valid for strong bars (SB class in the RC3 catalogue) and for early-type
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Figure 1. Illustration of how a bar at a redshift out to unity can be found in HST ACS data.
(a): GEMS image of a galaxy at z ∼ 0.5, showing a prominent bar and spiral arm structure.
(b): the same image, but overlaid are ellipses fitted to the surface brightness distribution. The
parameters of the fitted ellipses are shown graphically in (c), in the form of radial profiles of
their surface brightness (top), ellipticity (middle), and position angle (bottom). The classic
signature of the bar is clear in a radial range of 0.1 - 0.35 arcsec as a gradual rise and sharp
fall of ellipticity with increasing radius, while the position angle is constant. Reproduced with
permission from Jogee et al. (2004).

galaxies (see also Roussel et al. 2001). Perhaps more importantly, all results
referred to above take the bar classifications from optical catalogues such as
the RC3, whereas it is now well known that bars can be found and studied
more reliably from near-IR imaging. Near-IR imaging yields higher bar frac-
tions than optical imaging (e.g., Knapen, Shlosman & Peletier 2000; Eskridge
et al. 2000), but it is unclear whether and how the use of near-IR imaging data
would affect the results on the statistical relations between bars and starbursts.

But in any case, it is clear from theory, modelling and increasingly from ob-
servations that bars do concentrate matter in the central regions of their hosts.
This redistribution of matter and mass has important effects on a galaxy’s evo-
lution, not only because a significant fraction of the gas which ends up in the
central region will eventually be used to form stars that will add to the bulge,
thus helping the process of secular evolution, but also because of the effects
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of the bar on the disk and halo, as discussed elsewhere in these proceedings.
The dynamics of bars and their influence on the circumnuclear regions has re-
cently been reviewed by Kormendy & Kennicutt (2004), and previously by,
e.g., Shlosman (2001).

In the rest of this short paper, we will review recent work showing that the
bar fraction, as well as the properties of the bars, have been constant since a
redshift of at least unity, and discuss the specific, but rather common, class of
star-forming nuclear rings, which form important links between the bars and
the star formation in the central regions.

2. Bars at Redshifts of Zero to Unity

Because bars form rather easily in a modelled galaxy, and remain relatively
stable once formed, one would have expected that bar properties would not
have varied dramatically for the past few billion years. The claim by Abraham
et al. (1999), based on imaging data of the original Hubble Deep Field, of
a “significant decline” in the bar fraction beyond a redshift of 0.5 was thus
greeted with surprise. A number of more recent investigations, however, show
convincingly that the fraction of barred galaxies in fact remains unchanged up
to a redshift of z ∼ 1, at least (Sheth et al. 2003; Elmegreen, Elmegreen &
Hirst 2004; Jogee et al. 2004; Zheng et al. 2005 – see Fig. 1). Moreover,
the distribution of bar properties (sizes and axial ratios) only allows for a mild
evolution of galactic disks, and practically rules out a major merger-dominated
evolution over the last 8 Gyr (Jogee et al. 2004).

3. Nuclear Rings

From a recent statistical study based on Hα imaging of a sample of Northern
spirals1, we now know that nuclear rings occur in around one fifth of all disk
galaxies (Knapen 2005). Asymmetries in the gravitational potential, set up
for instance by a bar, can lead to the occurrence of resonances in a gaseous
disk. Galactic rings can form in their vicinity, and massive star formation
can occur in the rings because gas concentrates near resonances (see Allard,
Peletier & Knapen 2005, and these proceedings, p. 207), can become unstable,
and collapse. Nuclear rings are associated with Inner Lindblad Resonances
(ILRs), usually occur in barred galaxies, and have typical radii of 0.5 − 1 kpc.
Nuclear rings form significant numbers of stars which can help shape a pseudo-
bulge, and so drive secular evolution (Kormendy & Kennicutt 2004).

1These data are part of a larger data set, consisting of images in the B, R, I, Ks broad bands, as well as
in Hα, of 57 spiral galaxies. The data are described in Knapen et al. (2003, 2004a), and the images are
available through the Centre de Données Stellaires.
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Nuclear rings have long been known to occur preferentially in barred galax-
ies, and in early-type disk galaxies. Knapen (2005) quantified this, and found
that the distribution of the morphological types of the nuclear ring host galaxies
peaks at type Sbc, while no rings were found in types later than Scd, and very
few in earlier types. In later types, the bulge may not be massive enough to
ensure the presence of ILRs, whereas in earlier types, there may not be enough
gas present.

Of the 12 nuclear rings in Knapen’s (2005) survey, 10 occur in galaxies
classified as either SAB or SB in the RC3, but two are classified as non-barred.
Upon closer inspection, though, it turns out that both these galaxies, NGC 1068
and NGC 4736, do have bars, albeit rather small, and only visible in near-IR
imaging (e.g., Scoville et al. 1988; Shaw et al. 1993; Knapen 2005). The
nuclear ring and the bar in NGC 4736 can be seen in Fig. 2, which shows Hα
and Ks-band images of the central region of the galaxy. In the context of this
conference, it is interesting to point out that Piet van der Kruit has studied the
inner part of this galaxy with Hα imaging and optical spectroscopy which he
obtained in the spring of 1973 with the 60- and 200-inch telescopes at Palomar
(van der Kruit 1974, 1976).

The literature shows that almost all nuclear rings are associated with bars
in their host galaxies. There are, however, a number of galaxies which have
prominent nuclear rings, but which show no sign of a bar, even in the near-
IR. The small disk galaxy NGC 278, for example, has enhanced massive star
formation occurring in a well-defined radial range, of around 1 kpc in radius,
yet no sign of a bar from optical and near-IR, ground-based or Hubble Space

Telescope imaging (interestingly enough, the galaxy has been classified as SAB
in the RC3). Imaging in 21cm Hi, however, shows that the outer regions are
severely distorted both in gas morphology and kinematics. This indicates that
NGC 278 may have undergone a recent minor merger event. This encounter
with an even smaller galaxy, now dispersed into the outer disk of NGC 278,
would have caused an asymmetry of the gravitational potential, which in turn
could have caused gas inflow, the formation of resonances, and ultimately the
formation of the star-forming nuclear ring (Knapen et al. 2004b).

Several other galaxies in this class, non-barred but with a prominent star-
forming nuclear ring, are known, although it must be stressed that these sys-
tems form a small minority, with by far most nuclear rings hosted by barred
galaxies. Examples include NGC 5953 (e.g., Knapen et al. 2006), NGC 7217
(e.g., Combes et al. 2004), or NGC 7742 (e.g., Falcon-Barroso et al. 2006). The
various explanations invoked to explain the nuclear rings include the presence
of interactions, oval distortions, or kinematically distinct components in the
central regions. In all cases, these do indicate asymmetries in the gravitational
potential.
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Figure 2. Images of the central region of NGC 4736, in continuum-subtracted Hα (top) and
the near-IR Ks-band (bottom). The area shown is 2 arcmin on the side, which corresponds
to 2.4 kpc. Ks-band contours are at surface brightness levels of 18 and 17, and then of 16
to 12 mag arcsec−2 in steps of 0.5 mag arcsec−2. Based upon data from Knapen et al. (2003,
2004a).
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THREE-DIMENSIONAL BAR STRUCTURE AND

DISC/BULGE SECULAR EVOLUTION
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Abstract Kn-band imaging of a sample of 30 edge-on spiral galaxies with a boxy or
peanut-shaped (B/PS) bulge is discussed. Galaxies with a B/PS bulge tend to
have a more complex morphology than galaxies with other bulge types, unsharp-
masked images revealing structures that trace the major orbit families of three-
dimensional bars. Their surface brightness profiles are also more complex, typi-
cally containing 3 or more clearly separated regions, including a shallow or flat
intermediate region (Freeman Type II profiles), suggestive of bar-driven transfer
of angular momentum and radial redistribution of material. The data also sug-
gest abrupt variations of the discs’ scaleheights, as expected from the vertical
resonances and instabilities present in barred discs but contrary to conventional
wisdom. Counter to the standard ‘bulge + disc’ model, we thus propose that
galaxies with a B/PS bulge are composed of a thin concentrated disc (a disc-like
bulge) contained within a partially thick bar (the B/PS bulge), itself contained
within a thin outer disc. The inner disc most likely formed through bar-driven
processes while the thick bar arises from buckling instabilities. Both are strongly
coupled dynamically and are formed mostly of the same (disc) material.

Keywords: galaxies: structure - galaxies: bulges - galaxies: kinematics and dynamics -
galaxies: evolution

1. Introduction

Bulges are traditionally viewed as low-luminosity elliptical galaxies, sug-
gesting a rapid formation dominated either by mergers/accretion (e.g. Searle
& Zinn 1978) or possibly by dissipative gravitational collapse (e.g. Eggen et
al. 1962). Those ideas have come under increasing criticism, however, and
competing models where bulges grow secularly (i.e. over a long timescale and
in relative isolation) are now widely discussed, many of them bar-driven (e.g.
Pfenniger & Norman 1990; Friedli & Benz 1995).
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We focus here on the identification of most boxy and peanut-shaped (B/PS)
bulges in edge-on spiral galaxies with part of the bars of barred spirals. N -body
simulations clearly show that, whenever a disc forms a bar, a B/PS bar/bulge
develops soon after (e.g. Combes & Sanders 1981; Combes et al. 1990). True
peanuts are seen with the bar nearly side-on while boxier/rounder shapes are
seen when the bar is closer to end-on. This view is supported by the inci-
dence of B/PS bulges in edge-on spirals (e.g. Lütticke et al. 2000a) and by
the ionized-gas and stellar kinematics of discs harbouring a B/PS bulge (e.g.
Kuijken & Merrifield 1995; Bureau & Freeman 1999; Chung & Bureau 2004).

Following recent work by Lütticke et al. (2000b), we present here additional
evidence for the above scenario based on Kn-band imaging of a sample of well-
studied nearby edge-on spiral galaxies with a B/PS bulge. The observations
and results are described more deeply in Bureau et al. (2006) and Athanassoula
et al. (2006).

2. Images

The 30 edge-on spiral galaxies of Bureau & Freeman (1999) and Chung &
Bureau (2004), 24 of which have a B/PS bulge (the rest constituting a control
sample), were observed at Kn-band using CASPIR on the 2.3m telescope at
Siding Spring Observatory. Both a standard image and numerous unsharp-
masked images (enhancing local extrema) were produced for every galaxy.
Examples are shown in Figure 1 for a B/PS bulge and a nearly bulgeless galaxy.
Compared to other bands, Kn is least hampered by dust and best traces the
dominant Population II stars, sharpening the B/PS and associated features.

The unsharp-masked images highlight pervasive complex morphological
structures, such as centered X features, off-centered X features, secondary
maxima along the major-axis, elongated minor-axis extrema, spiral arms, etc
(see Fig. 1). Most importantly, except for the minor-axis extrema, those struc-
tures are much more prevalent in galaxies with a B/PS bulge. For examples,
88% of galaxies with a B/PS bulge have either a centered or off-center X fea-
ture, while only 33% of the control galaxies do, with identical fractions for
secondary major-axis maxima. The contrast between the main and control
samples would in fact be even greater if the latter was not contaminated by
weak B/PS bulges. Although the accretion of external material can give rise to
centered X-shaped features (e.g. Hernquist & Quinn 1988), it is unlikely that
long-lasting off-centered X could be produced, and those are the majority of
the features observed in our sample. The orbital structure of 3D bars offers a
more attractive, simple and unifying and explanation.

The most important orbit families in 3D bar models are those of the x1

tree, elongated parallel to the bar and located within corotation. This in-
cludes the x1 family itself (restricted to the equatorial plane) and other families
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Figure 1. Images and surface brightness profiles of the galaxies ESO443-G042 (left), with a
B/PS bulge, and IC5176 (right), with a nearly pure disc. From top to bottom, each panel shows
first a DSS image of the galaxy, second our Kn-band image, third an unsharp-masked Kn-band
image, and last the major-axis (fainter) and vertically-summed (brighter) surface brightness
profiles, all spatially registered.

bifurcating from it at vertical resonances. The morphological features observed
can be reproduced by superposing orbits of the appropriate shapes, as done
by Patsis et al. (2002). This is particularly true of the (off-)centered X fea-
tures which, depending on the model (mass distribution and pattern speed) and
viewing angle, can both arise from orbit families extending vertically out of
the equatorial plane. The same orbits can give rise to a number of maxima
along the major-axis, similar to the secondary maxima observed. Those gen-
erally occur at larger radii than the X features and near (but within) the ends
of the bar. An analogous explanation is that the secondary maxima are the
edge-on projections of the inner rings present in a large fraction of barred spi-
ral galaxies (e.g. Buta 1995) and predicted to form under the influence of bars
in gas-rich and gas-poor discs (e.g. Schwartz 1981; Athanassoula & Misiriotis
2002). Unsharp-masking of barred N -body simulations also provides a perfect
match to the variety of features observed, strengthening the link between them
and edge-on bars (Athanassoula 2005).
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3. Surface Brightness Profiles

We also extracted from our images standard major-axis surface brightness
profiles and profiles summed in the vertical direction (as if the galaxies were
infinitely thin). From axisymmetric face-on galaxies, we would generally ex-
pect the profiles to show only two distinct regions: a first steep region at small
radii, associated with the bulge, and a second exponential region at larger radii,
associated with the disc. Such profiles are however rare in our data, especially
along the major-axis.

In particular, the profiles of galaxies with a B/PS bulge are again more com-
plex than those of the control sample, in that they typically contain more dis-
tinct regions separated by clear radial breaks. For example, 96% of the galax-
ies with a B/PS bulge have a major-axis profile with an additional region at
intermediate radii, where the profile is very shallow, even flat or slightly rising
(Freeman Type II profile; see Fig. 1). The fraction for the control sample is
only 50%, and the contrast between the two samples would again be sharper if
they had been better selected.

Those shallow intermediate regions are particularly important as they sug-
gest a third photometric/morphological component at moderate radii, inconsis-
tent with a classic axisymmetric bulge + disc model. Both the central peak and
the flat intermediate region are however consistent with a single bar viewed
edge-on, with no need for a classic bulge. Indeed, Bureau & Athanassoula
(2005) followed the evolution of the major-axis profile in barred N -body sim-
ulations viewed edge-on, and they convincingly showed that bar formation and
evolution is associated with the buildup and continued growth of a dense cen-
tral region, which would normally be identified with a bulge, and with the
formation and gradual flattening of an intermediate region, in addition to the
outer exponential disc. The intermediate region extends to the end of the bar,
well beyond the central peak and the thickest part of the bar, as observed.

As expected from the elongated boxy/peanut shape of the bar in simulations,
the observed ratio of the length of the thickest part of the bulge (or the central
peak) to that of the flat intermediate region is also generally larger in peanut-
shaped bulges than in boxy ones. There is however much variety, and likely
many causes for it. Even so, the scatter in the ratio may well be dominated by
the range of bar strengths in the sample, rather than by the range of viewing
angles, as also suggested by the data of Lütticke et al. (2000b). The small ratios
observed in strong peanut-shaped bulges (see Fig. 1) can then be explained
only if the central peak and the thick part of the bulge are shorter in stronger
bars. This is natural in barred models if the central peak is a disc-like bulge
limited by the outer inner Lindblad resonance (e.g. Athanassoula 1992).
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4. Bar-Driven Evolution

Athanassoula (2003) showed that much of the bar-driven evolution in discs
is due to a transfer of angular momentum from the inner (barred) disc to the
outer disc and halo, leading to a radial redistribution of matter. The majority
of vertically-summed surface brightness profiles, best suited to isolate those
effects, indeed show 3 or more clearly separated regions, while only one of the
control galaxy does. Collapse or accretion/merger scenarios can not straight-
forwardly create those radial breaks or explain their spatial correlation with the
ionized-gas and stellar kinematics. But if bar-driven scenarios are right, the
break at the end of the intermediate region should mark the bar’s end. Com-
parison shows that it indeed occurs where the rotation curve flattens, normally
associated with the end of the bar. The break also coincides with the inner ring,
when visible. As inner rings occur near the inner 4:1 and corotation resonances
(e.g. Schwartz 1981), our galaxies are consistent with harbouring fast bars, as
do most galaxies (e.g. Gerssen et al. 2003).

To probe the vertical redistribution of material predicted by bar buckling
scenarios, we must compare the major-axis and vertically-summed profiles. If
the stellar scaleheight was constant with radius, the two profiles would have
the same functional form but different zero-points (i.e. be offset but parallel).
This is clearly not the case for most galaxies, however, and the profiles of most
galaxies with a B/PS bulge differ significantly (e.g. Fig. 1). Although we have
amalgamated the bulge and disc by considering a single scaleheight, the func-
tional difference between the two profiles is greatest in the flat intermediate
regions, which are clearly disc material dominated. Our profiles thus clearly
show that the radial scaleheight variations are real and that they occur in the
discs, in direct contradiction to the common wisdom that disc scaleheights are
constant (e.g. van der Kruit & Searle 1981). Athanassoula et al. (2005) show
that the variations are as expected from barred N -body models.

Galaxy bulges are usually defined as either 1) the steep central component
of the surface brightness profile or 2) the thick galactic component. Those de-
finitions are normally used interchangeably, but many results show this to be
grossly oversimplified (e.g. Kormendy & Kennicutt 2004). Our data clearly
show that the central peak is often contained within the thick central compo-
nent, while the shallow intermediate region always extends beyond the thick
component (e.g. Fig. 1). Those facts are unaccounted for in classic bulge for-
mation scenarios, but they are a natural consequence of the bar viewing angle
and the fact that only part of the bar is actually thick in bar-buckling models
(see Athanassoula 2005 for more on this last point).

Comparison of the major-axis and vertically-summed profiles also reveals
that the central peak is more pronounced along the major-axis, so that most of
the high z material belongs to the shallow intermediate region rather than the
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central peak. The latter thus seems to be a thin concentrated disc, while the
former appears to be thick. This is again counter to the classic bulge + disc
model, but fits with the nomenclature proposed by Athanassoula (2005). The
bar leads to the formation of a concentrated disc (a disc-like bulge), presumably
through (bar-driven) gaseous inflow and star formation, but this disc is thin,
largely decoupled from the bar, and addresses only the first bulge definition.
The bar itself is thick over most but not all its length (a B/PS bulge), with a
shallow profile, and addresses the second bulge definition. Like the classic
models, our model comprises a number of distinct building blocks, but those
are very different and tightly intertwined dynamically, emerging from the rapid
radial variation of the scaleheight of the disc material, due to the weak but
relentless action of bar-related resonances.
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Abstract A bar rotating in a pressure-supported halo generally loses angular momen-
tum and slows down due to dynamical friction. Valenzuela & Klypin report
a counter-example of a bar that rotates in a dense halo with little friction for
several Gyr, and argue that their result invalidates the claim by Debattista &
Sellwood that fast bars in real galaxies require a low halo density. We show that
it is possible for friction to cease for a while should the pattern speed of the bar
fluctuate upward. The reduced friction is due to an anomalous gradient in the
phase-space density of particles at the principal resonance created by the earlier
evolution. The result obtained by Valenzuela & Klypin is probably an artifact of
their adaptive mesh refinement method, but anyway could not persist in a real
galaxy. The conclusion by Debattista & Sellwood still stands.

Keywords: galaxies: kinematics and dynamics - galaxies: halos - dark matter

1. Introduction

It is now well established that a bar rotating in a halo loses angular mo-
mentum through dynamical friction. This topic has received a lot of attention
recently for two important reasons: (1) it offers a constraint on the density of
the DM halo (Debattista & Sellwood 1998, 2000), and (2) it may flatten the
density cusp (Weinberg & Katz 2002).

Both these claims have been challenged. Realistic bars in cuspy halos pro-
duce a mild density decrease at most (Holley-Bockelmann et al. 2003) or even a
slight increase (Sellwood 2003), but we leave this issue aside here and concen-
trate instead on the density constraint. Holley-Bockelmann & Weinberg (2005)
announce a preliminary report of simulations with weak friction in halos hav-
ing uniform density cores, but we focus here on the older counter-example
claimed by Valenzuela & Klypin (2003; hereafter VK03) of a bar that experi-
ences little friction in a cusped dense halo.
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Figure 1. The time evolution of the bar pattern speed in a number of resimulations of model
A1 of VK03. The evolution reported by VK03 is reproduced as the dot-dashed line; all other
lines are from simulations from the same initial particle load, but run with our code using many
different sets of numerical parameters.

VK03 kindly made available the initial positions and velocities of all the
particles of their model A1, in which the bar did not slow for 2-3 Gyrs after it
had formed and settled. We have used our code (Sellwood 2003) to rerun this
simulation many times, and the pattern speed evolution in many of these runs
is shown in Figure 1. It is striking that in most cases, the bar slowed earlier
than VK03 found, but in one anomalous case, the bar stayed fast for about 10
Gyr! The anomalous result is not a consequence of some inadequate numerical
parameter, since many of the other cases are from models with parameters that
bracket those of the anomalous case – i.e. longer and shorter time steps, coarser
and finer grids, etc.

Note that apart from the crucial delay in the onset of friction in the case
by VK03 and the one anomalous case we find, the evolution is generally very
similar. In particular, whenever the bar slows, it slows at a similar rate. The
following sections account for the discrepancies between the results shown in
Fig. 1.

2. Frictional Torque

In a classic paper, Tremaine & Weinberg (1984) laid out the mathematical
apparatus for friction in a spherical system. Following the precepts of Lynden-
Bell & Kalnajs (1972), they derived a formula for the torque experienced by
a rotating perturbation potential, Φp. They work in action-angle variables (see
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Binney & Tremaine 1987, §3.5). In a spherical potential, there are two non-
zero actions: the total angular momentum per unit mass L ≡ Jφ and the radial
action Jr, each associated with two separate frequencies, Ω and κ, which are
generalizations to orbits of arbitrary eccentricity of the usual frequencies of
Lindblad epicycles familiar from disk dynamics. In the limit that a constant
amplitude perturbation rotates steadily at Ωp, they showed that the net LBK
torque is

τLBK ∝
∑

m,k,n

(

m
∂f

∂L
+ k

∂f

∂Jr

)

|Φmnk|2δ(nΩ + kκ − mΩp), (1)

where f is the usual distribution function and Φmnk is a Fourier coefficient of
the perturbing potential. The Dirac delta function implies that the net torque
is the sum of the separate contributions from resonances, where nΩ + kκ =
mΩp. Because the bar pattern speed decreases, as a result of the frictional
torque, this expression needs to be generalized to a time-dependent forcing
(see Weinberg 2004), but the revised expression for the torque still contains
the same derivatives of the distribution function.

Lynden-Bell (1979) offered a clear insight into how an orbit is affected when
close to a resonance. The unperturbed orbit, which is a rosette in an inertial
reference frame, closes in any frame that rotates at the rate

Ω′ = Ω + kκ/m, (2)

for any pair k, m. [See e.g. Kalnajs (1977) for illustrations of several of the
most important shapes.] When the pattern speed of the bar is close to Ω′ for
some pair k, m, the orbit can be regarded as a closed figure that precesses at
the slow rate

Ωs ≡ (Ω′ − Ωp) ≪ Ωp. (3)

Under these circumstances, the “fast action” is adiabatically invariant, while
the “slow action” can suffer a large change. Things are particularly straight-
forward at corotation, where the fast action is the radial action, while the slow
action that can suffer a large change is simply the angular momentum.

3. Restricted Simulations

Fully self-consistent simulations are complicated by evolution of the total
potential, changes to the bar mass profile, etc. It is therefore easier first to try to
understand “restricted” simulations in which a rigid bar rotates in halo of non-
interacting test particles (Lin & Tremaine 1983; Sellwood 2004). The particles
move in a rigid halo potential that is perturbed by that of the rotating bar, and
the bar is accelerated in response to the vector-sum of the non-axisymmetric
forces felt by the particles. Figure 2 shows an example of the pattern speed
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Figure 2. Left: The time evolution of the bar pattern speed in the restricted simulation dis-
cussed in §3. This simulation employs 10M particles. Right: The mean density of particles as a
function of Lres at t = 200 in the same simulation.

evolution of a homogeneous ellipsoid with principal axes 1 : 0.5 : 0.1 in a
Hernquist (1990) halo. The bar mass is 1% of the halo mass, Mh, has a semi-
major axis equal to the halo break radius rh, and rotates initially so that it just
fills its corotation circle. We use units such that G = Mh = rh = 1.

At intervals during the simulation, we compute Ω′ = Ω + kκ/m for every
particle, and calculate F , the average density of particles as a function Ω′.
It is somewhat easier to understand a plot of F as a function of the angular
momentum, Lres, of a circular orbit that has the given Ω′(k, m).

The right-hand panel of Figure 2 shows the form of F near to corotation
(m = 2, k = 0) at t = 200, which is typical. Near to the resonance (marked
by the vertical line), particles cross corotation in both directions on horse-shoe
orbits (Binney & Tremaine 1987, §7.5). The generally negative slope of F im-
plies an excess of lower L particles that gain angular momentum and move out
across the resonance, and this imbalance is responsible for friction. If the pat-
tern speed were to stay constant, the imbalance would tend to flatten the slope
of F , and the distribution of particles about the resonance would approach
kinetic equilibrium in which there would be more nearly equal numbers of
particles crossing in both directions. But as Ωp declines, the resonance keeps
moving to larger Lres, and equilibrium is never established; instead, the density
of particles about the dominant resonance(s) responsible for friction takes on
the characteristic humped form shown in Fig. 2.

Friction arises principally at corotation over most of the evolution. The
outer Lindblad resonance contributes in the early stages, but dominates only if
the bar is unreasonably fast. The inner Lindblad resonance becomes important
only when the bar is already quite slow; e.g. it is responsible for the more rapid
braking around t = 1000 in Fig. 2.
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Figure 3. The solid curve shows evolution of the bar pattern speed in a restricted experiment
in which the bar was reaccelerated (by external interference) between times 180 and 200, but
was otherwise allowed to evolve freely. (This experiment used 1M particles.) The dotted curve
shows what happens without interference.

4. Anomalous Situation

Now suppose that Ωp rises for some reason, after having declined for some
time, as illustrated in Figure 3. The shoulder in F created by the previous fric-
tion survives, but the resonance at the now higher Ωp lies on the other side of
the shoulder, as shown in Figure 4. Thus the local gradient in F has changed
sign, leading to an adverse gradient for friction, and the torque from the dom-
inant resonance disappears. Under these circumstances, a balance between
gainers and losers is soon established, and the bar can rotate in a dense halo
with little friction, which we describe as a “metastable state”.

In fact, Ωp declines slowly because of weak friction at other resonances, and
normal friction resumes when the slope of F at the main resonance changes,
as shown in the last frame of Fig. 4.

5. Self-consistent Simulations

If we now re-examine Fig. 1, we see that the period of weak friction is
preceded by a small rise in the bar pattern speed in both the simulation of VK03
(dot-dashed line) and in the anomalous case we found. It is likely therefore that
friction stopped for a while in both cases because the local density gradient
across the principal resonance became flat, as just described.

Analysis of our simulation that displayed this behavior suggests that Ωp rose
because of an interaction between the bar and a spiral in the disk, which caused
the bar to gain angular momentum. Such an event is rare; spirals generally
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Figure 4. The mean density of particles as a function of Lres at several different times in the
simulation shown in Fig. 3.

remove angular momentum from the bar at most relative phases. It is possible
that VK03 were unlucky to have such an event in their case, but they report
similar behavior in their model B making a chance event unlikely.

One significant difference between our code and the code used by VK03
(Kravtsov, Klypin & Khokhlov 1997) is that their resolution is adaptive, which
causes gravity to strengthen at short range when the grid is refined. The in-
crease in the local density as the bar amplitude rises causes the code to refine
the grid, strengthening gravity and thereby causing the bar to contract slightly
and to spin-up. We have found that a reduction of softening length in our code
at this epoch also leads to a metastable state. It is likely, therefore, that their
anomalous result is an artifact of their adaptive code.

6. The Metastable State is Fragile

Whatever the origin of the bar speed-up in simulations, it remains possible
that the metastable state could occur in real galaxies. If friction in a dense halo
can be avoided for this reason, then the observed pattern speeds will provide
no constraint on the halo density.

However, further experiments in which we perturbed our model in the meta-
stable state very slightly, revealed that the state is highly fragile. For example, a
satellite of merely 1% of the galaxy mass flying by at 30 kpc is sufficient to jolt
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the system out of the metastable state. We therefore conclude that anomalously
weak friction is unlikely to persist for long in nature.

7. Conclusions

Tremaine & Weinberg (1984) showed that angular momentum is transferred
from a rotating bar to the halo through resonant interactions. We find that
friction is dominated by a single resonance at most times, and that corotation
is most important for a bar with realistic pattern speed – i.e. when the bar
extends almost to corotation.

Friction arises because the phase space density is a decreasing function of
angular momentum in normal circumstances, causing an excess of particles
that gain angular momentum over those that lose. While this process would
tend to flatten the density gradient if the pattern speed remained steady, the de-
creasing angular speed of the bar prevents this steady state from being reached.
Instead we find that the density of particles in phase space develops a shoulder,
with the resonance holding station on the high-angular momentum side of the
shoulder as the feature moves to larger Lres.

However, if the bar is spun up slightly for some reason after a period of
normal friction, the rise in the pattern speed may move the resonance to the
other side of the pre-constructed shoulder. The change in the local gradient
of particle density at the dominant resonance causes friction to become very
weak for a while, allowing the bar to rotate almost steadily. Mild friction
persists because of contributions from other, sub-dominant resonances, and
normal friction resumes once the pattern speed has declined sufficiently for the
gradient at the main resonance to become favorable for friction once more.

A state in which strong friction is suspended for this reason is “metastable”,
both because it relies on a local minimum in the phase space density, and be-
cause the state is fragile. A very mild jolt to the system is sufficient to cause
normal friction to resume.

The absence of friction in the simulation A1 reported by Valenzuela &
Klypin (2003) is probably an artifact of their code. Their adaptive grid causes
gravity to strengthen as the bar density builds up, making the pattern speed of
the bar rise for a purely numerical reason. Thus their claimed counter-example
to the argument of Debattista & Sellwood (1998, 2000) is a numerical artifact
of their method. Pace Holley-Bockelmann & Weinberg (2005), our constraint
on halo density still stands: A strong bar in a dense halo will quickly become
unacceptably slow through dynamical friction.
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HALO PROPERTIES AND SECULAR

EVOLUTION IN BARRED GALAXIES
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Abstract The halo plays a crucial role in the evolution of barred galaxies. Its near-resonant
material absorbs angular momentum emitted from some of the disc particles
and helps the bar become stronger. As a result, a bar (oval) forms in the inner
parts of the halo of strongly barred disc galaxies. It is thinner in the inner parts
(but still considerably fatter than the disc bar) and tends to spherical at larger
radii. Its length increases with time, while always staying shorter than the disc
bar. It is roughly aligned with the disc bar, which it trails only slightly, and it
turns with roughly the same pattern speed. The bi-symmetric component of the
halo density continues well outside the halo bar, where it clearly trails behind
the disc bar. The length and strength of the disc and halo bars correlate; the
former being always much stronger than the latter. If the halo is composed
of weakly interacting massive particles, then the formation of the halo bar, by
redistributing the matter in the halo and changing its shape, could influence the
expected annihilation signal. This is indeed found to be the case if the halo
has a core, but not if it has a steep cusp. The formation and evolution of the bar
strongly affect the halo orbits. A fraction of them becomes near-resonant, similar
to the disc near-resonant orbits at the same resonance, while another fraction
becomes chaotic. Finally, a massive and responsive halo makes it harder for a
central mass concentration to destroy the disc bar.

Keywords: galaxies: kinematics and dynamics - galaxies: structure - galaxies: spiral - dark
matter

1. The Role of the Halo in the Evolution of Barred
Galaxies

As shown by N -body simulations, barred galaxies undergo considerable
secular evolution (e.g., Hernquist & Weinberg 1992; Debattista & Sellwood
2000; Athanassoula & Misiriotis 2002 [AM02]; Athanassoula 2002 [A02];
Athanassoula 2003 [A03]; O’Neil & Dubinski 2003; Valenzuela & Klypin
2003; Martinez-Valpuesta & Shlosman 2004; Athanassoula 2005a; Martinez-
Valpuesta, Shlosman & Heller 2005). The halo plays a major role in this, since
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Figure 1. Three orthogonal views of the disc (upper panels) and halo component (lower
panels). The central panels are face-on views, while the others are edge-on; side-on for the right
panels and end-on for the left ones. Note that the halo does not stay axisymmetric, but forms an
oval in its inner parts, which I call the halo bar.

it participates in the angular momentum exchange within the galaxy. In an
isolated disc galaxy with little or no gas, angular momentum is emitted mainly
by near-resonant material in the inner disc (bar region) and absorbed by near-
resonant material in the outer disc and in the halo (A02; A03). Since the bar is
a negative angular momentum feature (Kalnajs 1971; Lynden-Bell & Kalnajs
1972), by loosing angular momentum it will grow stronger (A02).

Both for the disc and for the halo, there is more angular momentum gained
(or lost) at a given resonance if the density is higher there and if the near-
resonant material is colder. So, for equal amounts of mass, the outer disc will
absorb more angular momentum than the halo, because it is colder. There is,
however, considerably less mass in the outer disc than in the halo, so the role
of the halo can be very important, or even predominant (A03). Thus, bars
immersed in massive responsive haloes can grow stronger than bars immersed
in weaker haloes (AM02; A03) and very much stronger than bars immersed
in rigid haloes (A02), since the latter can not, by their formation, absorb any
angular momentum.
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Figure 2. Left panel : Isocontours of the l=2 m=2 component of the halo mass distribution
on the galaxy equatorial plane. Positive isocontours are given with solid lines and negative ones
with dashed lines. The thin dotted line gives the position angle of the disc bar and the thick line
shows the phase of the halo bar. The latter is only plotted in regions where the amplitude of the
l=2 m=2 component is at least equal to 4% of its maximum amplitude. Right panel : Length
of the halo bar as a function of time. The solid line is a least squares fit, to guide the eye.

Since the halo plays such a crucial role in the evolution, it is reasonable to
expect that its properties will evolve with time, as do the bar properties. This
is indeed the case. Here, I will particularly discuss the formation of an oval in
the inner parts of the halo.

2. The Halo Bar

Figure 1, from a simulation similar to those described in AM02 or A03,
shows three orthogonal views of the disc (upper panels) and the halo (lower
panels) from a simulation at a time well after the bar has formed, i.e. while it
is secularly evolving. The disc is strongly barred, and seen side-on (i.e. edge-
on, with the line of sight along the bar minor axis) it shows a strong peanut.
The evolution of the halo, although less spectacular, is still quite clear. The
inner parts have lost their initial spherical symmetry and show a clear prolate
deformation, whose principal axes are roughly aligned with those of the disc
bar. Such a deformation is seen in all the simulations with a strong bar that I
analysed and has also been discussed in Athanassoula (2005b [A05b]) and in
Colin, Valenzuela & Klypin (2005). The axial ratio in the inner parts is roughly
0.7 and increases with radius.

Analysing the halo mass distribution in spherical harmonics, it is possible to
get more information on the halo bar. The left panel of Figure 2 shows isocon-
tours of the l=2 m=2 component, i.e. of the component that best characterises
the halo bar. In the inner parts, the phase of this component seems roughly the
same as the phase of the disc bar (dotted line in the figure). In fact, it trails it
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very slightly, of the order of a couple of degrees so that it is not easy to discern
it on the plot. I found similar phase differences at other times and in other
simulations I analysed. This phase difference increases substantially at larger
radii, so that the outer parts of the l=2 m=2 component look spiral-like. As
can be seen in the right panel of Figure 2, the length of the halo bar increases
substantially with time.

3. Halo Geometry and the WIMP Annihilation Signal

Athanassoula, Ling and Nezri (2005) studied the impact of halo shape and
geometry on the expected WIMP (weakly interacting massive particle) annihi-
lation signal from the galactic center. They find that the asphericity has a strong
impact on the annihilation signal when the halo density profile has a core near
the center, such as advocated by observations (Bosma 2004 and references
therein), but becomes less significant for cuspy profiles, such as advocated by
simulations (e.g., Navarro, Frenk & White 1997; Moore et al. 1999; Diemand
et al. 2005), and negligible in the presence of a central spike.

4. Orbital Structure in Haloes

As already mentioned in section 1, the halo contains a fair fraction of near-
resonant orbits. These are mainly trapped around Lagrangian periodic orbits
(see Fig 12 of A05b), or around x1-tree1 periodic orbits (Fig 11 of A05b).

Halo particles which are near-resonant at a given time are not randomly cho-
sen from the initial halo distribution function. Particles at near-inner Lindblad
resonance had initially preferentially smaller cylindrical and spherical radii.
They also had preferentially smaller values of Lz , the z component of the an-
gular momentum. Particles at near-corotation had preferentially initially inter-
mediate cylindrical and spherical radii (i.e. they were not located initially in
the innermost or in the outermost regions). They had initially preferentially
smaller values of |uz|, the z velocity component, and larger values of Lz than
average. To summarise, we can say that the halo particles that will become
near-resonant had initially properties similar to those of the disc particles.

An important property for the evolution of the halo, and in general of the
galaxy, is the fraction of chaotic orbits in its population. The most straight-
forward way of measuring this in simulations is to calculate the complexity of
each orbit, as introduced by Kandrup, Eckstein & Bradley (1997). As shown
by these authors, the complexity correlates well with the short term Lyapounov

1The x1 orbits are periodic orbits elongated along the bar and closing after one rotation and two radial
oscillations (Contopoulos & Grosbl 1989). The x1-tree is the 3D extension of the x1 family (Skokos, Patsis
& Athanassoula 2002) and comprises, except for the x1 family, other 2D and 3D families bifurcating from
x1.
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Figure 3. Density distribution in the disc of a barred galaxy after the introduction of a CMC
Left panel : MD-type model. Right panel : MH-type model.

exponents, often used to measure chaos. Of course, the exact value of the frac-
tion of chaotic orbits depends on where one sets the dividing line between a
regular and a chaotic orbit. A05b calculated this fraction for different such
threshold values and showed that it increases with the strength of the disc bar
and that in a strongly barred galaxy as much as a quarter of the halo orbits can
be chaotic.

5. Black Holes and Central Mass Concentrations in
Barred Galaxies with Live Haloes

As shown both by periodic orbit calculations (Hasan & Norman 1990; Hasan,
Pfenniger & Norman 1993) and by N -body simulations (Shen & Sellwood
2004 and references therein) a central mass concentration (CMC) affects the
stability of x1 orbits, making them unstable and incapable of sustaining the
bar. Thus, provided the CMC is sufficiently massive and/or sufficiently cen-
trally concentrated, it can destroy the bar, or at least considerably lower its
amplitude. These simulations, however, use a rigid halo and thus are not fully-
self-consistent.

Seen the important role that the response of the halo can play on the evolu-
tion of barred galaxies, Athanassoula, Lambert & Dehnen (2005) revisited this
problem, now using a live halo, and I will here summarise some of their results.
They find that the effect of the CMC depends drastically on the model. This
is also illustrated in Figure 3, which compares the effect of a given CMC on
two different barred galaxy models. The difference is quite important. In the
model on the left (MD-type, according to the definition of AM02) the CMC
totally destroyed the bar. But in the model on the right (MH-type) the same
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CMC only decreased the bar strength, albeit substantially. In fact, the lowering
of the bar strength is mainly due to a decrease of the bar length and to more
axisymmetric innermost parts. The latter can be easily understood since this is
the vicinity of the CMC. The CMC also causes an increase of the bar pattern
speed in all cases.

The difference between these two models could be due to the role of the
halo in the two cases. Indeed, in MH-type models the inner resonances in the
halo are more populated, so that the halo can absorb more angular momentum,
compared to MD-type haloes (A03). This extra angular momentum is taken
from the bar and will, as discussed in section 1, tend to increase its strength.
It will thus work against the CMC, whose effect will thus be lessened. This is
indeed what the simulations of Athanassoula et al. (2005) show.
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Abstract We present results from our ongoing effort to understand the morphological and
kinematical properties of early-type galaxies using the integral-field spectro-
graph SAURON. We discuss the relation between the stellar and gas morphology
and kinematics in our sub-sample of 24 representative Sa spiral bulges. We focus
on the frequency of kinematically decoupled components and on the presence of
star formation in circumnuclear rings.

Keywords: galaxies: structure - galaxies: kinematics and dynamics - stars: formation

1.

The starting point of our study is the SAURON survey of nearby, early-type
galaxies (de Zeeuw et al. 2002). The full sample consists of 72 galaxies divided
in three morphological groups: 24 ellipticals, 24 lenticulars, and 24 Sa bulges.
Within each group, half of the galaxies are drawn from the field environment,
and the remaining half are representative of the cluster population.

The main science driver for the survey is the study of the intrinsic shapes,
velocity and metallicity distribution, and the relation between the stellar and
gas kinematics to the underlying stellar populations. Most of the results of
the survey up to now have focused on the 48 elliptical and lenticular galaxies
(de Zeeuw et al. 2002, Emsellem et al. 2004, Cappellari et al. 2006, Sarzi
et al. 2006). Here, we concentrate on the 24 Sa spiral bulges.
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A key question we want to address is whether secular evolution plays an
important role in the formation of bulges (i.e., disk instabilities, Pfenniger &
Norman 1990, Pfenniger & Friedli 1991), or whether they are scaled-down
versions of ellipticals, as the main scaling relations suggest (e.g., Fundamental
Plane, Jorgensen et al. 1996, Falcon-Barroso et al. 2002). A comprehensive
description of the stellar and gas kinematics of the complete sample of 24 Sa
spiral bulges is presented in Falcon-Barroso et al. (2005). We highlight some
of the results here. Fathi et al. (2005) present an in depth study of an individual
case (NGC 5448). Ganda et al. (2005) discuss similar SAURON observations of
18 later-type spiral galaxies.

2. Kinematically Decoupled Components

The stellar kinematic maps of our galaxies display a variety of substructures
in the central regions, such as kinematically decoupled components. For ex-
ample, Figure 1 (top panel) shows the stellar kinematics of NGC 5689. In that
galaxy the component is clearly visible in the velocity map as a pinching of the
isovelocities in the inner regions, which is also accompanied by a decrease of
the velocity dispersion and an anti-correlated h3 parameter at the same loca-
tions. In general this type of decoupled components appear to be aligned with
the major axis of the galaxy and tend to be associated with dust disks or rings
seen in unsharp-masked images. However, there are a few cases in our sample
where the rotation axis of the decoupled component is misaligned with respect
to the main rotation axis of the galaxy (e.g., NGC 4698, see Figure 1 bottom
panel). In this case the decoupled component can be identified as a twist of
the zero velocity curve in the inner regions. We find that 13 out of 24 galaxies
(52%) display clear signatures of such structures. Despite the high number of
kinematically decoupled components observed, the true fraction can be even
higher as their detection can be hampered by inclination (i.e., as it is more dif-
ficult to detect them at low galaxy inclinations), but also by a limited spatial
sampling.

The nature of these kinematically decoupled components is still uncertain,
and there are different formation and evolution processes that can produce such
a component in the inner regions of the galaxies. One of the most widely sup-
ported scenarios is that these objects formed by gas inflow towards the central
regions of the galaxy which consequently induced star formation (Wozniak
et al. 2003). The role of bars and dissipative processes, however, is not yet
well understood in this context (Bureau & Athanassoula 2005, Heller & Shlos-
man 1994, Friedli & Benz 1995), as all these models are able to reproduce
the observed velocities, inwards decrease of velocity dispersion and the h3

anti-correlation. Under this scenario the kinematically decoupled component
is formed from existing material in the galaxy.
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Figure 1. Stellar kinematic maps for NGC 5689 and NGC 4698. In each column (from left to
right) we show the reconstructed intensity image from the SAURON datacube (in mag/arcsec2),
the stellar radial velocity, velocity dispersion (in km s−1) and h3 Gauss-Hermite moment.

An alternative possibility for the formation of these components is an in-
teraction event. This model is preferred to explain the presence of misaligned
components such as the one seeing in NGC 4698. This galaxy is a well-studied
case in which the formation of the component is thought to be the result of an
intermediate merger event (Bertola et al. 1999). In Figure 2, we present the
case of NGC 5953, which offers a unique opportunity to study the effects that
an on-going interaction has on the stellar and gas properties. The kinematical
decoupling in the inner parts, together with the presence of large amounts of
fresh gas, suggests that we might be witnessing the early stages in the forma-
tion of a kinematically decoupled component.

3.

Several methods have been used in the past to trace star formation (SF) in
galaxies. Given the little observational overhead, the emission of Balmer lines
has become one of the most popular tracers (Kennicutt 1998). In addition to
the Balmer lines, the [O iii]/Hβ ratio can also serve as a diagnostic in situa-
tions where SF is intense and derives from pre-enriched material (Kauffmann
et al. 2003). Here we use both diagnostics to investigate the importance of star
formation in Sa galaxies.

The morphology of the star-forming regions in our sample appears to have
multiple forms, although as expected in spiral galaxies, the bulk of SF is con-
centrated in the main disk. Within galaxies, we find that SF activity is more

A SAURON Study of Stars and Gas in Sa Bulges

Global and Circumnuclear Star Formation
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Figure 2. Interacting pair NGC 5953/NGC 5954. From left to right: i) HST/WFPC2 im-
age of the pair of galaxies. Overlaid on NGC 5953 is the SAURON field-of-view. ii) SAURON
reconstructed intensity image of NGC 5953, iii) stellar radial velocity of NGC 5953.

intense along dust lanes, has an amorphous morphology, or is confined in cir-
cumnuclear rings.

These rings represent one of the most spectacular forms of SF. The fre-
quency of these circumnuclear regions in our sample is in good agreement
with the most recent studies from Hα observations of larger samples (21±5%,
Knapen 2005). In Figure 3, we present the cases of NGC 4245, NGC 4274,
and NGC 4314 to illustrate the most common properties of the stars and gas
in these SF regions. There is a remarkable correlation between the dust and
the regions where SF is very intense (i.e., large Hβ flux). At the same time,
the [O iii]/Hβ ratio is very low at the same locations, confirming the presence
of star formation. The velocity dispersion of the ionised gas is also low (∼50
km s−1) along the star-forming rings. We are thus seeing stars being formed
from dynamically cold gas. A similar behaviour is also found in other galaxies
in the sample with extreme SF activity.

As discussed in Section 2, star formation can produce the observed stel-
lar velocity dispersion drops (also called ‘sigma-drops’). In our sample we
find that the presence of young stars does not necessarily relate directly to
the stellar velocity dispersion (σ∗). In the examples shown in Figure 3, only
NGC 4274 displays a sigma-drop at the location of the young stars. NGC 4245
shows a small decrease in σ∗ only on the brightest Hβ knots along the ring. In
NGC 4314, one of the galaxies with highest apparent SF activity, the presence
of young stars hardly affects σ∗. In practice, these features strongly depend not
only on the number of young stars present, but also on the inclination of the
galaxy, as in face-on configurations (e.g., NGC 4314) the contribution of the
young stars to the line-of-sight radial velocity is much smaller than that of the
surrounding bulge.
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Figure 3. Stellar and gas maps for three star-forming ring galaxies NGC 4245, NGC 4274,
NGC 4314. In each column (from left to right) we show i) the reconstructed intensity image
from the SAURON datacube, ii) an HST unsharp-masked image, the iii) [O iii]/Hβ ratio (logarith-
mic scale), Hβ flux (in units of ergs/cm2/s, and logarithmic scale), iv) stellar velocity dispersion
(in km s−1), and v) ionised-gas velocity dispersion (in km s−1).

The formation of star-forming rings is generally associated with bar-driven
gas inflow towards the inner regions of galaxies (i.e., gas material gets trapped
in rings as it approaches an important resonance). SF in the ring then begins
once the gas density in the ring exceeds the limit set by the Toomre (1969)
criterion. In our sample only three of the six galaxies with star-forming rings
are known to be barred (NGC 4245, NGC 4274, NGC 4314). For the remaining
three galaxies with rings (NGC 2844, NGC 5953, NGC 7742), the interacting
scenario offers an alternative explanation (see Figure 2). Although the case of
NGC 7742 is still unclear, as the presence of an oval (i.e., weak bar) could also
explain the observed star-forming ring (see Figure 13 in de Zeeuw et al. 2002).

4. Conclusions

We are carrying out a comprehensive study of the kinematical properties of a
sample of 24 Sa bulges drawn from the SAURON survey of representative galax-
ies. We find that kinematically decoupled components are present in half of
our sample of galaxies (13/24). They are easily detected in the stellar velocity

A SAURON Study of Stars and Gas in Sa Bulges
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maps, but often also leave an imprint in the stellar velocity dispersion and h3

parameters. Despite the growing evidence that they are the result of star for-
mation induced by bar-driven gas inflow towards the inner parts of galaxies,
interactions as well as non-dissipative bar evolution models can also reproduce
the observed kinematics.

Star formation in our sample displays different morphologies. The most
striking cases appear in the form of circumnuclear rings. We find a good cor-
relation between star formation and the velocity dispersion of the ionised gas
in these rings, indicating that we are seeing young stars being formed from
dynamically cold gas. The young stars in these rings often produce a decrease
of the stellar velocity dispersion, although the presence of these sigma-drops
strongly depends on the number of young stars, but more importantly on the
inclination of the galaxy. While the presence and properties of circumnuclear
rings can be easily explained in the context of bars, interactions can also repro-
duce the observed morphological and kinematic properties.

Acknowledgements JFB acknowledges support from the Euro3D Research
Training Network, funded by the EC under contract HPRN-CT-2002-00305.
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A COOL GAS RING IN M100

Emma L. Allard1, Reynier F. Peletier2 and Johan H. Knapen1

1University of Hertfordshire, UK
2University of Groningen, The Netherlands

Abstract The SAURON integral field spectrograph was used to observe the central parts
of the galaxy M100. We present here maps of Hβ emission and gas velocity
dispersion. We focus on the discovery of a cold (low velocity dispersion) ring
of gas, coinciding spatially with enhanced massive star formation as indicated
here by Hβ emission and outlining the well known nuclear (pseudo) ring. Our
SAURON fields also cover the dustlanes visible in M100’s bar. Here we see cold
gas and star formation offset from the leading edge of the dustlanes, indicative
of the presence of shocks. This is further strong evidence that the nuclear ring
of star formation is formed at the location of the Inner Lindblad resonance(s),
fuelled by gas channelled inwards along the dustlanes through shocks.

Keywords: galaxies: spiral- ISM: kinematics and dynamics - galaxies: individual (NGC4321)

1. Introduction

Nuclear rings (or pseudo-rings) of star formation (SF) are seen commonly
in spiral galaxies; recently Knapen (2005) found such rings in 20% of spi-
ral galaxies and these occurred almost exclusively in barred hosts, supporting
earlier findings by Buta & Combes (1996). They can be sites of massive SF;
Kennicutt et al. (2005) estimate that nuclear rings contribute 3-5% to the over-
all current SF rate in the local universe. Nuclear rings are thought to lie at
the position of the inner Lindblad resonances (ILRs), where gas driven in un-
der the influence of the large bar slows down (Lynden-Bell & Kalnajs 1972;
Shlosman 1999). Because nuclear rings turn inflowing gas into stars within
the central region, they will contribute to secular evolution and pseudo-bulge
formation. M100 (NGC 4321) is a prominent, relatively face-on spiral galaxy
with a moderately strong bar, at a distance of 16.1 Mpc (Ferrarese et al. 1996)
where 1 arcsec is equal to 70 pc. M100 hosts a well-known nuclear ring with
prominent massive SF, which is located near a pair of ILRs induced by the bar
(Knapen et al. 1995a). A detailed analysis of the optical and NIR morphology
of the circumnuclear region of M100 has been given by Knapen et al. (1995a,b)
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and Ryder & Knapen (1999). Here we present integral field spectroscopic data
of the bar and circumnuclear region of M100 and derive maps of the Hβ emis-
sion line intensity, and gas velocity dispersion. We report a ring of relatively
cold gas within the circumnuclear region, which lies exactly at the location of
the Hβ emission. Further analysis of the data including stellar kinematics and
absorption line indices will be presented in a future paper (E. Allard et al., in
preparation).

2. Observations and Analysis

The SAURON integral field spectrograph (Bacon et al. 2001) was used on
the 4.2m William Herschel Telescope (WHT) on La Palma on 2003, May 2.
The field of view was 33×41 arcsec2, and contains 1431 square lenses of
0.94×0.94 arcsec2 in size, each producing a spectrum. The wavelength range
of 4760-5350Å is observed. To cover the complete bar and circumnuclear re-
gion of M100, three pointings were made (see Figure 1d).

The data were reduced using the specially developed XSauron software. The
separate exposures were merged and mosaicked together to produce one final
datacube. This was spatially binned using the Voronoi 2D binning method of
Cappellari & Copin (2003) to achieve a minimum S/N across the field of 60
per angstrom for the extraction of the kinematics, and 100 for the line strength
maps.

To determine the gas kinematics and emission line strengths we followed a
2-step approach (Sarzi et al. 2005): we first determined in each bin the stellar
line of sight velocity distribution (LOSVD) using the Penalized Pixel Fitting
Method (Cappellari & Emsellem 2004). We then fitted the full spectra using
a linear combination of single age, single metallicity models from Vazdekis
(1999), convolved with the previously determined LOSVD.

3. Results

By measuring the flux of the Hβ emission line for each spectrum in the dat-
acube, we can reconstruct an intensity map and this is shown in Figure 1a. The
emission is brightest in the pseudo-ring and Hii regions, where it traces mas-
sive SF. The Hii regions at the end of the bar are connected to the ring by a thin
arc of emitting material which lies along the bar. The gas velocity dispersion
map (Fig. 1b) shows a value of σ = 140±10 km s−1 averaged over the central
5 arcsec. A ring of considerably lower velocity dispersion, σ = 51±8 km s−1,
is seen at a distance of 7 arcsec from the centre. It has a thickness of 7 arcsec,
and is surrounded by a zone where σ = 102±30 km s−1. Regions of low σ are
correlated spatially with enhanced Hβ emission, such as the pseudo-ring and
the arc of material seen in the western side of the bar. This suggests we are
detecting the cold gas from which young stars are being created. To see how
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this arc of Hβ emitting, low dispersion material is connected to the dustlanes
seen in optical images (i.e. Fig 1d), we overlaid the Hβ emission contours on
a B–R image of the region (Fig. 1c). This shows that the low dispersion mate-
rial is offset by some 700 pc from the dark dustlanes in the bar. The dustlanes
are thought to be associated with shocks in the gas flow (Prendergast 1964;
Athanassoula 1992) and we expect strong shear at this position and so little
SF. Immediately after the shock however we may expect a pile up of gas, lead-
ing to an increase in SF, and so an offset between the SF and the dustlanes is
to be expected.

Figure 1. SAURON maps of the central and bar region of M100. (a) Hβ emission line
intensity. (b) Gas velocity dispersion (in km s−1); overlaid are Hβ contours at relative levels
[0.0.05,0.1,0.2,0.5,1,2,3]. (c) B–R image from Knapen et al. (2004); the location of the bar is
indicated by a Ks-band contour (thick dashed line) at 18.3 mag arcsec−2; Hβ contours as in
Figure 1b. (d) Optical image of M100 with approximate locations of the SAURON pointings.
North is up and East is to the left.



210 ISLAND UNIVERSES

4. Conclusions

We have obtained integral field spectroscopic data of the central region of
the barred spiral galaxy M100. The Hβ emission shows the well-known bright
ring, broken into hotspots of emission. In the gas velocity dispersion map, the
ring is clearly colder than the underlying disk. Significantly lower dispersion
occurs exactly where the strongest Hβ emission occurs, both within the ring
and aligned and offset from the dustlanes in the bar. The low gas dispersion
suggests that cold gas flows into the area through the dustlanes, and accumu-
lates into a ring under the influence of the ILRs. Instabilities within this gas
then trigger significant massive SF.

Acknowledgements Based on observations obtained at the WHT, operated on
the island of La Palma by the Isaac Newton Group in the Spanish Observatorio
del Roque de los Muchachos of the Instituto de Astrofísica de Canarias. We
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BOXY EDGE-ON PROFILES

Comparing orbital structures with the underlying
galactic morphology
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Abstract The vertical profiles of disk galaxies are built by the material trapped around
stable periodic orbits, which form their “skeletons”. Thus, the knowledge of
the evolution of the stability of the orbits of the main families as a function of
the various parameters of a model, gives the possible morphologies that can be
observed in a disk galaxy when viewed edge-on. The orbital structures which
lead to the appearance of boxy “bulges” and “X”-like features are compared with
edge-on profiles of disk galaxies. There is a direct correspondence between the
orbital profiles and the main morphological features encountered in the images
after a model subtraction or after applying a simple unsharp-masking technique.

Keywords: galaxies: structure - galaxies: kinematics and dynamics - stellar dynamics

Introduction

In Patsis et al. (2002a,b) we have presented boxy orbital profiles of 3D,
time-independent, models of disk galaxies. They have been built by combina-
tions of stable, 3D, orbits belonging mainly to families of periodic orbits (p.o.)
bifurcated from x1 at the vertical n/1 resonances. This has been done in a set
of typical 3D models of disk galaxies. A profile of a single family includes
stable orbits in a range of “energies” (Jacobi constants - Ej). Combinations
of the profiles of several families of a model form a model profile. The three
basic conclusions of these papers are:

(a) The morphology supported by the composite orbital profile of a family
may differ from the morphology of the individual periodic orbits.
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(b) The radial extent of the profile of an orbital 3D family is usually con-
fined within a radius defined by an Ej value. Orbits with a Jacobi constant
larger than this Ej , increase their size by increasing almost only in the vertical
dimension, and this leads to models with edge-on stair-type profiles.

(c) It is the presence of the vertical resonances and not the kind of perturba-
tion in the models that shapes the orbital profiles.

In the present paper we apply simple image processing techniques on the
images of three edge-on disk galaxies with rather boxy “bulges” in order to
detect structures similar to those predicted by the orbital theory. Here we fo-
cus our attention to the structures observed in the central regions of IC 2531,
NGC 4013, and UGC 2048.

1. Observations

The observations and the data reduction of the galaxies analyzed in this
study are presented in Xilouris et al. (1997).

Observations of the galaxies UGC 2048 and NGC 4013 were made at Ski-
nakas observatory in Crete, using the 1.3 m telescope. IC 2531 was observed
with the 1 m Australian National University telescope (ANU) at the Siding
Spring Observatory. The I-passband we use is comparable to that of the
Cousin’s photometric system, while standard photometric procedures, described
in detail in Xilouris et al. (1997), were applied to the data.

2. Reduction Techniques

The first technique we applied is the subtraction of an axisymmetric model
from the image of the galaxy. What it left, the residuals, will indicate all these
structures that mainly have to do with either the non-uniform distribution of
the dust (seen as absorption features) or the non-uniform distribution of the
stars (seen as excess of starlight). The deviations seen in excess could be due
to non-axisymmetric stellar components.

The model that we use is described in great detail in Xilouris et al. (1997).
The stellar emissivity (luminosity per unit volume) consists of an exponential
(in both radial and vertical directions) disk and a bulge described by the R1/4

law. For the extinction coefficient we use a double exponential law. The ra-
diative transfer model is that described by Kylafis & Bahcall (1987) (see also
Xilouris et al. 1997).

Our task has been to find those values of the parameters which create im-
ages of the model galaxies as close as possible to the images of the observed
galaxies. For the model fitting techniques, the reader is referred to Xilouris
et al. (1997, 1999).
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Figure 1. Residual images for IC 2531 (a), UGC 2048 (b) and NGC 4013 (c). From the
original images a best fitting axisymmetric profile is subtracted according to the models of
Xilouris et al. (1997). An “X”-shaped feature embedded in the boxy “bulge” is conspicuous in
all three cases.

Another simple image processing technique that has been applied in addi-
tion is a standard Gaussian unsharp masking of the images.

3. Results

In Fig. 1 we give the model subtracted images for IC 2531 (a), UGC 2048
(b), and NGC 4013 (c). In the latter we have overplotted contours that help
better understand the features of the residual images. Under the assumption of
a constant M/L ratio this reflects excess in the surface density. The main char-
acteristic feature is an “X” shape revealed in the central parts of the galaxies.

The images after unsharp masking show a kind of “X” shape in the central
stellar component as well. This can be seen in Fig. 2 for the same galaxies.
Characteristic contours underline the features we study.

4. Summary - Conclusions

Simple image processing techniques were applied to three edge-on galax-
ies with boxy profiles and revealed structures predicted by the orbital models.
According to these models the features we see in Figs. 1 and 2 indicate the
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Figure 2. The result of unsharp masking in the images of IC 2531 (a), UGC 2048 (b) and
NGC 4013 (c). “X” shape features similar to the structures foreseen by the orbital models can
be found in all three cases.

presence of vertical resonances and a large percentage of orbits trapped by 3D
families, mainly bifurcations of x1. The reader may compare these features
with Figs. 3b, 7a, 9a, 14b, and 18a in Patsis et al. (2002a).

References

Kylafis, N. and J.N.Bahcall, 1987, ApJ 317, 637
Patsis, P.A., Skokos, Ch., and E. Athanassoula, 2002a, MNRAS 337, 578
Patsis, P.A., Athanassoula, E., Grosbol P., and Ch. Skokos, 2002b, MNRAS 335, 1049
Xilouris E. M., Kylafis N. D., Papamastorakis J., Paleologou, E. V. and G. Haerendel, 1997,

A&A 325, 135
Xilouris, E.M., Byun, Y.I, Kylafis, N.D., Paleologou, E.V. and J. Papamastorakis, 1999, A&A,

344, 868



RESONANCES AND EXTENT OF SPIRAL ARMS

IN DISK GALAXIES

1European Southern Observatory, Germany
2Kapteyn Astronomical Institute, Groningen, The Netherlands

* pgrosbol@eso.org, ** P.Heraudeau@astro.rug.nl

Abstract The distribution of visual matter in 84 spiral galaxies was estimated from NIR K-
band maps observed with SOFI/NTT, ESO. Decomposing the maps into standard
axisymmetric components (e.g. disk and bulge) and using HI line width data
with a maximum disk assumption for the halo, synthetic rotation curves were
estimated for each galaxy. The extent of the main spiral pattern measured on the
K maps of galaxies was compared with the distance between major resonances
(i.e. ILR, 4:1, CR and OLR) as obtained from the synthetic rotation curves
assuming that the start of the spiral corresponded to either ILR or CR.

The first preliminary analysis indicated that 1/3 of the disk galaxies have a
main, symmetric spiral structure with a radial extent consistent with that of the
ILR-4:1 distance in a maximum disk, rotation curve model. Another 1/3 of the
sample show better agreement with the CR-OLR resonances. The extent of the
spirals does not agree with distances estimated for neither ILR-CR nor ILR-
OLR. Sub-maximum disk rotation curve models (e.g. 60%) show larger scatter.

Keywords: galaxies: spiral - galaxies: structure - galaxies: kinematics and dynamics

1. Introduction

The existence of spiral density waves (Lin & Shu 1964) in disks of spi-
ral galaxies is well documented through NIR surface photometry. The pattern
speed of such waves has shown to be very difficult to determine by direct mea-
surements and only for a few early type barred galaxies it has been possible
(see e.g. Merrifield & Kuijken 1995). Most pattern speeds are estimated by
associating a morphological feature (e.g. end of bar) with a specific resonance
(e.g., see Roberts et al. 1975). This provides no simple way of verification.

1Based on observations collected at the European Southern Observatory, La Silla, Chile
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The current paper compares the extent of the main spiral pattern in disk
galaxies with predictions from synthetic rotations curves derived from their
NIR surface photometry. Since two resonances are involved, it is possible to
check which assumptions are the best to fit the measured extent if any.

2. Data and Reductions

A sample of 84 nearby, spiral galaxies with deep K′ surface photometry
were used to study the morphology of spiral patterns. It consisted of the galax-
ies studied by Grosbøl et al. (2004; hereafter GPP) and a set of spirals for which
recent SNIa’s were detected. Both sets were observed with the same technique
at SOFI/NTT, ESO. All the galaxies had intermediate inclination angles and
recession velocities <5000 km/s. All observations and reductions were done
as described in GPP.

After removing obvious foreground stars and determining the sky projection
parameters for the galaxies, the K maps were decomposed. The outer parts,
where the spiral structure was located, were fitted with a flat exponential disk
while the central parts were allowed to consist of a central point source, a
spherical, modified Hubble law bulge and a steep, inner exponential disk.

3. Synthetic Rotation Curves and Extent of Spiral

The synthetic rotation curves were based on the decomposition of the K-
maps adding a dark matter halo with a logarithmic potential. All visual com-
ponents for a galaxy were assumed to have the same mass-to-light ratio Υ.
Since contributions from disk and halo masses to the rotation curve are almost
degenerate (Barnes et al. 2004), Υ was determined by specifying a maximum
disk solution and deriving the total rotation speed from the HI line width.

The distance between major resonances was estimated by assuming that a
morphological feature corresponded to a given resonance, e.g. start of main
spiral pattern indicated location of Inner Lindblad Resonance (ILR) or co-
rotation (CR). Then, one can derive distances between any combination of
resonances assuming a constant angular speed for the spiral. The distances
will vary somewhat depending on the explicit receipt used, however the gen-
eral behavior will not change significantly as it relates to the flatness of rotation
curves.

Radii of three morphological features were measured for each galaxy that is
a) end of bar, b) start of main spiral, and c) end of symmetric part of the spiral
pattern. Due to smooth transitions, the radii are frequently uncertain by up to
3-5′′. The extent ds of the main spiral pattern was then defined as the radial
distance between its start and end. The resonance associated to the start of the
spiral was assumed to be between its start and bar termination.
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Figure 1. Histograms of the ratio of radial distance between major resonances dx estimated
from the synthetic rotation curves relative over actual measured extent ds of the main, symmet-
ric spiral pattern. Four set of distances between major resonances are shown namely ILR-4:1,
ILR-CR, ILR-OLR and CR-OLR.

4. Results and Discussion

Four major resonances (i.e., ILR, 4:1, CR and OLR) were considered for
either start or termination of the main spiral with the region dx occupied by the
pattern being ILR-4:1, ILR-CR, ILR-OLR or CR-OLR. Histograms for these
four cases are given in Fig. 1 where dx was divided by the actual measured
extent ds. The exact location of the peak will depend on the procedure for
deriving the synthetic rotation curve. It is clear that only the pairs ILR-4:1 and
CR-OLR display peaks around 1.0 while both ILR-CR and ILR-OLR do not
agree with the actual extent.

For the current models the ratio between ILR-4:1 and CR-OLR is roughly
1:2. Thus, the peak around 1.0 in the ILR-4:1 histogram (∼30 galaxies) would
be located around 0.5 in the CR-OLR histogram leaving a peak of ∼30 galaxies
close to 1 for which the extent of their spiral agree well with the predicted CR-
OLR distance.

The detailed distribution of dI4/ds (for ILR-4:1) as function of the relative
bar length rb/hd is shown in Fig. 2 where also the morphological class is indi-
cated. For relative short bars (often weak bars) most galaxies seems to have the
main spiral in the region ILR-4:1 while for larger values of rb/hd a significant
fraction have dI4/ds close to 2 corresponding to CR-OLR. Normal SA spiral



218 ISLAND UNIVERSES

Figure 2. Distribution of the relative distance dI4/ds between resonances ILR-4:1 divided
by the actual, measured extent of the main, symmetric spiral pattern as function of the relative
bar length rb/hd where hd is the scale length of the main exponential disk. The general spiral
class is shown by different symbols where the larger marks are for luminosity class <3.

galaxies show a wide distribution as could be expected since many have bars
in the NIR (see GPP). The following preliminary conclusions are suggested:

1/3 of the sample agree with the main, symmetric spiral being located
between ILR-4:1 resonances while another 1/3 seems to be in the range
of the CR-OLR.
galaxies with short relative bars (i.e. rb < 0.3hd) are more likely to agree
with the ILR-4:1 region while galaxies with long bars (i.e. 1.1hd < rb)
mostly correspond to CR-OLR.
most of galaxies morphologically classified as barred in the optical have
spiral extents which corresponds to the CR-OLR distance.

Nearly 1/3 of the sample does not have an extent of their spiral matching one
of the 4 main cases. This may be due to special morphological features which
introduced erroneous estimates of the radii. Also the procedure for generating
synthetic rotation curves may not be valid for all galaxies.
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Abstract We study the linear dynamics of spiral density wave packets (localized both in
physical and wavenumber planes) in gaseous disks by the shearing sheet ap-
proximation using nonmodal approach combined with numerical calculations.
The dynamics is determined by the disk flow non-normality and is well compre-
hended not in the physical, but in the wavenumber plane. Consequently, we do
not use the classical characteristics of spectral analysis – corotation, Lindblad
resonance – for the comprehension.

Keywords: galaxies: kinematics and dynamics - galaxies: spiral - galaxies: ISM

Introduction

The wave theory of spiral structure of galaxies with the rare exception is
developed on the basis of the spectral/modal theory of hydrodynamic stabil-
ity. The very exception represents works (Goldreich & Lynden-Bell 1965;
Goldreich & Tremaine 1978; Nakagawa & Sekiya 1992) using so-called non-

modal approach. The advantage of this approach became even more obvious
in the 1990s after the recognition by the hydrodynamic community of the im-
perfection of canonical/modal analysis in the study of smooth shear flows (see
Reddy, Schmidt & Hennington 1993, and references therein). This imperfec-
tion is connected to the non-normality of the linear eigenvalue problem. The
latter is the basis of transient extraction of the background shear flow energy
by perturbations despite the exponential stability of all the normal modes of
a system (Reddy & Hennington 1993). This transient growth of perturbations
is well described by the nonmodal approach. Due to this it has become ex-
tensively used in recent years (see Criminale & Drazin 1990, and references
therein). This approach is highly productive when accompanied by numerical
calculations.

Following this path we apply the nonmodal approach in combination with
numerical calculations to the study of the dynamics of localized (both in
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wave-number and in ordinary planes) packets of spiral density waves in gaseous
galactic disks, since disks of this kind represent an example of shear flows. The
packet dynamics is determined by the disk flow non-normality. Therefore, we
comprehend the dynamics in terms of the nonmodal approach in the wavenum-
ber plane. We present just one complex demonstrative picture that is difficult
to understand by means of the classical characteristics of the spectral analysis,
e.g. corotation and Lindblad resonances. An extensive investigation of the lin-
ear dynamics for different values of the system parameters will be presented
elsewhere.

1. Physical Model and Nonmodal Approach

Our model of study is a thin differentially rotating gas sheet whose un-
perturbed two-dimensional pressure P0 and surface density Σ0 are taken to
be homogeneous. Adopting the shearing sheet approximation we write the
linearized Euler and continuity perturbation equations in the local co-moving
Cartesian coordinate frame (x, y) (Goldreich & Lynden-Bell 1965; Goldreich
& Tremaine 1978):

Du

Dt
− 2Ωpv = −∂χ

∂x
,

Dv

Dt
+ 2Bu = −∂χ

∂y
,

Dσ

Dt
+ Σ0

(

∂u

∂x
+

∂v

∂y

)

= 0,

where D/Dt = ∂/∂t + 2Ax∂/∂y, χ = c2
sσ/Σ0 + ψ, c2

s is the sound speed.
All other notations are the same as in Goldreich & Tremaine (1978). In our
case A < 0 and Ωp > 0. This set of equations is completed by Poisson’s
equation:

(

∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2

)

ψ = 4πGσδ(z).

Following the standard method of nonmodal analysis we introduce the spa-
tial Fourier harmonics (SFH) of perturbations with a time dependent phase
(Bodo et al. 2005):

F (r, t) ∼ F (kx(t), ky, t) exp[ikx(t)x + ikyy]; kx(t) ≡ kx − 2Akyt.

where F ≡ (u, v, p, σ, ψ). The stream cross/radial wavenumber varies at a
constant rate. One can say that in the linear approximation SFH “drifts” along
the kx axis in k-plane (wavenumber plane).

For the further analysis it is convenient to use the non-dimensional quanti-
ties (henceforth, we omit the hats): tκ ≡ τ, Ky ≡ csky/κ, K(τ) = [K2

x(τ) +

K2
y ]1/2 ≡ csk(t)/κ, Ω̂p ≡ Ωp/κ, Â ≡ A/κ, B̂ ≡ B/κ, 1/Q ≡

πGΣ0/csκ, û ≡ u/cs, v̂ ≡ v/cs, σ̂ ≡ σ/Σ0, ψ̂ ≡ ψ/c2
s , where Q is

the local Toomre’s parameter. To demonstrate our results most clearly we take
marginally stable disks (Q = 1). Of course, stable/unstable disks can be con-
sidered in a similar manner. In our presentation A = −0.75, B = 0.25,
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Figure 1. Stable and unstable (shaded) regions in K-plane for Ky > 0. The role of the shear
(A) is significant: contrary to the case A = 0, when ω2 > 0 at all K except for K2

x + K2
y = 1,

shear leads to the appearance of the wide unstable regions and there remains only the narrow
central stable region at small Ky . The arrows 1 → 2 → 3 → 4 → 5 → 6 → indicate the drift
of the considered SFH situated initially at the point 1.

Ωp = 1. Such a situation is realized, for example, in our Galaxy at distances
greater than 16 kpc from the galactic center.

The considered system admits two types of solutions/modes (Goldreich &
Lynden-Bell 1965; Goldreich & Tremaine 1978): vortex and (spiral density)
wave. We confine ourselves to the latter one. In order to carry out this analysis
we derive a single second order differential equation for ψ(Kx(τ), Ky, τ) that
applies only to the wave mode SFH (Goldreich & Tremaine 1978):

ψ′′(τ) + ω2(Kx(τ), Ky)ψ(τ) = 0,

ω2(Kx(τ), Ky) = K2(τ) − 2

Q
K(τ) + 1 + 12A2

K4
y

K4(τ)
+ 8ΩpA

K2
y

K2(τ)
.

The dynamics of the wave SFH is mainly determined by the sign and value
of ω2(Kx(τ), Ky). We define stable (where ω2 > 0) and unstable (where
ω2 < 0) regions in K-plane. This regions for Ky > 0 are presented in Fig. 1.

2. Packet Dynamics

Now we present the results of the numerical study of the dynamics of local-
ized both in physical and wavenumber planes packets of spiral density waves.
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We perform numerical calculations in K-plane for each SFH and then by means
of inverse Fourier transform find the location and appearance of a packet as it
evolves with time. For the surface density perturbations in K-plane at the initial
moment of time we take the following form:

σ(Kx, Ky, 0) =

= ǫpe
−iKxx0−iKyy0

(

e
−

(

Kx−Kx0
∆Kx

)2
−

(

Ky−Ky0
∆Ky

)2

+ e
−

(

Kx+Kx0
∆Kx

)2
−

(

Ky+Ky0
∆Ky

)2
)

This packet consists of two oval shaped localization areas in wavenumber plane
with sizes defined by ∆Kx and ∆Ky and centers situated at (Kx0, Ky0) and
(−Kx0,−Ky0). The quantities x0 and y0 specify the initial position of the
packet in physical plane. ǫp is the amplitude of the perturbation (In the pre-
sented simulations ǫp = 0.1, Kx0 = −4, Ky0 = 0.04, ∆Kx = 0.14, ∆Ky =
0.00316). We can express SFH of other perturbed quantities u, v, ψ by
σ(Kx, Ky, 0) assuming that only waves with the negative frequency are con-
sidered at the initial moment (Nakagawa & Sekiya 1992).

In the following we examine the peculiarities of a localized packet origi-
nally composed of short leading (with Kx(0)/Ky < 0) waves, since a packet
of short trailing (with Kx(0)/Ky > 0) waves has quite simple and predictable
dynamics – it propagates without splitting and its group velocity never changes
sign. By our choice the initial group velocity of the packet is directed to-
wards the galactic center. We use the quantity E(x, y, τ) = [u2(x, y, τ) +
v2(x, y, τ) + σ2(x, y, τ)]/2, called the packet energy density, as a measure
of the packet intensity. The dynamics of E(x, y, τ) in the considered case is
followed in Fig. 2. In our calculations the initial short leading wave packet’s
Fourier transform (PFT) (more precisely Fourier transform of the packet en-
ergy density) is characterized by Ky0±∆Ky < Ky in = 0.125. For simplicity
in the following we describe/trace the PFT dynamics in the upper (Ky > 0)
part of K-plane as it crosses different, relative to the ω2 = 0 curve, regions of
the upper K-plane.

In the beginning the packet in physical r-plane propagates towards the galac-
tic center as a whole. In order to get into the physics of the subsequent evo-
lution we further refer to Fig. 1, because the PFT moves/drifts (as Kx(τ) ≡
Kx − 2AKy(τ)) along the Kx axis alongside the propagation of the packet
in r-plane (see 1 → 2 → 3 → 4 → 5 → 6 →). As we will see below, the

peculiarities of the dynamics in physical plane stem from this "drift" of PFT

in K- plane. During the linear drift PFT crosses two unstable regions (where
ω2 < 0) and one intermediate stable region (where ω2 > 0) in K-plane. At
the time when the PFT enters the first unstable region in K-plane (point 2 in
Fig. 1, where ω2 first becomes negative) the packet gradually stops in physical
plane, since the group velocity becomes zero as ω2 < 0. From this moment
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Figure 2. Evolution of the packet energy density E(x, y, τ) (shaded)in r-plane for the various
values of τ : τ = 0, 46, 63, 87, 130. In the beginning the packet propagates as a whole, then
in r-plane splits into two parts as its FT enters the intermediate stable region and then these two
parts join when PFT leaves this region. After that the packet splits again when PFT moves into
another stable region throughout which ω2 is positive. Movies of the above dynamics can be
viewed at http://www.mamacashvili.pochta.ru

the first amplification of the packet energy takes place. Then PFT leaves this
area (point 3) and the first act of over-reflection occurs. After this PFT starts to
cross the relatively long intermediate stable region where ω2 > 0. The cross-
ing takes quite a long time, as the drift velocity (that is equal to 1.5Ky) is small
at small Ky. Kx(τ) of each SFH decreases here and constituent waves become
long leading. The initial incident PFT is made up of SFHs with just negative
frequency, but now there appear also SFHs with positive frequency. This fact
is reflected in the splitting of the packet into two parts in physical plane. These
two split fragments of the enhanced packet propagate along different trajecto-
ries as they consist of SFH with opposite signs of frequency. They move away
from each other (τ = 63 in Fig. 2). This intermediate stable region contains
point Kx = 0, therefore constituent waves of each split packet change from
long leading to long trailing (Kx(τ)/Ky > 0) after crossing the line Kx = 0
(point 4). As a result, at the same time both split parts change the sign of their
group velocity, begin to near each other and merge (τ = 87). The merger hap-
pens when PFT enters the second unstable region of wavenumber plane (point
5). However, this merger is temporal, it lasts until PFT is in the unstable re-
gion. The resultant packet stops in physical plane until PFT leaves this region.
At this time an amplification of the packet energy happens again. On leaving
the unstable region (point 6) PFT finally gets into the region with ω2 > 0 and
never leaves it. I.e., on leaving the unstable region the second final act of the
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over-reflection happens: the packet splits again (τ = 130) in r-plane and two
split parts never merge. As in the first case the splitting is related to the pres-
ence of SFHs with positive and negative signs of frequency in the PFT. Now
the split parts are composed of short trailing waves and have different group
velocities.

3. Summary

We have presented the peculiarities of the dynamics of a localized packet
of spiral density waves using the nonmodal approach combined with numeri-
cal calculations. From the performed analysis it is obvious that the transient
growth of the wave perturbations – a manifestation of the non-normality of
the differentially rotating flow systems – determines the energetic (amplifica-
tion) and spatial (splitting) characteristics of the wave packet dynamics. We
can judge about the subsequent behavior of the packet from the analysis of its
Fourier transform in the wavenumber plane. The main purpose of our study has
been to gain a better insight into the dynamics of density waves so important
for the spiral structure of galaxies.
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Abstract We model accretion histories of 11 Milky-Way size dark matter halos set within
an LCDM context and focus on the accreted dwarfs that survive until z = 0
as dwarf satellites (∼ 120 satellites in all). We evolve each galaxy as a two-
component system (dark matter + stars) using a basis-function expansion code
with 105 particles per satellite. In agreement with previous results, we show
that the dark matter halos of satellites evolve rapidly and continuously after
accretion. However, the stellar material is much more resistant to tidal strip-
ping and experiences more complicated evolution. The circular velocity profiles
(V 2 ≡ GM(r)/r) of orbiting satellites decrease in normalization as a function
of time, but maintain a roughly constant central slope, V ∝ r0.5. The outer
parts of halos are stripped more rapidly than the inner parts such that the max-
imum circular velocity Vmax decreases more slowly than the radius where the
circular velocity peaks, rmax. This means that subhalos become less dense but
more concentrated at fixed Vmax than halos in the field and that dwarfs of fixed
stellar velocity dispersion inhabit less massive subhalos than might naively be
expected. Moreover, the central stellar velocity dispersion of satellites, σ∗, often
remains quite stable even as the dark matter velocity dispersion decreases. As
a result, the ratio of Vmax/σ∗ is always larger before accretion than at z = 0.
In addition, the stellar surface brightness distributions physically expand with
time. Their half-light radii often grow by a factor of ∼ 2 or more without any
associated stellar mass loss. This result may be important for explaining the
observed size difference between the dwarf galaxy populations of M31 and the
Milky Way: the M31 dwarfs are bigger by a factor of ∼ 2 because their halos
have been more significantly stripped, perhaps because they were accreted ∼ 4
Gyr earlier than the Milky Way’s population.

Keywords: Local Group - galaxies: general - galaxies: dwarf - galaxies: fundamental para-
meters - galaxies: structure - galaxies: interactions

227

C© 2007 Springer.

R. S. de Jong, Island Universes, 227–238.



228 ISLAND UNIVERSES

Introduction

Galaxies accreted onto larger dark matter halos are expected to experience
significant tidal interactions and mass loss. The evolution of dwarf galaxy
halos within host halos of Milky-Way size objects are especially important
for interpreting the the abundances of dwarf galaxies in the Local Group and
for predictions related to gravitational lensing by substructure (Zentner and
Bullock 2003; Metcalf 2005 and references therein). The evolution of stellar

material within those subhalos is of related interest. Indeed quantifying how
stars are expected to deviate in their evolution compared to the dark matter
may be essential for interpreting an array of dwarf galaxy observations (e.g.,
McConnachie and Irwin (2006) and references therein).

In this work we use a set of idealized N-body simulations set within the stan-
dard LCDM cosmology. We use cosmologically determined merger histories
for 11 Milky Way size halos to investigate the expected evolutionary history of
dwarf satellite galaxies. The methods we use follow those outlined in Bullock
and Johnston (2005) (BJ05, hereafter), where we focused on accreted satellites
that were destroyed to form the stellar halo. Here we focus on the minority of
accretion events that survive until z = 0 as satellites.

1. Simulations

We set the mass accretion and satellite accretion histories of our host ha-
los using Extended-Press-Schechter (Lacey and Cole 1993) and employ the
merger tree algorithm proposed by Somerville and Kolatt (1999). We demand
that the hosts at z = 0 have a mass of 1.4 × 1012M⊙. The merger tree pro-
vides an account of how the mass of the host halo varies with time, and we use
the results of Wechsler et al. (2002) to track the evolution of its density profile
and corresponding gravitational potential. The luminosities of each accreted
system are set using a semi-analytic method described in BJ05, which includes
the effects of cosmological reionization (Bullock et al. 2000) and inefficient
star formation in dwarf galaxies in order to solve the dwarf satellite problem
(Klypin et al. 1999). Our models match the luminosity function of surviving
dwarf galaxies and the total mass of the stellar halo today. No dark matter
halos with initial maximum circular velocities Vmax < 15km s−1 host dwarf
galaxies because of the effects of reionization.

For each luminous accretion event we run a high-resolution N-body simu-
lation that tracks the evolution of the dark matter component of a satellite dis-
rupting within an analytic, time-dependent, parent galaxy + host halo potential
(see BJ05). The dark matter is initialized as an NFW density profile using
the appropriate concentration parameter for the epoch of accretion (Bullock
et al. 2001) and an NFW phase-space distribution (see also Kazantzidis et al.
2004). We use our model stellar mass for each satellite to assign a King density
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Figure 1. Example evolution for one of our surviving satellite galaxies accreted onto its
Milky-Way size host 4 Gyr ago. Left: The dark matter velocity dispersion profile is shown in
the top panel and the total circular velocity profile is shown on the bottom. The solid lines depict
the satellite before accretion and dashed lines show the satellite at z = 0. Right: The stellar

velocity dispersion (top) and surface brightness profile (bottom) for the same satellite before
accretion (solid) and at z = 0 (dashed). Note that its stellar velocity dispersion has evolved
much less than its dark matter velocity dispersion. Dark matter is preferentially stripped, while
the more tightly bound stellar particles have expanded nearly isothermally.

profile and we “tag” stellar particles by assigning a variable mass-to-light ratio
to each particle based on its initialized energy. This method allows us to track
the evolution of mass weighted and luminosity weighted particles separately.
When we use the term “stellar” below we are referring to luminosity-weighted
measurements. The results we present below include all of the surviving satel-
lites with more than 3000 particles at z = 0 for the 11 halo accretion histories
presented in BJ05.
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2. Results

Before presenting results for our full population of model satellite galaxies
we illustrate these trends using an example accretion event. Figure 1 shows
the evolution of the dark matter and stellar matter distributions for one of our
surviving satellites. This particular satellite was accreted at a lookback time of
4 Gyr and is a member of “Halo 1” as described in BJ05. The upper left panel
shows the initial (solid) and final (dashed) projected velocity dispersion pro-
file (as seen from the “Galactic center” of the “Milky Way” host). The lower
left panel shows the circular velocity profile, V (r) ≡

√

GM(r)/r, before ac-
cretion (solid) and at z = 0 (dashed). The initial (solid) and final (dashed)
projected velocity dispersion profiles of the stars for this satellite are shown in
the upper right panel along with the initial and final projected surface bright-
ness profiles in the lower right panel.

Observe that while the central velocity dispersion of the dark matter has de-
creased by ∼ 30% since accretion, the stellar velocity dispersion has shown
very little evolution. This is because the highest energy (fastest moving) dark
matter particles are preferentially stripped, while the lower energy (more slowly
moving) star particles remain bound. The unstripped stars now feel a more
shallow potential well and expand as a result (nearly self-similarly, as seen in
the lower right panel of Figure 1). We also point out that the circular velocity
profile (bottom left) is most significantly affected in the outer parts: the radius
where the rotation curve peaks, rmax has decreased by a factor of ∼ 2, while
the value of the maximum rotation velocity Vmax itself has decreased by only
∼ 20%. The slope of the inner velocity curve remains unchanged from that in
the initial halo, V (r) ∝ r0.5. We find the same result for the inner slopes in
all of our accreted satellites, for a range of masses, as long as the halo particle
number remains greater than 3000 (at which point numerical effects become
important, as we conclude base on convergence studies). We note that this re-
sult on inner halo slopes and the result on the evolution of rmax and Vmax agree
with the results of Kazantzidis et al. (2004).

We now illustrate how these trends manifest themselves within the larger
population of satellites.

Dark Halo Evolution

Figure 2 shows the relationship between Vmax and rmax for all of our surviv-
ing satellites before accretion (open circles) and at z = 0 (solid circles). The
line running through the open points reflects the mean relationship expected
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Figure 2. Open circles show the radius of the maximum rotation velocity, rmax versus the
maximum rotation velocity Vmax for our ensemble of (“field”) dwarf galaxies before they were
accreted onto the host halo. These points include only those systems that survive until z = 0
without being destroyed. Solid circles show the same satellites at z = 0, after each dwarf had
undergone significant orbital evolution. The lines show power-law relations rmax ∝ V 1.35

max . The
line fitting the z = 0 subhalo points has a normalization lower by a factor of 1.4 compared to
the field dwarf line.

for “field” halos of this size, rmax ∝ V 1.35
max , from Bullock et al. (2001)1. Our

initial satellites fall on this line by design. The line characterizing the z = 0

1The predicted evolution in NFW concentration at fixed mass tends to counter-act the redshift evolution in
virial velocity at fixed mass in such a way that the Vmax − rmax relation is roughly invariant with redshift
(Bullock et al. 2001).
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Figure 3. Left: The ratio of final to initial maximum circular velocity (Vmax/V 0
max) is plotted

along the horizontal axis and the ratio of final to initial radius of maximum circular velocity is
plotted along the vertical axis (rmax/r0

max). Right: Large filled circles show the ratio of final
to initial maximum circular velocity (Vmax/V 0

max) as a function of final to initial halo mass
(M/M0) for our ensemble of surviving satellites. The small dots show simulation data provided
by A. Kravtsov from Kravtsov et al. (2004) which rely on full cosmological simulations with
fewer particles per halo than our own idealized simulations.

subhalos has the same slope but is a factor of 1.4 lower at fixed Vmax. In this
sense the subhalo distribution is more concentrated than the initial (field) distri-
bution of halos. Interestingly, this is consistent with the conclusion of Bullock
et al. (2001) who used cosmological simulations to investigate the difference
between field halo and subhalo concentrations.

The left panel of Figure 3 shows a more detailed view of the evolution of
the Vmax-rmax relation. Here we plot the ratio of final to initial rmax as a
function of final-to-initial Vmax for all of our surviving satellites. We sample a
range of Vmax/V 0

max ratios, which we can think of as an evolutionary sequence
from very little orbital evolution (upper right corner of the figure) to significant
orbital evolution (lower left corner). We see that Vmax evolves significantly
only after the outer part of the rotation curve is truncated by tidal stripping.

In the right panel of Figure 3 the large solid circles show the final-to-initial
Vmax ratio as a function of final-to-initial bound mass, M for our surviv-
ing satellites. Here we see a result quite similar to that reported by Hayashi
et al. (2003), Kazantzidis et al. (2004), and Kravtsov et al. (2004): the maxi-
mum circular velocity tends to decrease with stripped mass as Vmax ∝ M1/3

(straight line). One difference is that we find that some initial mass loss occurs
without any significant reduction in halo Vmax. For (M/M0)>

∼ 0.5, we find
Vmax remains relatively constant, while for (M/M0)<

∼ 0.5 the standard scal-
ing (Vmax ∝ M1/3) occurs. This may be related to the fact that we sample
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Figure 4. Left: Histogram of the ratio of satellite halo Vmax to central stellar velocity disper-
sion σ∗ for satellites before accretion (solid) and as subhalos at z = 0 (dashed). For reference
the characteristic ratios of halo Vmax to central dark matter velocity dispersions are indicated by
the arrows. Note that dwarfs evolve in such a way that the mapping between σ∗ and Vmax was
always larger before accretion. Right: Stellar velocity dispersion of z = 0 dwarfs as a function
of central dark matter velocity dispersion, both normalized by the central stellar velocity dis-
persion that each satellite had before accretion (σ0

∗). Arrows indicate a qualitative evolutionary
trend: the stellar velocity dispersion remains roughly constant until the dark matter is stripped
to a point where σDM

<
∼

1.5σ0
∗, after which the stellar material is stripped along with the dark

matter.

finer stepping in orbital evolution than some of the previous authors. For com-
parison, the small dots in the right panel of Figure 3 reproduce the results of
Kravtsov et al. (2004), who used cosmological simulations to investigate the
same phenomena. The results are broadly in agreement, although the cosmo-
logical simulation results show significantly more scatter. It is possible that the
limited particle number in those simulations is responsible for the increased
scatter. It is also possible that the idealized nature of our work produces a
smaller scatter than would otherwise be expected.

Evolution of the Stellar Component

As discussed in conjunction with Figure 1, the stellar material in accreted
dwarfs is more tightly bound than the dark matter and (even at a fixed radius)
samples a different distribution function. For example, the central projected
stellar velocity dispersions, σ∗ of our model dwarf galaxies remain quite stable
even as the dark matter is stripped. This effect is illustrated in Figure 4 where
the left panel shows the histogram of the ratio of Vmax/σ∗ for satellite halos
before accretion (solid) and at z = 0 (dashed). Note that because the total
mass (represented by Vmax) tends decrease more quickly than than σ∗, the
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Figure 5. Left: The ratio of projected half-light radius at z = 0 to projected half-light
radius before accretion (r∗/r0

∗) as a function of the lookback time to each satellites accretion.
Right: Projected half-light radius (r∗) of dwarf galaxies for one of our halo realizations before
accretion (open) and at z = 0 (solid) as a function of satellite luminosity. Note that the stellar
distributions expand significantly without significant stellar mass loss.

ratio (Vmax/σ∗) is always larger before accretion than at the current epoch. We
expect this trend to be true regardless of the galaxy formation scenario adopted.
Indeed, in our models the stellar velocity dispersion start off much smaller than
the central dark matter velocity dispersions (solid arrow) and the halos evolve
to bring the stellar and dark matter velocity dispersions towards similar values
(dashed arrow).

The velocity dispersion of the dark matter falls monotonically as the satel-
lites evolve and mass is stripped. The right panel of Figure 4 shows the final

central stellar velocity dispersion of our satellite galaxies in units of their ini-

tial stellar velocity dispersion, σ∗/σ0
∗ , plotted as a function of the central dark

matter velocity dispersion in the same units, σDM/σ0
∗ . The arrows guide the

following qualitative interpretation: the stellar velocity dispersion remains rel-
atively constant until stripping reduces the dark matter velocity dispersion to
σDM

<
∼ 1.5σ∗. After this, the stellar material becomes stripped along with the

dark matter.
If dark matter mass loss occurs while the stellar velocity dispersion remains

relatively constant, a natural expectation is that the radial distribution of stellar
material will expand. The left panel of Figure 5 illustrates that this is indeed the
case. Here we plot the ratio of the projected half-light radius, r∗, to the initial
half-light, r0

∗, as a function of the lookback time of each satellite’s accretion.
We see the general trend that more evolved satellites (larger lookback time to
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accretion) tend to have larger half-light radii. In some cases, the satellites have
expanded by more than a factor of ∼ 2.

The predicted expansion of our dwarf satellites is quite interesting in light
of the work of McConnachie and Irwin (2006) who showed that the dwarf
satellites of M31 have scale radii that are at least a factor of 2 bigger at fixed
magnitude compared to the population of the Milky Way. In the right panel of
Figure 5 we show that such a trend may result from the physical processes just
described. Here we show r∗ as a function of satellite luminosity, L∗ for one
of our Milky-Way size halos (Halo 2 from JB05). The solid points reflect our
satellite galaxies at z = 0 and the open points show the same galaxies before
accretion. It is clear from this figure that the systems have expanded with-

out significant stellar mass loss. This result, in conjunction with evolutionary
trends highlighted in the left hand panel of Figure 5 suggest that the satellites
of M31 may have been accreted much earlier ( >

∼ 4 Gyr) than those of the Milky
Way. Indeed, any set of physical processes which would have increased the
likelihood of their halos to be stripped of material would cause this kind of
expansion. If the phenomena we describe is indeed the cause of the mismatch,
one prediction is that the relation between luminosity and stellar velocity dis-
persion should be nearly identical between the satellites of M31 and the Milky
Way, even though the size - luminosity relation is different.

3. Discussion

Our main results may be summarized as follows:

Upon accretion into larger dark matter halos, satellite galaxy halos evolve
in such a way that they become smaller (less massive) but more concen-

trated with time: for a fixed maximum circular velocity Vmax, the radius
where the rotation curve peaks decreases by ∼ 40% compared to the
“field” relation.

As satellite halos evolve and lose mass within their background poten-
tials, the slope of their inner rotation curves remain relatively constant,
V (r) ∝ r0.5 for an initial NFW halo.

Stellar velocity dispersions in accreted dwarfs remain roughly constant
for the first several Gyr even while the dark matter mass decreases. Only
when tidal stripping reduces the dark matter velocity dispersion to a
value similar to that of the initial stellar velocity dispersion do stars be-
gin to be lost. The result is that the ratio (Vmax/σ∗) is always larger
before accretion than it is at z = 0.

The surface brightness profiles in accreted dwarf galaxies tend to expand
as their dark matter halos are stripped. In many cases z = 0 satellites
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will have expanded by a factor of ∼ 2 or more from their “original” size
(prior to accretion).

Recent indications that the dwarf satellites of M31 are a factor of ∼ 2
larger than the dwarf population of the Milky Way (McConnachie and
Irwin 2006) may be explained by the tendency for dwarf galaxies to ex-
pand during their orbital evolution. Our results suggest that the M31
dwarfs are more significantly affected by their tidal environment, per-
haps because they were accreted, on average, much earlier than the dwarf
satellites around the Galaxy.

Our results regarding the evolution of the dark matter halos of dwarf galax-
ies are qualitatively in line with those of Kazantzidis et al. (2004), however our
results rely on a much larger number of simulated systems whose initial condi-
tions (orbits, accretion times, NFW concentrations) were set by cosmological
expectations for the merger histories of Milky Way type halos.

Indeed, understanding the LCDM expectation for the shape of subhalo cir-
cular velocity curves is essential for interpreting the mismatch between the
predicted velocity function of subhalos and the inferred number of dwarf satel-
lites (Klypin et al. 1999; Moore et al. 1999). In order reasonably compare
the number of dwarf galaxies observed to the predicted velocity function, one
must infer each dwarf satellite’s subhalo Vmax using the observed stellar cen-
tral velocity dispersion σ∗. This mapping depends sensitively on the precise
shape of each satellite’s rotation velocity curve. If a dwarf galaxy sits in a dark
halo with a very slowly rising rotation curve then the multiplicative factor that
converts σ∗ to Vmax can be quite large (see Zentner and Bullock 2003 and ref-
erences therein). Stoehr et al. (2002) have suggested that substructure halos
experience significant mass redistribution in their centers as a result of tidal in-
teractions and that they are therefore less concentrated than comparable halos
in the field. They argue that when this is taken into account, the dwarf satellite
problem may be explained by a sudden onset of “dark” halos at a fixed current

Vmax value. Our results suggest that this is incorrect. The rotation curves of
subhalos retain their initial central slope and they peak at a smaller radius than
do halos in the field (for fixed Vmax). This implies that the multiplicative factor
that converts an observed σ∗ to a halo Vmax should be smaller than otherwise
expected. Indeed these conclusions are in line with those of Kazantzidis et al.
(2004).

Whatever one believes the current ratio of (Vmax/σ∗) is, our results on
the evolution of stellar material in an orbiting subhalo suggest that this ra-
tio must have been larger in the past. If one believes, for example, that Draco
(σ∗ ≃ 9km s−1) sits in a fairly massive dark matter halo today (e.g., Vmax ≃
35km s−1, from Stoehr et al. 2002) then it is quite likely that it formed and was
accreted within an even more massive dark matter halo (Vmax ≃ 70km s−1?).
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In this case one might argue that this makes the “dwarf satellite problem” even
worse, because now one must explain why this fairly substantial halo has re-
tained only <

∼ 1% of its baryons, while a similarly sized system, the LMC,
seems to have retained a fairly large fraction of its baryons in comparison.
Kravtsov et al. (2004) have explored the role of interactions in explaining the
abundances of dwarf satellite galaxies in a related context. Including the ex-
pected evolution of of stellar material in this analysis may prove to be an im-
portant step in future work on the issue, especially in any attempt to identify
“fossils of reionization” as discussed by Gnedin and Kravtsov (2006).
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Abstract Many clues about the galaxy assembly process lurk in the faint outer regions of
galaxies. The low surface brightnesses of these parts pose a significant challenge
for studies of diffuse light, and few robust constraints on galaxy formation mod-
els have been derived to date from this technique. Our group has pioneered the
use of extremely wide-area star counts to quantitatively address the large-scale
structure and stellar content of galaxies at very faint light levels. We highlight
here some results from our imaging and spectroscopic surveys of M31 and M33.

Keywords: galaxies: halos - galaxies: stellar content - galaxies: structure -

1. Introduction

The study of galaxy outskirts has become increasingly important in recent
years. From a theoretical perspective, it has been realised that many impor-
tant clues about the galaxy assembly process should lie buried in these parts.
Cosmological simulations of disk galaxy formation have now been carried out
by several groups and have led to testable predictions for the large-scale struc-
ture and stellar content at large radii – for example, the abundance and nature
of stellar substructure (e.g., Bullock & Johnston 2005, Font et al. 2005), the
ubiquity, structure and content of stellar halos and thick disks (e.g., Abadi et
al. 2005, Governato et al. 2004, Brook et al. 2005) and the age distribution of
stars in the outer regions of thin disks (e.g., Abadi et al. 2003).

Bullock & Johnston (2005) find that Milky Way-like galaxies will have ac-
creted 100-200 luminous satellites during the last 12 Gyr and that the
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signatures of this process should be readily visible at surface brightnesses of
V ∼ 30 magnitudes per square arcsec and lower. Although traditional sur-
face photometry at such levels (roughly 9 magnitudes below sky) remains
prohibitive, star count analyses of nearby galaxies have the potential to reach
these effective depths (e.g., Pritchet & van den Bergh 1994). The require-
ment of a large survey area (to provide a comprehensive view of the galaxy)
and moderate-depth imagery can now be achieved in a relatively straightfor-
ward manner using wide-field imaging cameras attached to medium-sized tele-
scopes.

2. The INT WFC Surveys of M31 and M33

In 2000, we began a program to map the outer regions of our nearest large
neighbour, M31, with the Wide-Field Camera equipped to the INT 2.5m. The
success of this program led us to extend our survey to M33 in the fall of 2002.
To date, more than 45 and 7 square degrees have been mapped around these
galaxies respectively. Our imagery reaches to V∼24.5 and i∼23.5 and thus
probes the top 3 magnitudes of the red giant branch (RGB) in each system. The
raw data are pipeline-processed in Cambridge and source catalogues are pro-
duced containing positions, magnitudes and shape parameters. The M31 sur-
vey currently contains more than 7 million sources, and the M33 survey more
than 1 million. Magnitude and colour cuts are applied to point-like sources in
order to isolate distinct stellar populations and generate surface density maps
(see Figure 1). The faint structures visible by eye in Figure 1 have effective
V-band surface brightnesses in the range 29-30 magnitudes per square arcsec.
Early versions of our M31 maps have been discussed in Ibata et al. (2001),
Ferguson et al. (2002) and Irwin et al. (2005).

Results for M31

The left-hand panel of Figure 1 shows the distribution of blue (i.e. presum-
ably more metal-poor) RGB stars in and around M31. A great deal of sub-
structure can be seen including the giant stream in the south-east, various over-
densities near both ends of the major axes, a diffuse extended structure in the
north-east and a loop of stars projected near NGC 205.

Origin of the Substructure: Do the substructures in M31 represent debris
from one or more satellite accretions, or are they simply the result of a warped
and/or disturbed outer disk? We are addressing these issues with deep ground-
based imagery from the INT and CFHT, Keck-10m spectroscopy and deep
HST/ACS colour-magnitude diagrams (CMDs). Our findings to date can be
summarized as follows:

M31 has at least 12 satellites lying within a projected radius of 200 kpc.
The bulk of these systems, the low-luminosity dwarf spheroidals, are
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Figure 1. INT/WFC RGB star count maps of M31 (left panel) and M33 (right panel).

unlikely to be associated with the stellar overdensities since their RGB
stars are much bluer than those of the substructure (Ferguson et al. 2002).

The combination of line-of-sight distances and radial velocities for stars
at various locations along the giant stellar stream constrains the progen-
itor orbit (e.g., McConnachie et al. 2003, Ibata et al. 2004). Currently-
favoured orbits do not connect the more luminous inner satellites (e.g.,
M32, NGC 205) to the stream in any simple way however this finding
leaves some remarkable coincidences (e.g., the projected alignment on
the sky, similar metallicities) yet unexplained.

Deep HST/ACS CMDs reaching well below the horizontal branch re-
veal different morphologies between most substructures in the outskirts
of M31 (Ferguson et al. 2005, see Figure 2). These variations reflect
differences in the mean age and/or metallicity of the constituent stellar
populations. Analysis is underway to determine whether multiple satel-
lite accretions are required, or whether consistency can be attained with
a single object which has experienced bursts of star formation as it has
orbited M31. The giant stream is linked to another stellar overdensity,
the NE shelf, on the basis of nearly identical CMD morphologies and
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Figure 2. HST/ACS Hess diagrams of six halo fields in M31. Clear differences are apparent
between most CMDs, indicating genuine stellar population variations between the substructures.

RGB luminosity functions; indeed, this coupling seems likely in view of
progenitor orbit calculations (e.g., Ibata et al. 2004).

Smooth Structure: The INT/WFC survey provides the first opportunity to
investigate the smooth underlying structure of M31 to unprecedented surface
brightnesses. We have used the dataset to map the minor axis profile from the
innermost regions to ∼> 55 kpc (Irwin et al. 2005). Figure 3 shows how the
combination of inner diffuse light photometry and outer star count data can
be used to trace the effective i-band surface brightness profile to ∼ 30 magni-
tudes per square arcsec. The profile shows an unexpected flattening (relative
to the inner R1/4 decline) at large radius, consistent with the presence of an
additional shallow power-law stellar component (index ≈ −2.3) in these parts.
This component may extend out as far as 150 kpc (Guhathakurta, this confer-
ence). Taken together with our knowledge of the Milky Way halo, this finding
supports the ubiquitous presence of power-law stellar halos around bright disk
galaxies (see also Zibetti et al. 2004, Zibetti & Ferguson 2004).
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Figure 3. Effective i-band surface brightness profiles for M31 (left) and M33 (right). The
inner points are derived from surface photometry and the outer ones from RGB star counts.
Overplotted are a de Vaucouleurs R1/4 law with re = 0.1 degrees (left panel) and an exponential
profile with r0 = 0.1 degrees (right panel).

The kinematics of M31’s outer regions are being probed with Keck DEIMOS
spectroscopy (e.g., Ibata et al. 2005). Two surprising results have emerged
from our program so far. Firstly, there is a high degree of rotational support
at large radius, extending well beyond the extent of M31’s bright optical disk.
Secondly, the overall coherence of this kinematic component is in striking con-
trast to its clumpy substructured appearance in the star count maps. Further
work is underway to understand the nature and origin of this rotating compo-
nent.

Results for M33

The right-hand panel of Figure 1 shows the RGB map of the low mass sys-
tem, M33. Although it has the same limiting absolute depth as the M31 map,
the stellar density distribution is extremely smooth and regular (Ferguson et
al. 2006, in preparation). To a limiting depth of ∼ 30 magnitudes per square
arcsec (readily visible by eye here), the outer regions of M33 display no ev-
idence for stellar substructure (c.f. the simulations of Bullock & Johnston
2005). Equally surprising, our analysis of the isophote shape as a function of
radius indicates no evidence for any twisting or asymmetries. M33 appears to
be a galaxy which has evolved in relative isolation.

The radial i-band profile of M33 has been quantified via azimuthally-aver-
aged photometry in elliptical annuli of fixed PA and inclination (Figure 3). The
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inner parts of the profile are constructed from diffuse light photometry, whereas
the outer regions are derived from RGB star counts. The luminosity profile dis-
plays an exponential decline out to ∼ 8 kpc (roughly 4.5 scalelengths) beyond
which it significantly steepens. This behaviour is reminiscent of the “disk trun-
cations” first pointed out by van der Kruit in the 80’s, but until now not seen
directly with resolved star counts. The steep outer component dominates the
M33 radial light profile out to at least 14 kpc and limits the contribution of any
shallow power-law stellar halo component in M33 to be no more than a few
percent of the disk luminosity (Ferguson et al. 2006, in preparation).

3. Future Work

Quantitative study of the faint outskirts of galaxies provides important in-
sight into the galaxy assembly process. The outskirts of our nearest spiral
galaxies, M31 and M33, exhibit intriguing differences in their large-scale struc-
ture and stellar content. While M31 appears to have formed in the expected
hierarchical fashion, M33 shows no obvious signatures of recent accretions.
Observations of the outer regions of additional galaxies are required to deter-
mine which of these behaviours is most typical of the general disk population.
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Abstract According to current structure formation scenarios, dwarf galaxies are the fun-
damental building blocks of galactic evolution. The surviving systems thereby
provide a unique laboratory for detailed study of the generic galactic assembly
process and the chemo-dynamical evolution of the low-mass end of the galaxy
distribution. In this proceedings, I will outline important differences in the chem-
istry of the stars in the dwarf satellite galaxies versus those of the stellar pop-
ulations in the Galaxy, and discuss some pros and cons of various formation
scenarios for the Galactic halo and thick disk.
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1. Introduction

How did the Galactic halo form? Is the outer halo filled with tidal streams
from disrupted dwarf galaxies that remain coherent in phase space? (e.g., Bul-
lock & Johnston 2005; Bullock et al. 2002; Font et al. 2001, 2005; Abadi et
al. 2005)

How did the Galactic thick and thin disks form? Is the thick or thin disk
a result of the merger of a dwarf galaxy (or a few dwarfs), particularly at in-
termediate epochs? (e.g., Abadi et al. 2003; Steinmetz et al. 2002; Navarro
et al. 2004a, 2004b; Robertson et al. 2005)

One observational constraint for Galaxy formation via dwarf accretions is
to determine the chemistry of the stars (especially. the old stars) in the Local
Group dwarf galaxies. We have compared stellar abundances in seven nearby
dSph systems to chemistry of nearby stars from various stellar populations in
the Galaxy (see Venn et al. 2004, and data references therein). These stellar
populations include the halo, thick disk, thin disk, and highly elliptical/extreme
retrograde orbit stars; see Fig. 1.
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Figure 1. Toomre diagram showing stellar identifications using kinematic probabilities from
velocity ellipsoids; thin disk (+), thick disk (empty triangles), halo (circles), highly elliptical
and extreme retrograde orbits (filled circles). Adapted from Venn et al. (2004).

2. Galactic Halo and Dwarf Galaxies

A comparison of the [alpha/Fe] ratios of stars in the nearby dSph galaxies
shows very little in common with similar metallicity stars in the Galactic halo
(see Fig. 2). The alpha-elements are considered an average of the magnesium,
calcium, and titanium abundances; all elements formed through alpha capture
in massive stars (either in the CO-burning cores, or alpha-rich interior zones).
The [alpha/Fe] ratio is important because it samples the relative contributions
of SN II/ (SN II + SN Ia) which depends on the star formation history, the
initial mass function, and also the retention of the SN products by the host
galaxy. Thus, for stars in the same metallicity range in the Galaxy and its
dwarf satellites, and with the same old ages, these stars do not have the same
[alpha/Fe] ratios.

One subset of Galactic halo stars, those on true retrograde orbits relative
to the 1 sigma Gaussian velocity distribution of the halo (V≤ –200 km/s) do
overlap the low [alpha/Fe]of the dSphs. However, this may be a coincidence
and represent small number statistics because high resolution spectroscopic
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Figure 2. [alpha/Fe] abundances for Galactic stars and those in seven nearby dSph galaxies
(large squares). The Galactic stellar populations are defined in Fig. 1. with additional metal-
poor stars without kinematics assigned to the halo. Adapted from Venn et al. (2004).

analyses provide other elemental abundance ratios (next paragraph) that do not
overlap as well.

The s- and r-process abundances are also sensitive to the star formation his-
tory in a galaxy. While there is ongoing debate on the number of r-processes,
their sites, and their precise yields, r-process enrichment is linked to massive
star evolution. Similarly, there is debate as to the s-process yields (particu-
larly how they vary with the metallicity of the progenitor star), however the
s-process enrichment is generally linked to intermediate mass stars through
nucleosynthesis in the AGB phase. Thus, determination of the s- and r-process
ratios is another unique way to fingerprint and ideally determine the conditions
in a host galaxy during the formation of the stars we now see as red giants.

Some s- and r-process ratios, e.g., [Ba/Fe], [Eu/Fe], are in very good agree-
ment between the Galactic halo stars and stars in the dSph galaxies. This
implies that their r-process contributions are similar. However, the [Y/Eu] and
[Ba/Y] ratios are not in good agreement. Yttrium, produced by the weak r-
process and in the s-process, is significantly underabundant in the dSph stars
(see Fig. 3). The s-process contribution to Y in the dSphs is probably due to
a larger fraction of contributions from metal-poor AGB stars. During the s-
process, if there is a lack of seed Fe atoms in a storm of neutrons, then it is
thought that they will continue to collect neutrons and overproduce the second
and/or third s-process peak elements (like Ba and Pb) at the expense of the first
s-process peak elements (like Y); e.g., Travaglio et al. (2003). To confirm that
the dSph have been enriched by metal-poor AGB stars requires determination
of the lead (Pb) abundance in the red giants; however, there are no Pb I transi-
tions available in our VLT UVES spectra (Shetrone et al. 2003). Nevertheless,
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Figure 3. A sample of r- and s-process abundance ratios. The [Ba/Y] in Galactic stars is
clearly offset from the values seen for most of the stars analysed in the dSph galaxies. Adapted
from Venn et al. (2004).

it is clear that the stars in the dSph do not resemble those of any kinematic
subset of stars in the Galactic halo.

3. Why are the dSph Stars Chemically Different from
those in the Galactic Halo?

Since the CDM model is very successful in explaining structure in the Uni-
verse, then how is it that the dwarf satellites around the Galaxy have stars with
unique chemistries from the Galactic halo?

LMC sized satellites dominate? One possibility is that larger dwarf galax-
ies (like the dIrr’s, or the LMC) dominated the formation of the Galaxy. In this
case, the chemistry of the old stars in the dIrrs needs to be determined. With
current equipment, the old red giants in the (more distant) dIrr’s in the Local
Group are too faint for high resolution spectroscopic analyses. Only stars in
the Magellanic Clouds are accessible. Analysis of ∼100 red giants in various
fields in the LMC is currently underway (e.g., Pompeia et al. 2005), with pre-
liminary results suggesting that the [alpha/Fe] ratios in these stars are low like
in the dSphs, even in the most metal-poor of the target stars. Also, the ratio of
the light s- and r-process elements again seem lower than similar stars in the
Galaxy.

Merging dominated at early epochs? A second possibility is that all of the
merging to form the Galaxy happened at very early epochs; before significant
star formation occurred in the dwarf galaxies. If so, then the oldest stars (pre-
sumably the most metal-poor stars) in the dSph galaxies should have similar
abundances. Our work on the Sculptor dSph may show some agreement (Hill
et al. 2005), with [alpha/Fe] ratios reaching the Galactic halo plateau values
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near metallicities of [Fe/H]= −1.8. It is not yet clear if other dSph galaxies
will show a similar pattern.

Surviving satellites different from protogalactic fragments? A third pos-
sibility is that the protogalactic fragments that formed the Galactic halo were
fundamentally different from the surviving dwarf galaxies that we see as the
nearby dSphs today. This is usually attributed to an environmental effect; that
the fragments that merged into the Galaxy were located deeper within the
Galactic potential, and therefore would have had a different SFH and chem-
ical evolution relative to the more isolated (surviving) dwarf galaxies that we
see today. The only way to address this question is to ascertain the effects of
environment on several of the star formation properties of dwarf galaxies (the
IMF, feedback, effects of outflows, etc); general questions that interest many
astronomers.

4. Galactic Thick Disk and Dwarf Galaxies

Chemically the thick disk of the Galaxy is unusual. Thick disk stars have
higher [alpha/Fe] ratios than thin disk stars at similar metallicities, and have
higher metallicities than most Galactic halo stars; see Fig. 2. This observa-
tional result is most compelling from the differential analyses (e.g., Bensby et
al. 2003; Reddy et al. 2003; Brewer & Carney 2005). This is an important ob-
servational constraint since it implies that the thick disk reached a fairly high
metallicity with ∼only SN II products. Thus, star formation had to be rapid so
that SNIa did not lower the [alpha/Fe] ratios by contributing only [Fe/H] (iron,
without alpha-elements).

While there are currently several excellent and improving N-body and semi-
analytical simulations to form the thick disk, there seems to be at least one sce-
nario that can be ruled out from the stellar chemical abundances. This would
be the scenario that the thick disk stars are the stellar remnant of the merger
of a dwarf galaxy, one like those currently analysed in the Local Group (i.e.,
dSphs, dIrrs, and the LMC), at intermediate epochs. Ancient mergers, or merg-
ers of dwarf galaxies unlike those currently examined (chemically) in the Local
Group, are not ruled out (e.g., Gilmore et al. 2002).

Examination of the estimated [alpha/Fe] ratios in Fig. 4 show that the thick
disk does not resemble the chemistry of the stars in the dSph galaxies (Shetrone
et al. 2001, 2003; Geisler et al. 2005, Bonifacio et al. 2004; Monaco et al. 2005),
nor the available and preliminary abundances in the LMC (Hill et al. 2000,
2004; Pompeia et al. 2005). Examination of young, massive stars in the more
distant and isolated dIrr galaxies also do not resemble the thick disk. This in-
cludes abundances from A-type supergiants in NGC 6822, WLM, and Sextans
A (Venn et al. 2001, 2003; Kaufer et al. 2004).
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Figure 4. Cartoon showing estimated [alpha/Fe] ratios for Galactic halo (solid line), thick
disk (dashed line), and thin disk (dotted line) stars. Also, the positions of the stars in seven
dSph galaxies, and estimated locations of stars and clusters in the LMC, the Sgr dwarf, and for
massive stars in the dIrr galaxies (see text for references).

The connections between the formation of the thick disk and that of the thin
disk are also unusual since stars in the thin disk have lower [alpha/Fe] ratios at
similar metallicities. While there are several models to explain this, a common
theme, and from a purely chemical view, is that the thick disk gas is diluted by
alpha-poor and iron-poor gas, e.g., more pristine, less chemically evolved gas,
and flattens into the thin disk with later star formation. If so, then to explain
the offset found in the differential analyses comparing thin and thick disk stars,
≥ 30% of the thin disk gas would need to be pristine.

5. Summary

The chemistry of stars in the Local Group dwarf galaxies has allowed us to
address questions related to the formation of the Milky Way. Stars in the Galac-
tic halo appear to be chemically distinct from the current data for stars in the
dwarfs. This suggests either that merging happened at very early epochs before
significant chemical evolution occurred in the dwarfs, or that the protogalactic
fragments were different from the remaining (surviving) dwarf galaxies, pos-
sibly due to their environment. Stars in the Galactic thick disk also appear to
be chemically distinct from those in the dwarf galaxies. This suggests that the
thick disk is not the stellar remnant of the merger of a dwarf galaxy at interme-
diate epochs, at least not a dwarf galaxy that had a similar chemical evolution
to any of those we currently see in the Local Group.
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THE OUTER DISKS OF GALAXIES:

“TO BE OR NOT TO BE TRUNCATED?”
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Abstract We have in recent years come to view the outer parts of galaxies as having vital
clues about their formation and evolution. Here, we would like to briefly present
our results from a complete sample of nearby, late-type, spiral galaxies, using
data from the SDSS survey, especially focused on the stellar light distribution in
the outer disk. Our study shows that only the minority of late-type galaxies show
a classical, exponential Freeman Type I profile down to the noise limit, whereas
the majority exhibit either downbending (stellar truncation as introduced 1979
by Piet van der Kruit) or upbending profiles.

Keywords: galaxies: structure - surveys

1. Historical Introduction

Why study outer disks? The structure of galactic disks is of fundamental
importance for observationally addressing the formation and evolution of spi-
ral galaxies. Especially the outer edges of disk galaxies are of interest, since
substructure, the so called fossil evidence, is expected to be imprinted by the
galaxy formation process. Recent formation and evolution scenarios suggest
for example that galaxies continue to grow from the accretion and tidal disrup-
tion of satellite companions.

What is their shape? The general shape of the surface brightness profile of
galactic disks is currently one of our favourite paradigms, namely a pure ex-
ponential disk. Its success is based solely on empirical evidence (albeit dating
back now nearly 50 years) and has in fact never been fully physically moti-
vated.

In view of the great variety of structures among spirals ... there is good evidence,
however, that at least in ordinary spirals the smoothed radial luminosity distrib-
ution is approximately exponential in the outer parts (de Vaucouleurs 1959)
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Eleven years later the nature of the disk was finally settled by Ken Freeman in
his 1970 paper.

Almost every disk-like galaxy with measured I(R) shows an exponential disk
... and its origin is certainly a significant cosmogonic problem. (Freeman 1970)

However, only nine years later Piet van den Kruit indicated that the exponential
nature does not hold to infinity, but

[..] at the edges of the disk the decrease in apparent surface brightness is exceed-
ingly steep. This sharp drop implies that galaxies do not retain their exponential
light distribution to such faint levels. (van der Kruit 1979)

This marked the detection of truncations at a safe distance of ∼ 4.5 times
the radial scalelength, so the paradigm of the exponential disk was not in real
danger at the time.

Where are they truncated? After van der Kruit and Searle’s seminal pa-
pers about the structure of galactic disks (e.g., van der Kruit & Searle 1981),
the matter of imperfectly exponential disks was rather ignored for some more
ten years, until Barteldrees & Dettmar (1994) confirmed their existence using
for the first time modern CCD equipment, but placed the cut-off closer to the
center, for some galaxies at a disturbing close < 3 times the scalelength.

Finally starting from the year 2000 several groups (e.g., Pohlen et al. 2000; de
Grijs et al. 2001; Florido et al. 2001; Kregel et al. 2002; Pohlen et al. 2002;
Erwin et al. 2005a) followed up the question of where the disks are truncated,
how the shape of the profile in the very outer parts looks like, and if all disks
have a truncation. For a recent review see Pohlen et al. (2004).

To keep a long story short our answer is that we know now that not all galaxies
are truncated, but those which are, are now believed to be truncated ’early’ (at
∼ 3h), often abruptly (but not completely) and the profiles are best described
as a broken exponential and so probably better called breaks than cut-offs. The
prototypical break is recently observed for M 33 by Ferguson et al. (2006) us-
ing the star-count method as an independent approach compared to the so far
purely surface photometric measurements. The currently favoured origin for
these breaks are global star-formation thresholds as described by Martin &
Kennicutt (2001) or Schaye (2004), although this does not explain the origin
of the material beyond the break (see Pohlen et al. 2004).

What next? What we still need is a complete census of the outer disk struc-
ture in the local universe extending the work done by Courteau (1996) and de
Jong (1996) including a detailed discussion of the light profile in the outer re-
gion to answer our famous question: “To be or not to be (truncated)?”. This
is now done and will be presented briefly here and later in detail in Pohlen &
Trujillo (2005, in prep.) for late-type galaxies and in Erwin et al. (2005b, in
prep.) for early-type galaxies.
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2. Sample

We used the LEDA online catalogue (the richest, most complete and up-to-
date catalogue with homogeneous parameters of galaxies for the largest avail-
able sample) to select our initial galaxy sample using the following selection
criteria: 2.99 < T < 8.49 (Sb-Sdm), log r25 < 0.301, vvir < 3250 km/s,
|b2| > 20◦, and Mabs < −18.4 B-mag. This leaves us with an unbiased,
volume limited sample of late-type, face-on (i <∼ 60 deg), nearby (local) disk
galaxies (avoiding the Milky Way). Our sample complements the CCD imag-
ing sample of ∼ 65 early-type SB0-SBb galaxies by Erwin et al. (2005b, in
prep.). The actual data we use for our present study come from the Sloan Digi-
tal Sky Survey (SDSS, data release 2) providing images of ∼ 15% (98/655) of
the galaxies in our original LEDA sample.

3. Results

SDSS profiles: To convince the reader, and first of all ourselves, that SDSS
images with a rather short exposure time of only ∼ 60s are indeed deep
enough to trace the outer disk, we compared for three galaxies the SDSS im-
ages with deep surface photometry. The deep data is presented in Pohlen et
al. (2002) and was obtained at the CAHA 2.2m telescope using CAFOS. The
total exposure time of these images is about 3 hours reaching reliably down
to µlim = 27.2 R-mag arcsec−2. As shown in Fig. 1 (for two of the galaxies)
the agreement is astonishingly good, allowing us to safely use SDSS images to
study the profile clearly beyond the break radius.

Figure 1. Comparison of the azimuthally averaged, radial surface brightness profiles from
SDSS images with much deeper imaging by Pohlen et al. (2002). The small, green squares are
produced by using the transformation to convert SDSS g′ and r′ into standard Johnson R-band
following Smith et al. (2002).
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Classification: We classify each galaxy profile by eye according to the fol-
lowing nomenclature. If there is no indication for any obvious break in the
profile the galaxy is classified as Type I following Freeman (1970). In the
same sense, galaxies showing a profile better described as a broken exponen-
tial with a clear break and a downbending, steeper outer region are defined here
as Type II:

Type II has I(R) < I0 exp(−αR) in an interval R1 < R < R2 not far from
the center. (Freeman 1970)

This definition includes the class of truncated galaxies shown by Pohlen et
al. (2002). Although “not far from the center” may suggest to exclude trun-
cated galaxies (where the break is at several radial scalelengths) from this class,
thus following quote allows us to generalise Ken’s definition:

It is worth pointing out that for the [...] galaxies in which the Type II character-
istic is most prominent [e.g. NGC 7793], the exponential disk begins outside the
main region of the spiral-arm activity. (Freeman 1970)

Finally, following Erwin et al. (2005a), galaxies showing a broken exponential
profile with a break, but followed by an upbending, shallower outer region, are
called Type III. Three proto-typical cases are shown in Fig. 2.

Frequencies and parameter distribution: The Type II class is split into
several sub classes (discussed in detail by Pohlen & Trujillo, 2005, in prep.)
but the majority, about 32.9% ± 5.1% of the total sample, are what we call
now classical truncations (Type CT), associated with those having a star for-
mation threshold origin. An equal amount of galaxies (also 32.9%) are in
fact anti-truncated and fall into the Type III class. Finally, only the minority
(15.3% ± 3.9%) of galaxies is barely consistent with being pure exponential
disks of Type I.
We find indications for a trend with Hubble Type: Early-type galaxies (Sb-Sc)
are more commonly Type III while Type CTs seem to be significantly more fre-
quent in later types. Counting the neighbouring galaxies around each galaxy
reveals the fact that Type III galaxies statistically prefer a high density, Type CT
galaxies a low density environment. However, this relation is far from being
clear-cut.
The break radius for galaxies with classical truncations, the ones discovered by
Piet van der Kruit in 1979, happens in the r′-band at Rbreak = 2.5± 0.6 hinner

ranging between 1.4 and 4.2. Since we can follow the profile of the Type I
galaxies down to ∼ 6 − 8 times their scalelength, they seem to be genuinely
untruncated galaxies.
While the scalelength varies with filter (being larger in g′ compared to r′) as
known before, we do not find a systematic difference for the break radius. We
do, however, find that the distribution of the surface brightness at the break ra-
dius (µbreak) for galaxies with a classical truncation is peaked around a mean
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Figure 2. The three main disk types: Type I, Type CT, and Type III (from top to bottom). Left
column: Azimuthally averaged, radial (in units of [′′]) SDSS surface brightness profiles in the
g′ and r′-band overlayed by r′-band exponential fits to the individual regions: single disk; inner
and outer disk. Right column: r′-band images with the break radius marked as a red ellipse.
The white ellipse for the first Type I galaxy corresponds to roughly the noise limit at ∼ 140′′.

value. Together with the absence of a relation between Rbreak/hinner and mass
(rotational velocity), this favours a star formation threshold scenario for its
origin.
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4. Stellar Disks Truncations at High-z

Pérez (2004, 2006) showed that it is possible to detect truncations even out
to high redshift (z∼1). So we carefully defined a complete sample of high
redshift galaxies (Trujillo & Pohlen, 2005) using the ACS data of the Hubble
Ultra Deep Field. From the final sample of 36 galaxies, 21 show truncations.
Now, using the position of the truncation as a direct estimator of the size of
the stellar disk it becomes possible to outright observe inside-out growth of
galactic disks comparing the ACS to our local SDSS sample. The results sug-
gest that the radial position of the truncation has increased with cosmic time by
∼1–3 kpc in the last ∼8 Gyr indicating a small to moderate (∼25%) inside-out
growth of the disk galaxies since z∼1 (see Trujillo & Pohlen, 2005).
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Abstract Following the finding that a number of stellar disks at redshift ≈1 show radial
profiles best fit by a double exponential (Pérez 2004), we have carried out a
campaign to derive the radial profiles of a sample of galaxies from the Ultra Deep
Field (UDF). Of the 19 UDF galaxies, six show double exponential profiles. The
results are compatible with the previous study and there is no clear evidence for
disk evolution. However, we do not detect any galaxy with a break radius larger
than 2.5 scale-lengths, unlike the local galaxies where breaks are found up to
around 4 scale-lengths. The colours of the truncated galaxies seem to be bluer
than those of ‘untruncated’ galaxies, suggesting a younger population. The ratio
between the inner and the outer scale-length is 2.0±0.5 in agreement with the
results from the previous sample from GOODS data.

Keywords: galaxies: structure - galaxies: high-redshift - galaxies: evolution

1. Introduction

The new deep surveys carried out from space (i.e. GOODS, UDF) have
opened the Pandora box in the study of the morphology of galaxies at high
redshift. Disk galaxies are clearly recognised up to unprecedented redshifts
and internal features such as bars can be clearly distinguished up to redshifts
of about one. These new surveys have motivated us to study the shape of the
radial disk profiles at high redshift and compare it to the observed profiles
in nearby systems (Pérez 2004). The finite size of stellar disks was first re-
ported by van der Kruit (1979), who showed that disks were sharply truncated
at around 4 scale-lengths. Recently, evidence has arisen that this truncation
does not occur sharply, but instead there is a break in the exponential radial
profile, which is best fit by a double exponential shape (de Grijs et al. 2001;
Pohlen et al. 2002). Recent work (Pohlen & Trujillo 2006) has shown, using
the a sample of galaxies from the Sloan Digital Sky Survey (SDSS), that the
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Rbr/hin in the r’ band is 2.5±0.6 with a range 1.4 − 4.2; where Rbr, the break
radius, is the radius where the slope changes and hin is the inner disk scale-
length. A recent work by Hunter & Elmegreen (2006), shows that irregular
galaxies also show this double exponential profile with a Rbr/hin ranging be-
tween 1.5 and 2.2. Different hypothesis for the origin of the double exponential
have been proposed; origin related to a surface density threshold for star forma-
tion (Kennicutt 1989), related to the maximum specific angular momentum of
the sphere from which the disk collapsed (van der Kruit 1987) or to the galactic
magnetic force (Battaner et al. 2002). A study of the evolution of the truncation
radius can help to discern among the different hypothesis for the formation of
the double exponential. Such a project was carried out as a pilot survey using
HST archival data (Pérez 2004). In Pérez (2004), double exponential galaxies
were found (6 out of 12) with Rbr/hin of 1.8 ± 0.5. However, there was no
conclusive result about the evolution of the break radius with redshift, due to
the small number statistics and the uncertainties in the values found for the
local galaxies. It was, however, clear that double exponential disks existed at
z ≈ 1. Other groups that have been working on the shape of disks galaxies at
high redshift since then have been obtaining similar results (Trujillo & Pohlen
2005; Tamm & Tenjes 2005). The limiting magnitude of 26.7 in the z-band for
the GOODS allows us to detect (with the criterion for detection of truncation
used in this work, see below) breaks occurring at around 3 × hin. The use of
the UDF sample increases this detection to around 4 × hin. Therefore, if there
are some profiles with breaks similar to the local galaxies with Rbr/hin ≈ 4 in
the high-z sample, we ought to see them.

2. Sample and Profile Fitting

The new UDF sample was chosen similarly to the initial GOODS sample.
The cosmological dimming (∝(1+z)4) determined our choice of the maximum
redshift to reach the outermost isophotes (µB ≈ 27.5 mag arcsec−2 ). The
lower redshift limit was chosen to ensure a reasonable number of objects in
the final sample, at a redshift where evolutionary effects should still be sig-
nificant (Mao et al. 1998). A range of 0.6 < z < 1.0 was finally chosen. This
range implies a dimming between 2−3 magnitudes with an isophotal threshold
range between 27.5 − 26.5 mag arcsec−2 . The z-band images were used for
the analysis to ensure that the rest frame of the above galaxies (V and B-band)
corresponds to the wavelength of widely observed local samples. The red-
shifts for the UDF fields were obtained from the ESO/VLT GOODS (Vanzella
et al. 2004) and the COMBO 17 projects (Wolf et al. 2004). The galaxies
were visually selected to be relatively symmetric and not strongly interacting.
Hubble types range from Sa to Sc (our visual classification of the HST/ACS z-
band images) and galaxy inclination angles (derived from the ellipticity of the
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outermost isophote) are all less than 35◦. Finally, a sample of 19 galaxies were
selected. For statistic purposes, both samples were combined making a total of
35 galaxies.

Ellipse fitting to the light distribution was performed using the ELLIPSE
task within IRAF. All the galaxies showed point-like nuclear regions. So, the
centre was fixed using the coordinates obtained by fitting a Gaussian to the
nucleus. The position angle (PA) and the ellipticity (e) were left as free pa-
rameters in the fitting. Profiles with fixed PA and e were also obtained, no
influence in the break radius was found. The free PA−e fitting profiles were
chosen to determine whether there were any systematic relation between the
position of morphological features with the truncation radius. No attempt was
made to do a bulge-disk decomposition, and the disk was assumed to dominate
the light profile beyond ≈ 1 scale-length, a good assumption for Sb and later
types (de Jong 1996); see Pérez (2004) for a discussion on the implications of
this fitting procedure. The sky background was subtracted by taking the mean
value of boxes placed around the galaxies in regions far from the target galax-
ies. The standard deviation of the median of the distribution in the different
boxes was adopted as the error in the background determination.

We then fit to the 1-D azimuthally averaged profile two exponential func-
tions of form I(R)in/out = I

in/out
0 e(−R/hin/out) (in refers to the inner disk and

out to the outer exponential disk). The criterion used for detection of trunca-
tion was that the outer exponential should extend to at least 2 × hout before
reaching the noise level. The break radius was first visually determined, with
an error around 12%. This value was used to separate the fitting regions for
the inner and the outer exponentials; excluding the bulge region. The final
break radius is defined as the radius where the two fitted exponential profiles
cross. While the error in the inner scale-length is dominated by the effect of
the bulge, the outer scale-length error is dominated by the determination of the
break radius and the sky-subtraction.

3. Results

Of the 19 UDF galaxies, six show a double exponential profile, with a
Rbr/hin of 1.8 ± 0.7. This result is similar to that found in the GOODS sample,
where 6 out of 12 galaxies showed a double exponential profile with an aver-
age Rbr/hin of 1.8 ± 0.5. When the first study came out on the shape of radial
profiles on galaxies at high-z, the comparison with the local data showed that
the “early” truncated galaxies were missing in local samples. The new results
on the shape of radial profiles of local galaxies by Pohlen & Trujillo (2006)
shows that, in fact, locally the Rbr/hin in the r’ band is 2.5±0.6 with a range
1.4−4.2. Therefore, it seems that local galaxies also show the early truncation
detected at high-z. However, we do not observe any high-z galaxy truncated
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Figure 1. The right panel shows the i-z colour as a function of the disk scale-length for the
sample galaxies, the full dots are the galaxies with a double exponential profile and the crosses
are the ’untruncated’ galaxies. The left panel shows the i-z colour as a function of redshift
with the same coding as before. Over-plotted on the data, the dashed lines represent the colour
evolution with redshift for the Bruzual & Charlot single burst models (2003) with different
metallicities and the full lines represent the declining in time SFR models.

beyond 2.5 scale-lengths; unlike in the local universe where the break location
distribution extends to around 4 scale-lengths. In many of the cases, the break
could have been detected if it occurred at around 4 scale-lengths (for the UDF
galaxies). Further investigation of the biases involved in the sample selection
is needed to conclude whether the distribution of break radii at high-z differs
from that found in local galaxies.

Frequency of the double exponential profiles

For nearby objects the frequency of ’classical’ truncation (following the no-
tation of Pohlen & Trujillo in this volume) from a sample of SDSS galaxies is
about 32.9%±5.1%. In the first high-z sample from GOODS, six of 16 galax-
ies showed a two-slope profile. From the UDF sample (19 galaxies), 6 showed
double exponentials. Around 34% of the galaxies at high-z show a trunca-
tion. Although this is not a complete sample, the percentage is indicative of
the frequency of double exponential profiles at high-z.

Colour of the sample galaxies and comparison with stellar
population models

We computed the colour at different redshifts using population synthesis
models (Bruzual & Charlot 2003) adopting the Chabrier IMF (Chabrier 2003).
The star formation rate (SFR) ranges from single burst at different metallicities
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Figure 2. The plot shows the ratio between the inner and the outer exponential scale-lengths
as a function of the inner scale-length. Notice that the ratio between the inner and the outer
scale-length seems to remain basically unchanged around a value of 2.

to continuous star formation or formation declining with time. We then com-
pared the observed colours of the sample with the modelled colours. The trun-
cated galaxies show a smaller range of colours than the untruncated galaxies,
the truncated galaxies being bluer on average than the untruncated galaxies.
Most of the truncated galaxies colours are compatible with a continuous or
declining star formation history. However, the single burst models are not com-
patible with the observed data within the whole parameter range (see Fig. 1).

Ratio between the inner and the outer exponential
scale-length

It is interesting to notice that the ratio between the inner and the outer scale-
length seems to remain unchanged for the high-z sample compared to the low-z
sample. The Rbr/hin is around 2 for both the GOODS and the UDF sample (see
Fig. 2). This value is remarkably similar to the value obtained by Pohlen et
al. (2002), where they found a value of 2 ± 0.2, although the sample only
consisted of three local galaxies. It needs to be further investigated whether for
a larger sample of nearby objects this ratio remains the same; however, there is
further evidence that this is the case. The study by Hunter & Elmegreen (2006)
shows that for a sample of Im and Sm galaxies the Rbr/hin is around 2. This
result suggests that the dust does not make Rbr/hin appear smaller at higher
redshifts.
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4. Conclusions

To complement and improve the study of galaxy radial profiles at high-z
started by Pérez (2004), we have used UDF data to search for double exponen-
tial profiles at z ≈ 1. Of the 19 UDF galaxies, six show a double exponential
profile. The UDF data allows us to reach the location of the break up to 4 × hin.
The average break radius happens at Rbr/hin of 1.8 ± 0.7, never reaching a
value of Rbr/hin greater than 2.5. However, the distribution of the break radius
goes to around 4 × hin for local galaxies. We need to further investigate the
possible biases involved in the sample selection to be able to conclude whether
the distribution of break radii at high-z differs from that found in local galaxies.
The colours of the truncated galaxies seem to be bluer than those of ’untrun-
cated’ galaxies, suggesting a younger population. Computing the colour at
different redshifts using population synthesis models, we find that most of the
truncated galaxies colours are compatible with a continuous or declining in
time star formation history. Single burst models are not compatible with the
observed data within the whole parameter range. Finally, we find that the ratio
between the inner and the outer scale-length is 2.0±0.5 in agreement with the
Peérez (2004) sample. This result is remarkably similar to the value found for
nearby objects, implying that the dust does not make Rbr/hin appear smaller at
higher redshifts.
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Abstract We discuss the nature of the outer disks of galaxies (R > R25) with a focus on
the presence of dust at these radii and the kinematics of Hα knots.
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1. Introduction

At ever larger radii in disk galaxies we expect to probe material that is more
directly connected to the most recent accretion events. As such, the study of
the extended disk (that which lies beyond the standard R25 isophote) and even
beyond the realm of neutral hydrogen, into what we here refer to as the outer
banks (Figure 1), may provide new clues as to how disks assemble. What
probes can we identify at such large galactocentric radii? Certainly Hi extends
beyond the high surface brightness optical disk, but it too ends before we reach
a region where disks are no longer well organized. Whether this edge repre-
sents the edge of the disk or simply the edge of the neutral hydrogen is an open
question.

There have been several developments that have revitalized the study of the
outer disk. First, GALEX images have been used to identify numerous knots of
young star formation well beyond the optical radii (Thilker et al. 2005; de Paz
et al. 2005). Second, extended stellar disks have been found to be ubiquitous
(Erwin et al. 2005). Third, the study of resolved stellar populations is finding
unexpected structures in both the Milky Way and M31 (Newberg et al. 2002;
Ferguson et al. 2002). Here we focus on the interstellar component of extended
disks.

The probe we explore within these extended disks are Hα and UV knots of
recent or ongoing star formation out to radii ∼ 2R25 and diffuse Hα emission.
Whether these knots extend, at least in some cases, beyond the Hi disks is also
an open question (certainly the bulk of these would be expected to lie within
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Figure 1. A cartoon illustrating our view of disk galaxies. Our conservative aim is to probe
the extended disk and our ambition is to probe the outer banks.

the Hi disk, as seen for NGC 628, see Figure 2). These knots can be used
as kinematic tracers, and also provide information on the physical state of the
gas, the latter of which we explore in our program, but not in this contribution.
Here, we focus on the existence of dust at these radii and present kinematic
information. The ultimate, perhaps unattainable, goal of this work is to identify
knots and ionized diffuse gas at radii beyond the Hi edge. These detections
would present a bridge between the inner disk kinematics and the outer halo
satellite kinematics.

Figure 2 shows the distribution of GALEX sources surrounding NGC 628.
These sources have the colors and magnitudes of young clusters at the distance
of NGC 628. There is a clear excess of sources, and therefore these are asso-
ciated sources. Although the background level is high, and we cannot identify
which sources are true NGC 628 young clusters, there is an evident abundance
of sources out to 2R25. Whether some of the sources beyond this radius belong
to NGC 628 as well will require spectroscopy to measure redshifts.

Some of these sources have been identified in Hα as well. One such source
at R = 28 kpc in NGC 628, identified by Ferguson et al. (1998), is nearly at
2R25. The presence of HII regions enables the study of abundance gradients,
which so far appear to extend fairly smoothly out to these radii (Ferguson et
al. 1998; Christlein, Bland-Hawthorn, & Zaritsky 2005). Between the presence
of UV knots and Hα, it is evident that the outer disk is a significant component
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Figure 2. An optical image of NGC 628 with highlighted GALEX UV sources that have
colors and magnitudes consistent with the sources being young (age < few hundred Myr). Note
the excess of source to about 2 optical radii. Sources are missing from the interior region due to
their exclusion from the public catalogs.

of at least this one galaxy. While the existence of neutral gas at large radii has
been long established, these recent results indicate that stars, in particular star
formation, and ionized gas are present as well.

To examine whether dust is present in general out to large radii in galaxies,
Nelson et al. (1998) examined IRAS 100 µm images. They stacked images,
using the optical parameters to reorient the IRAS images, and found an excess
of far IR emission out to ∼R25, consistent with the identification of neutral
and ionized gas (Figure 4). Extended dust emission has also been identified
from deep observations of a targeted galaxy, NGC 891 (Popescu et al. 2004).
Therefore, all components that have been identified in the classical disk are
present in the extended disk as well.

2. Spectroscopic Data

To measure the kinematics of material in the extended disk, and perhaps
probe the outer banks, we have embarked on a spectroscopic program observ-
ing nearly edge-on galaxies. These galaxies were selected to be of a few ar-
cmin in angular size so that the slit length and spatial resolution allowed us to
explore a large range of radii with reasonable angular resolution, of a certain



268 ISLAND UNIVERSES

Figure 3. Results from Nelson et al. (1998). The left panel shows the sum 100µm image
from IRAS of a sample of nearby galaxies. The images were rotated before summation so that
the optical major axes line up. A central point source was fitted and subtracted to highlight the
flux beyond that due to a point source. Notice that the excess flux is along the disk major axis.
The panel on the right presents a cut through the image, showing the excess flux in comparison
to a set of Monte Carlo realizations of summed stars.

redshift (typically around 4000 to 7000 km/sec) to place the Hα line between
night-sky lines, and edge on, so that a single slit position had a larger likelihood
of intersecting some outer disk ionized gas.

The observations we present were carried out on Magellan (with the B&C
spectrograph), the MMT (with the Red Channel spectrograph), VLT (with the
FORS1 spectrograph), and Gemini-South (with GMOS). Typical velocity res-
olutions are less than a few tens of km/sec (enough to resolve well the rotation
curve of these galaxies). Typical exposure times are between 4 and 8 hours.

In Figure 4 we show both a section of the 2-D spectra (sky subtracted) and
our measurements for the radial velocities, the Hα fluxes, and the disk surface
brightness. The extended spectroscopic exposures allow us to detect Hα knots
that have fluxes of a few time 1035 erg s−1, two orders of magnitudes below
the detections presented by Ferguson et al. (1998) and at least a magnitude
fainter than those at the nominal edge of the Hα disk. However, these knots
are exactly on the rotation curve. This result is repeated in almost every case
where we identify knots between 1 and 1.5 R25, which happens about 1/3 of
the time. We find no evidence for substantial kinematic disturbances out to at
least 1.5R25.

On a couple of occasions we find an Hα knot at larger radius with a radial
velocity much more like the systemic velocity of the galaxy rather than of the
rotation (see Figure 5). It is these cases, with non-circular motions, that may
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Figure 4. Results from deep long-slit spectroscopy. The panel on the left shows the sky-
subtracted spectra around Hα with the spectral direction corresponding to the x-axis and the
spatial direction corresponding to the y-axis. The dark band at the bottom is the edge of the op-
tical disk, two faint knots are visible above the band which correspond to Hα emission regions.
The panel on the right shows the rotation curve (upper panel, with the dark points highlighting
the results obtained from the image on the left), Hα counts (middle panel, with the solid line
highlighting the data from the shown image), and surface brightness (lower panel).

indicate that we have reached beyond the edge of the disk. One problem in
interpreting these velocities is that for nearly edge-on galaxies, the line-of-
sight velocity is not necessarily the circular velocity (and hence observing a
low value may simply indicate that one has not caught the object at the tangent
point). The difficulty with this interpretation is that these knots are already at ∼
2R25, so increasing its velocity even by a factor of two would require moving
it out to 4R25, which would be an even more extreme radius at which to have
an object following the disk rotation curve. In such a case, our observations
would demonstrate that the disk is highly clumped at these radii.

In conclusion, we are finding that the extended disk, out to ∼ 1.5R25 ex-
hibits very standard kinematics. Beyond this radius, we have only identified
a couple of knots, but these exhibit non-standard kinematics. The subsequent
challenge is to identify more tracers at these larger radii and identify the smooth
transition, if it exists, between disk and halo. These regions should be where
the disk is growing, if it grows from inside out, and will be, in the ocean of
accreting material, the outer banks of galaxy disks.
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Figure 5. Continuum-subtracted long-slit spectroscopy. The centrally located horizontal dark
bands are Hα and [NII]. The circles highlight outer disk knots of Hα emission (and in one case
a background galaxy). The rightmost knot has a velocity consistent with the systemic velocity
rather than the extrapolation of the rotation curve.
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Abstract The study of gas outside the plane of disc galaxies is crucial to understanding the
circulation of material within a galaxy and between galaxies and the intergalactic
environment. We present new H I observations of the edge-on galaxy NGC 891,
which show an extended halo component lagging behind the disc in rotation.
We compare these results for NGC 891 with other detections of gaseous haloes.
Finally, we present a dynamical model for the formation of extra-planar gas.
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1. Introduction

Gas plays a vital role in the evolution of disc galaxies. The collapse of gas
produces star formation; stars enrich gas, expel it via winds and supernova
explosions and create a circulation called the galactic fountain (e.g. Shapiro &
Field 1976). Outflows of gas from galactic discs with velocities of the order
of 100 km s−1 are indeed observed both in the neutral (Kamphuis, Sancisi &
van der Hulst 1991) and the ionised phase (Fraternali, Oosterloo & Sancisi
2004). On the other hand, disc galaxies also seem to acquire a substantial
amount of gas from their surroundings. Accretion of unpolluted material from
the Intergalactic Medium (IGM) is predicted by chemical evolution models of
the Milky Way (e.g. Rocha-Pinto & Maciel 1996) and the low metallicities of
some of the High Velocity Clouds (HVCs) (e.g. Tripp et al. 2003) suggest that
cold material is indeed accreted by spiral galaxies like our own (Oort 1970).

In recent years, a new and important fact has emerged. Observations at var-
ious wavelengths have shown the presence of a considerable amount of gas in
the haloes of disc galaxies (extra-planar or halo gas). Deep Hα observations
have revealed the presence of extended layers of diffuse ionised gas (DIG)
around edge-on spiral galaxies (Hoopes, Walterbos & Rand 1999). X-ray ob-
servations have shown the presence of hot plasma at distances of tens of kpc
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from the plane of galactic discs (e.g. Strickland et al. 2004). H I observations
have revealed extended thick layers surrounding the galactic discs (Swaters,
Sancisi & van der Hulst 1997; Fraternali et al. 2001; Matthews & Wood 2003).
The origin and the nature of this halo gas are still unknown. However, it is a
unique probe to study the exchange of gas within a galaxy and between galax-
ies and the IGM.

2. NGC 891

NGC 891 is one of the best known and studied nearby edge-on galaxies. It
is at the distance of 9.5 Mpc, classified as a Sb/SBb, and it is often referred to
as very similar to the Milky Way (e.g. van der Kruit 1981).

Figure 1. Optical DSS image (grey-scale) and total H I map (contours+negative grey-scale)
of NGC 891, the latter obtained from the new WSRT observations (Oosterloo, Fraternali &
Sancisi 2005). H I contours are: 1.7, 4.5, 9, 18.5, 37, 74, 148, 296.5, 593 × 1019 atoms cm−2.
The beam size is 28′′; 1′ =2.8 kpc.

NGC 891 has been the subject of numerous studies at different wavelengths
that have led to the detection of various halo components: an extended radio
halo (Allen, Sancisi & Baldwin 1978), a thick layer of diffuse ionised gas
(DIG) (e.g. Dettmar 1990), and diffuse extra-planar hot gas (Bregman & Pildis
1994). Also “cold” ISM components have been detected in the halo such as
H I (Swaters, Sancisi & van der Hulst 1997), dust (Howk & Savage 1999) and
CO (Garcia-Burillo et al. 1992).
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New H I observations of NGC 891 have been obtained with the Westerbork
Synthesis Radio Telescope (WSRT) with a total integration time of about 200
hrs (Oosterloo, Fraternali & Sancisi 2005). Figure 1 shows the new total H I
map of NGC 891 in contours overlaid on a grey-scale DSS optical image. This
H I halo is remarkably extended with a spur of gas reaching a distance of 15
kpc from the plane. The H I disc of NGC 891 is lop-sided, more extended on
the S-W side of the galaxy (right in Fig. 1) and possibly truncated on the N-E
(left) side (see also Sancisi & Allen 1979; Swaters, Sancisi & van der Hulst
1997).

The halo gas in NGC 891 rotates more slowly than the gas in the plane
(Swaters, Sancisi & van der Hulst 1997). This is a common property of gaseous
haloes (e.g., Fraternali et al. 2001; Heald et al. 2005a). Our new data allow us
to study the kinematics of the halo gas in detail and derive rotation curves at
different heights from the plane (Fraternali et al. 2005; Fraternali, in prepara-
tion). The measured gradient in rotation velocity is ∆vrot ∼ −15 km s−1kpc−1

for 1.3<z<5.2 kpc. This value agrees with the velocity gradient measured in
the ionised gas (Heald et al. 2005b).

3. Halo Gas in Other Disc Galaxies

How common are gaseous haloes? Until now, neutral extra-planar gas has
been studied in 6 disc galaxies. The H I data for these galaxies are among the
deepest ever obtained and this may indicate that halo gas is a common feature
that has escaped detection because of a lack of sensitivity.

Table 1. Observations of halo gas in disc galaxies

Galaxy Type Distance Mhalo H I Mhalo/Mtotal L(FIR) Ref.
(Mpc) (108 M⊙) (%) (L⊙)

NGC 253 Sc 3.9 0.8 3 2.63×1010 1
NGC 891 SBb 9.5 6 15 1.25×1010 2
NGC 6946 Scd 6.0 >3.5 >5.8 9.79×109 3
NGC 4559 Scd 9.7 5.9 11.5 1.91×109 4
NGC 2403 Scd 3.2 3 11.0 1.13×109 5
UGC 7321 Sd 10.0 >

∼ 0.1 >
∼ 1 7×107 6

1 Boomsma et al. 2005a; 2 Swaters, Sancisi & van der Hulst 1997; 3 Boomsma et al. 2005b; 4 Barbieri et
al. 2005; 5 Fraternali et al. 2002; 6 Matthews & Wood 2003.

Table 1 summarizes the 6 halo gas detections sorted by their FIR luminosity
(which is a measure of the star formation rate, SFR). A relation between the
amount of halo gas and the SFR may be expected if the halo gas has a galactic
fountain origin. It is possible that a trend is indeed present for low luminosity
galaxies. Note that the mass of halo gas estimated for NGC 6946 is a lower
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limit due to the low inclination (∼ 30◦) of the galaxy that does not allow an
efficient separation of the halo component (Boomsma et al. 2005b). However,
the starburst galaxy NGC 253 is totally anomalous, having very little extra-
planar H I compared to the other galaxies. This may be an indication that in
the most actively star forming galaxies most of the halo gas is ionised.

In addition to these galaxies, there are indications of the presence of halo gas
in several others (e.g. NGC 5055, Battaglia et al. 2005; UGC 1281, Kamphuis
et al., this conference; UGC 12632, Oosterloo, private communication) and
extra-planar features have been observed in NGC 2613 (Chaves & Irwin 2001).
Moreover, it is very likely that this halo gas is analogous to the Intermediate
and High Velocity Clouds (IVCs/HVCs) of the Milky Way (Wakker & van
Woerden 1997) and of external galaxies (M31 and M33, Westmeier, Braun &
Thilker; M83 and M51, Miller & Bregman 2005).

4. A Dynamical Model for Extra-planar Gas

What is the origin of these gaseous haloes? Some authors have tried to ex-
plain them using ballistic galactic fountain models and compared them with
Hα observations of ionised gas (Collins, Benjamin & Rand 2002; Heald et al.
2005a). They found a general disagreement between the kinematics and dis-
tribution of the halo gas predicted by the models and those shown by the data.
Other authors have tried to model the halo gas as a stationary medium in hydro-
static equilibrium (Benjamin 2002; Barnabè et al. 2005). This approach leads

tic) gas are of the order of 105 K and it is unclear how this medium can be
related to cold neutral gas.

We have developed a model for the formation of the neutral extra-planar gas
that takes into account internal and external processes. At the current stage

tinuous flow of collision-less particles from the disc into the halo region. The
particles are stopped at the passage through the plane. The output of the mod-
els are particle-cubes that can be directly compared to the H I data-cubes. The
idea behind this approach is to start from a basic model, study its failures and
improve it progressively to match the data more and more closely.

Figure 2 shows three representative channel maps of NGC 891 (left column)
compared with those produced by two dynamical models. The two models are
for maximum and minimum disc (maximum DM halo) potentials. The channel
maps shown here have velocities far from systemic, i.e. they show the gas that
rotates the fastest. The data show that this gas is mostly located in the disc (the
channel maps are thin) whilst the models predict much thicker channel maps,
i.e. fast rotating extra-planar gas. This is a failure of the fountain model and

(Barnabè et al. 2005), however the temperatures of the extra-planar (hydrosta-

(Fraternali & Binney 2005) the model tries to reproduce the halo gas as a con-

to solutions that can reproduce the observed gradient in the rotation velocity



The Gaseous Haloes of Disc Galaxies 275

Figure 2. Comparison between three observed channel maps of NGC 891 (Oosterloo, Fra-
ternali & Sancisi 2005) and those produced with the two dynamical models. The first column
shows the data, heliocentric radial velocities are reported in the upper left corner.

this problem cannot be removed by allowing the particles to cross the disc or
by considering that they are ionised as they leave the plane and become visible
at 21 cm at some point on their orbits (phase change). There is an intrinsic and
unavoidable need for low angular momentum material, which suggests that
one has to take into account interactions between the fountain flow and a hot
gaseous halo and/or accretion material (Fraternali & Binney, in preparation).

5. Conclusions

The new H I observations of NGC 891 show the presence of extended neu-
tral gas halo reaching up the distance of 15 kpc from the plane. This halo
gas rotates more slowly than the gas in the plane (with a gradient of −15
km s−1kpc−1). These kinematic properties cannot be explained by an iso-
lated galactic fountain; they require that interactions with a hot halo and/or gas
accretion from the IGM must play an important role.
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GASEOUS HALOS AND THE INTERSTELLAR

DISK-HALO CONNECTION

Ralf-Jürgen Dettmar

Astronomical Institute, Ruhr-University Bochum, Germany

Abstract The presence of diffuse ionized gas (DIG) in the halos of spiral galaxies is dis-
cussed in the framework of the disk-halo interaction. The halo DIG is typically
correlated with the presence of other components of the ISM in the halo includ-
ing X-ray hot gas, cosmic rays, and magnetic fields. All these tracers of an
extraplanar ISM correlate well with star formation in the disk thus corroborating
the paradigm of an ISM driven by multiple and clustered supernovae.

Keywords: galaxies: ISM - ISM: structure - ISM: bubbles - galaxies: spiral

1. Introduction

Various components of the interstellar medium (ISM) − from neutral and
molecular hydrogen to diffuse ionized or X-ray hot gas − are found in halos
and disk-halo interfaces of spiral galaxies. The structure of these components
perpendicular to the galactic plane, i.e. in the main direction of the gradient
of the gravitational potential, can be viewed as a very good indicator for the
physical state of the dynamical interstellar medium. Galactic as well as extra-
galactic observations corroborate the picture of an interstellar medium driven
by multiple and clustered supernova causing the so-called disk-halo interac-
tion. Within the circuit of matter in a star forming disk galaxy the gaseous
halos can be considered as important as the tideland (or wadden sea) − sur-
rounding the island of Terschelling where the conference summarized in these
proceedings took place − for the evolution of life.

The scenario of the disk-halo connection predicts outflows and this is well
supported by observations in the case of nuclear starbursts (see, e.g., Strickland
2004a, b). However, we have little direct evidence for the required outflows of
hot gas into the halos of more normal (i.e. non-starburst) galaxies and here
the mass exchange between disk and halo is still a (well) working hypothe-
sis, while some recently published galaxy formation models rather predict H+
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halos of spiral galaxies as being a cooling component of X-ray hot halos from
the formation process (e.g., Toft et al. 2002).

To look specifically at extraplanar DIG is a good start from the observa-
tional point of view since it is of all tracers of halo gas the easiest to observe
with regard to sensitivity and resolution (Dettmar 1992, 1998). Observational
evidence of the widespread diffuse ionized medium in external galaxies thus
proofs helpful since it allows us to study the influence of the energy released
by young and massive stars into the ISM and its feedback process.

Figure 1. Correlation of the X-ray luminosity of spiral galaxies and the presence of halo DIG
indicated by filled symbols with various indicators for the SFR or energy input per unit area for
a sample of edge-on galaxies (adopted from Tüllmann et al. 2005).

2. DIG in the Disk-halo Interface and Star Formation in
the Disk

A halo component of DIG for external galaxies was first discovered in Piet van
der Kruit’s favorite galaxy, the proto-typical edge-on spiral NGC 891, by Rand
et al. (1990) and Dettmar (1990). A few small samples have been studied since
then (e.g., Pildis et al. 1994, Rand 1996; Rossa & Dettmar 2000). In Rossa &
Dettmar (2003a, b) a survey of a larger sample is presented that demonstrates
the correlation of halo gas properties with the star formation rate (SFR) in the
disk (see also Miller & Veilleux 2003 for comparison). This survey covers a
broad range in SFR extending the observations to less active galaxies. Up to
now emphasis was mainly given to galaxies with high SFR or even starburst
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Figure 2. The radial extent of the X-ray halo of NGC 4634 from integrated EPIC
XMM/Newton observations (adopted from Tüllmann et al. 2005) demonstrates the correlation
with the star formation in the disk.

galaxies (Lehnert and Heckman 1995). In Rossa & Dettmar (2003a) we have
chosen a sample of galaxies such that it supplements the previously studied
“starburst” objects at the low activity end. If the starformation rate per unit
area is low as determined by the FIR luminosity normalized to the disk surface
the presence of DIG halos indeed diminishes. The FIR luminosity per unit
area therefore allows us to derive a minimum SFR per area required to drive the
disk-halo interaction. Given the known large uncertainties in the normalization
of SN-rates from FIR-fluxes a reasonable estimate for the local break-out con-
dition is in the order of ∼15 SNe over the lifetime of an OB association. An
obvious shortcoming of this analysis lays in the use of global measurements
for the FIR luminosities and future observations with higher angular resolu-
tion, e.g. with the Spitzer-satellite, will allow a much better comparison of the
local SFR with halo gas properties.

High resolution ground-based (see, e.g. Howk and Savage 2000) and HST
imaging (Rossa et al. 2004) studies of the DIG distribution in edge-on galaxies
do not reveal the number and specific morphology of “chimney” like structures
predicted by some models (Norman and Ikeuchi 1989). With only one or two
cases found in the Milky Way the number of “chimneys” also falls short by
an order of magnitude and more. This gives the impression that current global
ISM models may not handle the very different physical scales – from star for-
mation sites to galactic halos – well enough to allow us a detailed comparison.
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For a solution we may have to await the next generation of numerical models
for better predictions concerning the disk-halo interaction.

3. The Hot Interstellar Medium in Halos

As mentioned above, for nucleated starburst the disk-halo connection is de-
scribed by theory and numerical modeling (e.g., MacLow & Ferrara 1999) and
resulting predictions for outflows and winds from X-ray emitting hot gas are
generally in good agreement with observations (Cecil et al. 2002, Strickland et
al. 2004a, b). An attempt to relate the presence of X-ray halos in spiral galax-
ies to their star formation in the disk as derived from various indicators such as
far infrared (FIR) fluxes is shown in Fig. 1. A correlation of the global X-ray
emission with the SFR in the disk was also found for a sample including more
normal disk galaxies by Ranalli et al. (2003). With the current generation of
X-ray satellites it is now possible to extend the X-ray studies from the star-
bursting and luminous galaxies to less active cases. One first result of a small
survey with XMM/Newton is shown in Fig. 2 (Tüllmann et al. 2005).

4. Large-scale Magnetic Field Structure in Halos

The diffuse halo gas is in most of the observed cases also associated with ra-
diocontinuum halos and a break-out condition for cosmic rays as a function of
star formation rate per unit area is discussed by Dahlem et al. (1995). A compi-
lation of observations of edge-on galaxies in Hα, radio continuum, and X-rays
is given in Dettmar (1998) and Rossa and Dettmar (2003 a, b) and the multi-
phase halo ISM is discussed by Tüllmann et al. (2005). A large scale magnetic
field structure in the halo is of particular interest for the interpretation in terms
of a global dynamo theory for the enhancement of magnetic fields in galaxies.
This aspect is discussed in more detail by, e.g., Beck et al. (1996).

5. Dust in the Halo

Since the star formation process in the disks will also locally enhance the radi-
ation field it was suggested more than a decade ago that dust could be elevated
by radiation pressure from the disk into the halo (Franco et al. 1991). Ferrara
(1997) modeled the evolution in time of the dust distribution under the influ-
ence of the radiation field caused by an OB association and showed that the
dust would be dispersed into a large volume. This, however, is in contrast to
the observed dust distribution in several galaxies. Sofue et al. (1994) demon-
strate that the dust in the disk of NGC 253 is highly structured in large scale
arches much resembling solar prominences in shape. Also the dust distribution
in the edge-on galaxy NGC 891 studied, e.g., by Howk and Savage (1997) is
organized in long filaments reaching from the disk into the halo. These fila-
ments end in a level of dust sheets high above the disk plane.
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The possible influence of magnetic fields on the charged dust particles as an
additional process to structure the dust distribution in galactic halos was put
forward by Shchekinov et al. (1999). In the presence of large scale organized
magnetic fields in galactic halos as demonstrated for the case of NGC 5775
(Tüllmann et al. 2000) such processes have to be discussed in more detail in
the future.

6. Summary

Gaseous DIG halos are found in galaxies with sufficiently high SFR per unit
area. Typically these layers of extraplanar DIG can be traced out to distances
of z ≤1–2 kpc – sometimes even up to 5 kpc or more – from the mid-plane of
the disk. These H+ halos seem to be associated with halos of cosmic rays and
X-ray plasma as expected if caused by the disk-halo interaction of the ISM.
The polarized radiocontinuum emissions indicates an ordered magnetic field
in the halo and also the highly structure dust distribution in the halos of some
galaxies could be influenced by magnetic fields due the coupling of charged
dust to both the radiation and magnetic fields.

Acknowledgements Work at Ruhr-University Bochum in this field is supported
through DFG SFB 591 and through Deutsches Zentrum für Luft- und Raum-
fahrt. I am very greatfull to my students and collaborators for their support and
contributions.
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GEOMETRODYNAMICAL DISTANCES TO

CLOUD STREAMS

Donald Lynden-Bell and Shoko Jin
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Abstract Two methods are given for determining distances to streams of high-velocity-
clouds in orbit about the Galactic Centre. Both rely on the parallax generated
by the offset of the Sun from the stream’s orbital plane. The distances to all
points of the Magellanic Stream are found without use of the Magellanic Cloud
distances.

Keywords: intergalactic medium - galaxies: kinematics and dynamics - galaxies: halos -
Magellanic Clouds

1. Introduction

Distances to high-velocity-clouds have remained unknown or uncertain ever
since they were discovered (Davies 1960; Dieter 1965; Hulsbosch & Raimond
1966; Oort 1970). Here we show that distances to long streams to such clouds
can be determined if they are in orbit about the galactic centre and we give
a test to decide whether they are in orbit. We give two methods the first of
which assumes less but can only work well at distances less than ∼25 kpc. The
second method works best at greater distances and is used on the Magellanic
Stream.

Method I: Nearby Streams

Let vl be the line of sight radial velocity to a cloud in direction1
l̂ which is

part of a stream. We use the symbol vl to stand for this velocity after its re-
duction to the galactic system of rest. Following around the stream we find the
point Z at which vl is zero. At this point the stream must move perpendicularly
to the line of sight l̂z . If the apparent direction of the stream there in the plane
of the sky is ŝz , then the vector ŝz lies in the orbital plane of the stream. If dz

1hats denote unit vectors, l̂ = (cos l cos b, sin l cos b, sin b)
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is the unknown distance to Z and do = (Ro, 0, 0) is the vector from the Sun to
the galactic centre then n̂, the unit normal to the orbital plane will be along

(dz l̂z − do) × ŝz

For any chosen value of dz the points on the stream can be projected from the
Sun until they hit the plane through the galactic centre whose normal is n̂. The
orbital stream of clouds can then be drawn in that plane. The angle made by the
stream to the line of sight is then known so the observed vl can be deprojected
to give the full vector velocity of the stream at each point. It is then possible to
check whether energy and angular momentum are conserved along the stream
for this particular choice of dz . By varying dz we discover what distance to Z
gives angular momentum conservation but it is more powerful to use vectorial
mathematics. If ŝ is the apparent direction of the stream in the plane of the sky
(in direction l̂) then angular momentum conservation along the stream leads to
the relationship

Y = DX + const (1)

where D is the unknown dz/Ro, d̂o = (1, 0, 0)

X =
(̂lz × ŝz).ŝ

d̂o.(̂l × ŝ)vl

, Y =
(d̂o × ŝz).ŝ

d̂o.(̂l × ŝ)vl

.

A graph of Y against X for the different points of the stream has gradient
D so dz can be determined. The plane of the stream is then known so the
distances to all points of the stream can be deduced. Conservation of energy
then provides a check as does the linearity of the graph of Y against X . While
this method should work well for streams at less than 25 kpc from us, it fails for
more distant streams because the projections from the Sun are at a small angle
to the orbital plane so that the line of the stream in that plane is ill-determined.

Method II: Distant Streams

For distant streams the observed vl is nearly equal to ṙ the velocity radially
away from the galactic centre. We start by neglecting the difference and correct
later. We also use the potential V 2

c ln r suitable for an extensive halo. Then

ṙ2

2
+

h2

2r2
+ V 2

c ln r = E . (2)

At some point H the radial velocity squared v2
l ∼ ṙ2 will have a maximum so

differentiating this energy equation

−h2

r3
+

V 2
c

r
= 0
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so at H , r = rh = h/Vc.
Subtracting the energy equation at a general point from that at r = rh and

multiplying the result by 2V −2
c we find

(ṙ2)max − ṙ2

V 2
c

+ 1 =
r2
h

r2
− ln

r2
h

r2
. (3)

We know the left hand side from the observed velocities and Vc = 220km/s so
we may solve for r/rh. Although the distances are still unknown this gives us
distance ratios to the clouds the stream. We now take three points which lie on
the centre line of the observed stream. Knowing their lines of sight l̂1, l̂2, l̂3

any choice of rh leads to distances to the clouds along those lines of sight.
However the plane through the tips of the resulting vectors will not in general
lie through the galactic centre. We choose that value of rh which achieves
this. With rh so determined the distances to the clouds of the stream follow
from their velocities (used as ṙ in equation (3)). Refinements correct them for
projection before use there. We now know both the plane of the orbit and the
distances to all the clouds so we project the cloud positions not radially from
the Sun but orthogonally onto the plane of the orbit. We can then determine
accurately the angle that the stream makes to any line of sight, so vl can be
deprojected and angular momentum conservation can be checked.

2. Application to the Clouds of the Magellanic Stream

The Magellanic Stream has been a well studied phenomenon for many years
(Wannier & Wrixon 1972; Mathewson et al. 1974; Braun & Thilker 2004;
Bruns et al. 2005). An orbit in a Keplerian potential has its maximum ṙ2 per-
pendicular to the line to pericentre. For a V 2

c ln r potential nearly circular orbits
give only 90/

√
2 = 64◦ for this angle, but for the eccentricity that we deduce

for the Magellanic Stream this angle increases to 70.5◦. The measured angle
along the Magellanic Stream is about 77◦. Is this evidence for a significant
halo between 45 and 150kpc from the galactic centre? Despite the difference
between 70.5 and 77 we use our very simple halo potential and method II.

We take the 3 points central to the stream to be those at l, b, vl = 290,
−60, +22; 0,−83,−70; 83,−60,−167. We take (ṙ2)max = (205km/s)2 and
Vc = 220km/s, R0 = 8.5kpc. These values lead to a normal to the plane of the
stream with direction cosines n̂ = (.993, .097,−.074) and a distance to H of
74kpc. In the 3 directions above the distances to the stream are d = 43, 45 and
53kpc respectively while dz=74kpc. The pericentric and apocentric distances
from the galactic centre are then 43 and 170kpc.

The above determination of n̂ has nothing to do with the satellites of the
Milky Way, nevertheless Sculptor lies very precisely (< 0.1◦) in this plane of
the Magellanic Stream through the Galactic Centre and Draco lies only 0.5◦
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from that plane. The mass centre of the Magellanic Clouds lies only 1.2◦ from
it. In these calculations we took the directions to satellites in the galactocen-
tric sky given by Lynden-Bell & Lynden-Bell (1995), which were based on
distances used there.

3. Conclusion

Application of Method II to the Magellanic Stream has given distances
good to about 10%. This encourages us to apply these methods to other high-
velocity-cloud streams whose distances are unknown or uncertain.

Acknowledgements We dedicated this talk to Renzo Sancisi who recently re-
tired from Groningen and who has shown us many interesting observations
of galaxies with enthusiastic delight (Baldwin, Lynden-Bell & Sancisi 1980).
We thank Steve Majewski for challenging us to determine distances to cloud
streams from the parallax due to the Sun’s offset from the Galactic Centre
(Majewski 2004).
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Abstract We study shapes and sizes of 110 Galactic globular clusters (GCs) with the
2MASS Point Source Catalog. In general, Galactic GCs have spherical halos,
with a median flattening of 0.1. GCs closer to the bulge show more circularized
shapes and have smaller physical sizes. Intrinsically more luminous clusters,
hence perhaps more massive, tend to be more circularized. Six GCs are highly
flattened with flattening ≥ 0.3 Arp 2 and Pal 12 are known to be associated with
the streamer of the Sagittarius dwarf galaxy. Pal 5 is being cannibalized by the
Milky Way, UKS 1 and NGC 6355 are bulge globular clusters suffering strong
tidal distortion. NGC 2419 is a halo member with a Galactocentric distance
90 kpc. Its flattened shape can not be accounted for. It may well be the remnant
core of an already dissolved dwarf galaxy.

Keywords: globular clusters : tidal distortion : morphology

1. Introduction

The destruction of globular clusters (GCs) are crucial to the evolution of
the host galaxy. The initial population of GCs must be substantially higher
than the current one but the clusters close to the bulge should have particularly
higher mortality due to bulge shocking. Stars from disintegrated GCs were
accreted to, and likely now dominate the stellar populations of, the bulge and
halo of the Milky Way galaxy Gnedin & Ostriker 1997. Nordquist et al. (1999)
investigated the effect of the tidal force from a bulge on the shape of a GC
in a close encounter, and concluded that a typical GC passing within several
hundred pc from the bulge would suffer substantial distortion. They suggested
the effect to be detectable in the bulge GCs NGC 6293 and NGC 6440.

Meylan & Mayor (1986) noticed that 47 Tuc and ω Cen are flattened, likely
due to their overall rotation. White & Shawl (1987) determined the axial ra-
tios and orientations of 100 GCs with blue sensitive plates, and found a mean
axial ratio of 0.93 ± 0.01, which they attributed to the rotation of the clusters
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rather than to Galactic tidal interactions. We used the Two Micron All Sky
Survey (2MASS) infrared data to determine the shapes and sizes of the halos
of GCs, in order to investigate how the stellar distribution changes with cluster
evolution and passage through Galactic environments, e.g., by tidal interac-
tions from the Galactic bulge or the Sagittarius dwarf. In every GC field, stars
brighter than Ks ∼ 15.6 mag, i.e., the 3-σ detection of 2MASS are selected.
Without membership information, we analyze the morphology of a star clus-
ter with a star counting method Chen et al. 2004. The clustering parameter is
defined as Pi = (Nt − Nf )/Nt = 1 − Nf/Nt, where Nt is the total number
of neighbors within a specific angular region around the ith star and Nf is the
average field star number in the same area. The area used is a circular region
which contains 50 field stars. The clustering parameter gives a measure of
the local stellar density enhancement ranging from Pi ∼ 0 in a field region to
Pi ∼ 1 in a cluster. Thus it behaves like a probability of cluster membership.

The stellar surface number density is estimated by summing up the cluster-
ing parameters of all the stars within a sky-coordinate grid. The core of a GC
naturally is not resolved by 2MASS. We focus on the halo of a GC, defined as
where the density drops to 5 times the background fluctuations. The bound-
ary of the halo is then fitted with an ellipse whose flattening (f = 1 − b/a,
where a and b are semi-major and semi-minor axes respectively) and average
size (r = (a + b)/2) could be derived. The typical error of f is a few percent.
Figure 1 shows our analysis on the bulge GC NGC 6355.

Figure 1. Left: The spatial distribution of 2MASS stars in the NGC 6355 field; Right: The
computed effective stellar density contours.

2. Morphology of Globular Clusters

A total of 110 GCs selected from Harris (1996) with high enough density
contrast (≥ 5 times the background fluctuation) have been analyzed. The re-
sults are shown in Fig. 2. In general GC halos are circular/spherical (median
f ∼ 0.12). The fraction of non-circular GCs is higher in our sample than in
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White & Shawl (1987), who studied the cores of GCs, perhaps because the
core of a GC tends to circularize by internal stellar encounters and the halo
is more vulnerable to distortion by external perturbation. We also found that
GCs closer to the bulge tend to be smaller and more circular. Intrinsically more
luminous clusters, hence likely more massive, have more circular halos.

Figure 2. a) Distribution of flattening of GCs. b)Flattening for GCs close to and away from
the bulge. c) The physical size vs Galactocentric distance d) Flattening vs absolute visual mag-
nitude

None of the two bulge GCs, NGC 6293 and NGC 6440, suspected by Nord-
quist et al. (1999) to have distorted shapes, show detectable elongation in our
analysis. We note 6 GCs with highly flattened shapes, f ≥ 0.3. These 6
GCs, together with NGC 6293 and NGC 6440 are listed in Table 1, for which
the first 5 columns give, respectively, the name of the cluster, its coordinates,
heliocentric (ds) and Galactocentric (dg) distances, and the absolute magni-
tude, all taken from Harris (1996). The last 3 columns list the derived average
angular radius (θ), physical size (r) and flattening (f ) from our analysis.

Arp 2 and Pal 12, both known to be associated with the Sagittarius tidal
stream van den Bergh & Mackey 2004 show significant elongation. Pal 12
is elongated roughly toward the direction of the tidal stream but Arp 2 points
orthogonal to it. Odenkirchen et al. (2003) found a tidal tail associated with
Pal 5 which extends more than 10 deg. They deduced that the cluster, being
cannibalized by the Milky Way galaxy, is presently near the apocenter but has
undergone several disk crossings, resulting in strong tidal shocks. Our data
on Pal 5 are limited by the 1 deg field of view set by the 2MASS database
interface, thus detect flattening only for the inner part of the cluster. UKS 1
and NGC 6355 are both bulge GCs, with the projected elongation in either
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Table 1. Morphological Parameters of Globular Clusters

Name (l,b) ds dg MV θ r f
(deg,deg) (kpc) (kpc) (arcmin) (pc)

NGC 6293 (357.62, +07.83) 8.8 1.4 -7.77 2.60 6.7 0.05
NGC 6440 (007.73, +03.80) 8.4 1.3 -8.75 2.54 6.2 0.06
Arp 2 (008.55, -20.78) 28.6 21.4 -5.29 1.76 14.6 0.47
Pal 12 (030.51, -47.68) 19.1 15.9 -4.48 2.88 16.0 0.42
Pal 5 (000.85, +45.86) 23.2 18.6 -5.17 4.19 28.3 0.30
UKS 1 (005.12, +00.76) 8.3 0.8 -6.88 1.02 2.3 0.32
NGC 6355 (359.58, +05.43) 9.5 1.8 -8.08 1.89 5.2 0.33
NGC 2419 (180.37, +25.24) 84.2 91.5 -9.58 4.74 116.1 0.30

case pointing to the direction of the Galactic bulge, a clear manifestation of
tidal distortion. NGC 2419 is a halo member, away from the Galactic disk
(35.9 kpc) and the bulge (90 kpc). It is one of the five most luminous Galactic
globular clusters, and among the most metal-poor Galactic GCs, with [Fe/H]
∼ −2.4 (Harris et al. 1997). There is no obvious cause for its flattened shape.
It may well be in a late stage of disintegration or as the remnant core of a
dissolved dwarf galaxy.
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Abstract We present observations of highly inclined, Hi deficient, Virgo cluster spiral
galaxies. Our high-resolution VLA Hi observations of edge-on galaxies allow us
to distinguish extraplanar gas from disk gas. All of our galaxies have truncated
Hα disks, with little or no disk gas beyond a truncation radius. While all the gas
disks are truncated, the observations show evidence for a continuum of stripping
states: symmetric, undisturbed truncated gas disks indicate galaxies that were
stripped long ago, while more asymmetric disks suggest ongoing or more recent
stripping. We compare these timescale estimates with results obtained from two-
dimensional stellar spectroscopy of the outer disks of galaxies in our sample.
One of the galaxies in our sample, NGC 4522 is a clear example of active ram-
pressure stripping, with 40% of its detected Hi being extraplanar. As expected,
the outer disk stellar populations of this galaxy show clear signs of recent (and,
in fact, ongoing) stripping. Somewhat less expected, however, is the fact that
the spectrum of the outer disk of this galaxy, with very strong Balmer absorption
and no observable emission, would be classified as “k+a” if observed at higher
redshift. Our observations of NGC 4522 and other galaxies at a range of cluster
radii allow us to better understand the role that clusters play in the structure and
evolution of disk galaxies.

Keywords: galaxies: clusters - galaxies: ISM - galaxies: evolution

1. Introduction

The morphology-density relationship (Oemler 1974; Melnick & Sargent
1977; Treu et al. 2003) is one of the clearest examples of the effect that clus-
ters have on their member galaxies. There are several cluster processes that
may contribute to this observed effect (Treu et al. 2003). ISM-ICM stripping
(which includes both ram-pressure stripping and turbulent viscous stripping)
may be among the most important processes in the transformation of late-type
cluster spirals into Sa’s and S0’s. This process, which removes gas from the
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Figure 1. Hi maps (top) and outer disk spectra (bottom) for (from left to right) IC 3392,
NGC 4419, NGC 4388, and NGC 4522. The Hi disks of the galaxies become more asymmetric
from left to right, a trend that is accompanied by an increase in the strength of the Hβ line.

galaxy but leaves the stars unperturbed, results in galaxies with truncated gas
and star-forming disks (Koopmann & Kenney 2004a;b). Simulations of ICM-
ISM interactions (e.g., Schulz & Struck 2001; Vollmer et al. 2001) have shown
that a smooth, uniform ISM can be stripped from the outer regions of galaxies
in clusters via ram pressure. Some of this gas and dust will escape from the
galaxy and become part of the ICM, while some will fall back onto the galaxy
(Vollmer et al. 2001). In either scenario, simulations show large amounts of
extraplanar material near the disk of the galaxy during ISM-ICM stripping.
Therefore, by studying the details of ISM-ICM stripping events, we can gain a
better understanding of the structure and dynamics of galaxy clusters.

2. HI Imaging and Optical Spectroscopy

As part of a larger VLA survey of Virgo Cluster spiral galaxies (Chung et
al. 2006, in preparation), we have observed several edge-on spiral galaxies
to allow us to distinguish potential extraplanar gas from disk gas. In at least
one case (NGC 4522; described in detail in the next section), there has been
the unambiguous detection of extraplanar gas. Figure 1 shows Hi maps of the
outer disks of four of the sample edge-on galaxies. The Hi morphologies range
from very symmetric, truncated disks (IC 3392 and NGC 4419) to NGC 4522,
with extraplanar gas making up 40% of the measured Hi.

In order to better characterize the stellar population of the outer disks of
these galaxies, we observed them with the SparsePak Integral Field Unit (Ber-
shady et al. 2004) on the WIYN 3.5m telescope. SparsePak allows us to take
simultaneous spectra of many positions in the disk. Through averaging of sev-
eral positions, we have obtained high signal-to-noise spectra of the outer stellar
disks just beyond the gas truncation radius (Figure 1). The outer disk integrated
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Figure 2. SparsePak spectrum of outer disk (the average of fibers at radii between 50” and
60” (4-5 kpc)) of NGC 4522. The lack of Hα emission and strong higher-order Balmer line
absorption lead us to classify this as a k+a or a+k spectrum.

spectra of these galaxies also show a notable trend: an increase in strength of
the Hβ line from IC 3392 (EW(Hβ)=3.8 Å) and NGC 4419 (EW(Hβ)=2.7 Å)
to NGC 4388 (EW(Hβ)=6.5 Å) and NGC 4522 (EW(Hβ)=8.2 Å). Taken to-
gether, these data seem to suggest an evolutionary sequence. Galaxies with
very symmetric disks (i.e. NGC 4419 and IC 3392) have outer disks with older
stellar populations and, as the gas disks become more asymmetric and irregular
(i.e. NGC 4388 and NGC 4522), the age of the stellar population is younger.

3. NGC 4522: A Local Analog to k+a Galaxies

NGC 4522 is a highly inclined, 0.5L∗, spiral galaxy in the southern part
of the Virgo Cluster, 0.6 r100 from M87 at the center of the cluster, and only
0.3 r100 from M49, which is at center of subcluster B. There is strong evidence,
both from Hi (Kenney et al. 2004) and radio continuum (Vollmer et al. 2004)
observations that it is currently being stripped of its gas by interaction with an
ICM. In a galaxy stripped of its gas such as this, we expect rapid cessation
of star formation as the raw materials for forming stars are removed from the
disk. Indeed, Koopman & Kenney (2004a;b) find many such galaxies in the
Virgo cluster: galaxies with normal stellar disks, but truncated Hα disks.

The spectrum of NGC 4522 (Figure 2) shows no signs of active star for-
mation and, indeed, the Hα line shows moderately strong absorption. The
higher order indices show extraordinarily strong absorption: EW(Hδ)=5.3 Å,
EW(Hγ)=5.5 Å, and EW(Hβ)=8.2 Å. Models have suggested that rapid trun-
cation of star formation will leave distinct spectral signatures, most notably
a sharp rise in strength of the higher order Balmer line indices (Couch &
Sharples 1987; Shioya et al. 2002). In their models of a simple stellar pop-
ulation, Shioya et al. 2002 show that Hδ equivalent width rises by ∼ 5 Å on
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very short timescales as the O and B stars die and the A stars, with very strong
Balmer lines, begin to dominate the integrated light. Such galaxies, with no
active star formation but strong Balmer absorption lines have been observed
in clusters and are commonly called “k+a” galaxies, in reference to their mix
of stellar populations. Galaxies with a k+a spectral signature were first dis-
covered in high-z clusters (Dressler & Gunn 1982,1983) but have been since
discovered as nearby as the Coma cluster (Poggianti et al. 2004). Our observa-
tions of NGC 4522 imply the outer disk is similar in stellar population to the
k+a galaxies at higher redshift (as described by Dressler et al. 1999). While
we are studying only one region of a galaxy, it appears possible to create a k+a
spectrum with ram pressure stripping.

4. Summary

There is little doubt that cluster processes play an important role in the evo-
lution of their member galaxies. The relative importance of specific processes,
however, has yet to be fully understood. Recent work (Shioya et al. 2004) has
suggested a convergent evolutionary scheme; that different processes that lead
to the same morphological endpoint. By studying galaxies in the nearby Virgo
cluster, we can hope to better understand the details of cluster galaxy evolution
processes. It appears that ram pressure stripping must play an important role
in the transformation of galaxies in clusters and that k+a spectra of galaxies
observed at higher redshift can plausibly be caused by ram pressure stripping
of gas-rich spirals.

References

Bershady, M. A., Andersen, D. R., Harker, J., Ramsey, L. W., & Verheijen, M. A. W. 2004,
PASP, 116, 565

Couch, W. J., & Sharples, R. M. 1987, MNRAS, 229, 423
Dressler, A., & Gunn, J. E. 1982, ApJ, 263, 533
Dressler, A., & Gunn, J. E. 1983, ApJ, 270, 7
Kenney, J.D.P., van Gorkom, J.H., & Vollmer, B. 2004, AJ, 127, 3361
Koopmann, R.A. & Kenney, J.D.P. 2004a, ApJ, 613, 851
Koopmann, R.A. & Kenney, J.D.P. 2004b, ApJ, 613, 866
Melnick, J. & Sargent, W.L.W. 1977, ApJ, 215, 401
Oemler, A. 1974, ApJ, 194, 1
Schulz, S. & Struck, C. 2001, MNRAS, 328, 185
Shioya, Y., Bekki, K., Couch, W. J., & De Propris, R. 2002, ApJ, 565, 223
Shioya, Y., Bekki, K., & Couch, W. J. 2004, ApJ, 601, 654
Treu, T., Ellis, R.S., Kneib, J-P., Dressler, A., Smail, I, Czoske, O., Oemler, A. & Natarajan, P.

2003, ApJ, 591, 53
Vollmer, B., Cayatte, V., Balkowski, C., & Duschl, W.J. 2001, ApJ, 561, 708
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Abstract We present WIYN SparsePak observations of the diffuse ionized gas (DIG) halo
of NGC 891. Preliminary results of an analysis of the halo velocity field reveal
a clear gradient of the azimuthal velocity with z which agrees with results for
the neutral gas. The magnitude of the gradient has been determined, using two
independent methods, to be approximately 15 km s−1 kpc−1.

Keywords: galaxies: kinematics and dynamics - galaxies: individual (NGC891) - galaxies:
ISM

1. Observations and Data Reduction

Data were obtained during the nights of 10–12 December 2004 with the
SparsePak IFU (see Bershady et al. 2004; 2005). We used the 860 l/mm grating
at order 2, which provides a spectral resolution λ/∆λ ∼ 4,900, and the 316
l/mm grating at order 8, which provides a spectral resolution ∼ 10,000. In
the latter mode, the wavelength coverage includes the Hα, [N II] λλ6548,6583
and [S II] λλ6716,6731 emission lines. The higher spectral resolution data are
presented and discussed in this paper. The data were reduced in IRAF. Figure
1 shows the SparsePak pointings on an Hα image of NGC 891.

2. Azimuthal Velocities from Envelope Tracing

To analyze the kinematic structure of the DIG halo of NGC 891, position-
velocity (PV) diagrams have been constructed from the spectra of all 82 fibers
in pointing ‘H’ (cf. Fig. 1). To enhance signal-to-noise, several fibers were
averaged together for each major axis distance R at the highest z. Figure 1
indicates which fibers were included in each z-range. Because a bright sky
line interferes with several of the Hα profiles, and to increase signal-to-noise,
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Figure Hα image of
NGC 891 from Rand et
al. 1990, with the positions of
the SparsePak fibers during
the higher spectral resolution
observations (H) overlaid as
black circles. Lower spectral
resolution pointings (L1, L2,
and L3), to be presented in a
future paper, are plotted with
gray circles. Fibers on the
major axis are plotted in white
for clarity. Ranges of z used
to construct PV diagrams (see
text) are labeled z1, z2, and
z3. The rotation center is
marked with a white star. The
receding side is to the south.

PV diagrams were constructed of the sum of the [N II] λ6583 + [S II] λ6716
emission lines. Contour plots of the PV diagrams are included in Fig. 3.

Rotation curves were derived for each PV diagram using the envelope trac-
ing method (e.g., Sofue & Rubin 2001). Because NGC 891 is nearly edge-on
(i > 88◦; Swaters 1994), the edge of each line profile furthest from the sys-
temic velocity (the “envelope”) corresponds to gas at the line of nodes; this
velocity is thus approximately the azimuthal velocity at that R. The azimuthal
velocity is found by (Sofue & Rubin 2001):

vaz = (venv − vsys)/ sin(i) −
√

σ2
inst + σ2

gas, (1)

where venv is the velocity at the location of the envelope, σinst is the velocity
resolution of the instrument, and σgas is the velocity dispersion of the gas.
Azimuthal velocity curves were constructed from the PV diagrams, and are
shown in Fig. 2. Extinction in the midplane prevented reliable velocities from
being found for z ≈ 0′′.

Figure Azimuthal veloc-
ity curves, derived from the
PV diagrams shown in Fig. 3
using the envelope tracing
method. Velocities are shown
for 25′′ < z < 45′′ (z1; filled

circles), 45′′ < z < 65′′ (z2;
open squares), and z > 65′′

(z3; crosses), and are relative
to vsys = 528 km s−1.

1.

2.



DIG Halo Kinematics in NGC 891 297

It is clear from Fig. 2 that the derived azimuthal velocities decrease with
height. A close inspection of the PV diagrams shows that this is not an effect of
signal-to-noise variations with height. An average azimuthal velocity gradient
of 0.80 km s−1 arcsec−1 (17 km s−1 kpc−1) was calculated. Similar results
were obtained by following this procedure for the [N II] λ6583 emission line
alone (14 km s−1 kpc−1). These values are in agreement with that measured
by Fraternali et al. 2005 for the neutral component, 15 km s−1 kpc−1.

3. Azimuthal Velocities from PV Diagram Modeling

The envelope tracing method is sensitive to the changing signal-to-noise ra-
tio of the data with z. To account for this effect and the radial gas distribution,
we have generated galaxy models. The Hα image presented in Fig. 1 was used
to obtain estimates of the radial density profile at each of the heights consid-
ered in the model. Because the distribution of the DIG is not axisymmetric,
the profiles were modified by hand to better match the shape of the data PV
diagrams. The amplitude of the radial density profile was chosen such that the
signal-to-noise in the model approximately matched that in the data.

We then created model galaxies with these derived radial profiles using a
version of the GIPSY task GALMOD, modified to allow for a vertical gradient
in azimuthal velocity which begins at a height z0 above the midplane:

v(R, z) = v(R, z ≤ z0) −
dv

dz
[|z| − z0] , (2)

where dv/dz has units of [km s−1 arcsec−1], and for the models considered
here, the major axis rotation curve is flat [v(R, z ≤ z0) = 200 km s−1].
The inclusion of the parameter z0 was motivated by the results of Fraternali
et al. 2005, who find that the gradient in the neutral component of NGC 891
starts at approximately z = 1.3 kpc (though that result may be a consequence
of beam smearing). That value of z0 was used for the models shown here, but
we note that the appropriate value cannot be determined for our data (we lack
data below z ≈ 1.2 kpc). Artificial SparsePak observations were made of the
models to create PV diagrams, and compared to the data (Fig. 3).

The model that appears to best match the data has dv/dz = 15 km s−1

kpc−1. A statistical analysis of difference images suggests that the best match
occurs at dv/dz = 12 − 14 km s−1 kpc−1, but because the model cannot
perfectly reproduce the shape of the PV diagrams, comparing by eye is the
most reliable way to determine the gradient. To ensure that our results are not
influenced by an incorrect specification of the radial density profile, we also
consider models with a flat radial density profile, and find that the same gradi-
ent yields the best match. We conclude that the vertical gradient in azimuthal
velocity for the DIG halo of NGC 891 is approximately 15 km s−1 kpc−1.
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Figure 3. Comparison between data (white) and model (black) PV diagrams for different
values of dv/dz, at the indicated heights. Contour levels for data and models are 10, 15, 20, 25,
30, 35, and 40σ for 25′′ < z < 45′′ (z1); 5, 8, 11, 14, 17, and 20σ for 45′′ < z < 65′′ (z2); 3,
4.5, 6, 7.5, 9, 10.5, and 12σ for z > 65′′ (z3). The systemic velocity is vsys = 528 km s−1.

4. Future Work

To attempt to understand the origin of the azimuthal velocity gradient de-
rived in this paper, the kinematic data will be compared with the results of an
entirely ballistic model of disk–halo flow (cf. Collins et al. 2002). Further
information regarding the kinematic structure will be obtained once the lower
spectral resolution pointings are reduced and analyzed. Results from these
efforts will be presented in a forthcoming paper.

Acknowledgements This material is based on work partially supported by the
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Abstract The stellar populations of nearby galaxies are accessible for detailed analysis,
and can provide constraints on galaxy formation scenarios. We have obtained
deep HST ACS images of several fields in the outer regions of M31, three of
which are presented here. The intermediate age populations in these fields ap-
pear very similar, whereas the contribution of young stars varies from field to
field.
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Introduction

Ground based observations of red giant stars in M31 (e.g., Ferguson et
al. 2002) have shown that its outer regions contain considerable structure. We
have obtained HST ACS observations of 8 fields at various locations in the
outer regions of M31, principally targetting substructures seen in the ground-
based images. Our initial analysis (Ferguson et al. 2005) found differences
between the colour-magnitude diagrams (CMDs) from the various fields, in
particular in the morphology of the red clump, the strength of the red giant
branch and asymptotic giant branch bumps and the presence of a blue plume.

Here we compare 3 fields located close to the major axis of M31 - the G1
clump, the stellar warp, and the northern spur. These fields all lie well outside
the bright inner disk of M31 (the inner disk scale length is 5.9 kpc), at projected
distances of 29.6 kpc (G1 clump), 25.5 kpc (warp) and 25.7 kpc (spur). The
warp and the G1 clump are at the southern end of the major axis and the warp
is at the northern end.
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All fields were observed with ACS in the two filters F606W and F814W.
Exposure times were ≈10000 s (F606W) and ≈15000 s (F814W) for the warp
field, and 2500 s (F606W) and 5000 s (F814W) for the spur and clump fields.

Results & Discussion

Figure 1 shows the colour magnitude diagrams for the 3 fields. The data in
the CMDs are calibrated in Vegamag and have been de-reddened (E(B-V)≈0.06
for these fields).

The lines in the G1 clump CMD show 90% and 50% completeness limits
and error bars determined from artificial star tests. The completeness limits and
errors in the spur CMD should be similar, while the warp CMD is somewhat
deeper. The lines in the warp CMD show the region used to create the red giant
branch luminosity function.

The main features of the CMDs are labelled on the G1 clump CMD. All
show a broad red giant branch (RGB), and a prominent round red clump (RC).
Two additional bumps, above and below the red clump, are also seen in the
CMDs, most obviously in the spur field. These are most likely the AGB
(above) and RGB (below) bumps.

The ages and metallicities of the old and intermediate stars can be con-
strained from the locus and width of the RGB, in conjunction with the position
and morphology of the RC. Comparison of the RGB locus with the overplotted
isochrones shows that the isochrones are a reasonable fit, although no single
isochrone fits the RGB well along its whole length.

Figure 2 shows the normalised RGB luminosity functions. The magnitude
of and relative number of stars in the red clump are very similar in all fields, as
is the colour. Comparison of the red clump colour and magnitude to the models
of Girardi & Salaris (2001) gives an estimate of the age and metallicity of the
stellar population of ∼5 Gyr and [M/H]=–0.4. Using artificial CMDs created
using the StarFISH software (Harris & Zaritsky 2001) we modelled the G1
clump field and found that an age spread of at least a few Gyr is required to
produce the vertical extent of the red clump.

The spur and warp fields have an additional feature in the luminosity func-
tion at m814≈23.1, which we associate with the AGB bump. Comparison of
the distance between the AGB bump and the RC to the models of Alves and
Sarajedini (1999) again gives a population age of 4-5 Gyr for the metallicity
found above.

The CMD features due to younger populations do not look so similar. A
prominent blue plume is seen in the G1 clump and the warp fields, but not in
the spur field. The youngest stars in the G1 clump model have ages of 250 Myr.
The warp field also has an additional prominent feature at m606-m814≈0.3.
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Figure 1. Colour magnitude diagrams of the G1 Clump, Warp and Spur fields. Also shown
is the CMD of our model G1 clump population. The lines in the G1 clump CMD give the 90%
and 50% completeness limits from artificial star tests. The lines in the Warp CMD delineate the
region used to create the RGB luminosity function.
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Figure 2. Normalized RGB luminosity functions in m814

It seems that these fields, on opposite sides of M31, experienced a similar
star formation history a few Gyr ago. The resolution with which we can dis-
tinguish different stellar population ages is ∼1-2 Gyr at ∼6 Gyr. The age, age
spread, and relatively high metallicity in these fields appear similar to those in
a field studied by Brown et al. (2003), which is at 11 kpc along the minor axis,
or at a de-projected radius in the disk of 51 kpc. Whether any of these popula-
tions were produced by the same mechanism, and what that mechanism might
be, is still unclear, and will be investigated using our full data-set of imaging
and spectroscopy.
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Abstract The origin of Hi at anomalous velocities and at large distances above the disk,
detected in a few spiral galaxies, is still a puzzle. To improve on our understand-
ing of this extra-planar gas, we have started a study of a representative sample
of nearby edge-on galaxies. In this paper we present the observations and a pre-
liminary analysis of the extra-planar gas of UGC 1281 and NGC 7814. These
galaxies were observed with the WSRT for 4 × 12 hours. In the dwarf galaxy
UGC 1281, there are clear indications of a gaseous halo. A preliminary analysis
of NGC 7814 shows no halo; however, we have detected extra-planar gas, at ve-
locities higher than the maximal rotational velocity, above and below the plane.
The origin of this gas is unclear.

Keywords: galaxies: individual (UGC 1281, NGC 7814) - galaxies: ISM - galaxies: halos -
galaxies: kinematics and dynamics - ISM: structure

Introduction

The picture of the vertical Hi gas distribution in spiral galaxies emerging
from recent deep Hi observations of a number of galaxies (NGC 891, Frater-
nali et al. 2003, NGC 2403; Fraternali et al. 2002 and UGC 7321, Matthews et
al. 2003) is that of a cold thin disk surrounded by a thick layer of more slowly
rotating gas (halo gas). In NGC 891 this halo extends up to 15 kpc (∼40× op-
tical scale height) from the plane of the disk. 3D-modeling shows that this gas
rotates more slowly than the gas in the disk (see Fig. 4 in Swaters et al. 1997).
In UGC 7321 gas has been found in the halo up to 2.4 kpc (hz,H ∼ 140 pc).
This high latitude Hi material might be analogous to the Galactic High Veloc-
ity Clouds (HVCs) (Fraternali et al. 2002), and might provide an answer to the
question of the origin of the HVCs.
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Figure 1. Position-Velocity diagrams of the Hi along the major axis (left panel) and along
the minor axis (right panel) in NGC 7814. The circles and ellipses indicate the anomalous gas.
Contours are from -3σ (grey) to +6σ (black) in steps of 1.5σ (σ = 0.5 mJy/beam); the 0
contour is omitted. After +6σ the contours are from 4.2 mJy/beam, increasing with steps of 2.5
mJy/beam.

To study the phenomenon of Hi halos we constructed a sample of spiral
galaxies with a range of luminosities, morphological types and star formation
properties. The first, central question is that of the origin of the Hi halos. The
study of the presence and of the density distribution and kinematical properties
of the halos for such a range of different systems should provide the basis for
understanding the physical mechanisms at the origin of the phenomenon. Here
we present a preliminary analysis of two galaxies observed with the Wester-
bork Synthesis Radio Telescope (WSRT).

1. The Observations

We observed the edge-on galaxies NGC 7814 and UGC 1281 for 4 × 12
hours with the WRST in the 21 cm line. The data were reduced in the standard
way with MIRIAD (Sault & Killeen 2004).

NGC 7814

NGC 7814 is a very massive (Vmax = 240 km/s) early type spiral (Sa) with
a flattened bulge (axis ratio 0.57)(van der Kruit & Searle 1982). The distance
to the galaxy is 15 Mpc. Its systemic velocity is 1050 ±8 km/s.

During our inspection of the natural weighted data, we found two features
extending out from the plane (Fig. 2). They appear at the highest rotational
velocities observed in this galaxy. They have a small velocity dispersion (± 15
km/s). The origin and dynamics of this gas are a puzzle. There are indications
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Figure 2. NGC 7814 contour plots showing the extra-planar Hi features (3 channels stacked)
overlaid on an optical image. Contours are from -3σ (grey) to +6σ (black) in steps of 1.5σ
(σ = 1.6 mJy/beam), the 0 contour is omitted. After +6σ the contours run from 12.5 mJy/beam
increasing with steps of 5 mJy/beam. The left (right) panel shows the feature at 1285±8 km/s
(804±8 km/s). These are the highest (lowest) velocity channels. The systemic velocity is 1050
± 8 km/s.

that there is a bar in the inner region (from the subtraction of an axisymmetric
model to the light). The features are situated at the edges of the optical bulge
(Fig. 2) and may be connected with the bar.

UGC 1281

The other galaxy observed at 21 cm was the Low Surface Brightness (LSB)
dwarf galaxy UGC 1281. Here we find a halo, extending 700 pc on both sides
of the plane at column densities NH = 4.2 × 1019(3σ). UGC 1281 is a quies-
cent galaxy, forming fewer stars per unit of mass than NGC 891, the classical
example of a galaxy with a halo, indicating that the amount of star formation
itself is not the only parameter determining the presence of a gaseous halo in
spiral galaxies.

The ‘Position-Velocity diagrams’ (PV diagrams) parallel to the minor axis
(Fig. 3) indicate a thickening on the side of the systemic velocity (156 ± 1
km/s), suggesting the presence of halo gas lagging in velocity with respect to
the disk. As in the case of the superthin galaxy UGC 7321 (Matthews & Wood
2003) the origin of such a lagging Hi halo in a LSB (low star formation) dwarf
galaxy is difficult to explain.
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Figure 3. PV diagrams parallel to the minor axis of UGC 1281 at a distance of -4, -2, 0, 2
and 4 arcmin from the center. Contours are from -3σ (grey) to +6σ (black) in steps of 1.5σ
(σ = 0.33 mJy/beam), the 0 contour is omitted. After +6σ the contours are from 5 mJy/beam
to 20 mJy/beam increasing with steps of 6 mJy/beam and from 30 mJy/beam on increasing with
10 mJy/beam.

2. Future Work

For NGC 7814 a model analysis of the data is necessary to investigate the
presence of the non-circular motion and the peculiar z-extent. For UGC 1281
we are still trying to improve the observational picture with additional data.
Also, Hα observations of UGC 1281 are needed to obtain a better estimate
of the star formation in this galaxy. In the end, it is our goal to analyse the
properties of 16 edge-on galaxies and to determine how common Hi halos are
and which factors (e.g., mass, star formation, morphological type, luminosity)
play a role in the formation of these halos.
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TIDAL DEBRIS OF NGC 2782
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Abstract We report on a study of a nearby minor merger, NGC 2782, which is the result of
a merger between two disk galaxies with a mass ratio of 0.25 occurring ∼ 200
Myr ago. This merger produced an Hi-poor, optically bright Eastern tail and an
Hi-rich, optically faint Western tail. Deep optical images reveal the presence
of blue (B − V ∼0.0) clusters along both tails, suggesting that they are young
(<100 Myr) and possibly formed within the tail. The presence of young clusters
in the Western tail is unexpected due to the lack of molecular gas observed in
previous studies. These results suggest that star cluster formation is a common
outcome of minor mergers regardless of molecular gas content in the tidal debris.

Keywords: galaxies: star clusters - galaxies: interactions - galaxies: individual (NGC 2782)

1. Introduction

Does the tidal debris of minor mergers contribute significantly to structures
in spiral galaxy halos or the IGM? Though major mergers are known to create
structures ranging from star clusters to tidal dwarf galaxies in their debris (Duc
et al. 2000; Knierman et al. 2003), minor mergers are more common and were
likely to be important in the early universe. Structures in minor mergers’ tidal
debris may be captured by the parent galaxy and create structure in the galaxy’s
halo like those found in the Milky Way (Ibata et al. 1997), or contribute to the
pollution of the IGM. Tidal debris can also give insight into unusual environ-
ments of star formation and how gas behaves in galaxy interactions. Studying
the formation of structure in the tidal debris of minor mergers can help us un-
derstand a common process in galaxy formation, particularly spiral galaxies.

2. Minor Mergers and NGC 2782

Not much is known about minor mergers (mass ratios between a dwarf
galaxy and a disk galaxy of <0.3) and their tidal debris. Previous work (e.g.,
Bastian et al. 2005; Tran et al. 2003; de Grijs et al. 2003) found the tidal debris
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to contain blue star clusters (B − V ∼ −0.2; de Grijs et al. 2003) with young
ages indicating they were formed within the tail.

The peculiar spiral, NGC 2782, is the result of a merger between a two disk
galaxies with a mass ratio of 0.25 occurring ∼200 Myr ago. This merger
produced two tidal tails: an Hi-rich, optically faint Western tail (MHI =
14×108M⊙, Mmol < 0.06×108M⊙) and an Eastern tail which has a concen-
tration of Hi and CO at its base (MHI = 6.6× 108M⊙, Mmol = 6× 108M⊙),
but a gas-poor optical knot at the tip (see Figure 1; Smith 1994). Non-detection
of CO at the location of Hi knots in the Western tail led Braine et al. (2001) to
argue that the Hi is not gravitationally bound and "has presumably not had time
to condense into H2 and for star formation to begin." However, if this tail was
pulled from the outer region of the spiral galaxy, it may have a low metallicity
which may affect the conversion factor between CO and H2.

3. Star Cluster Candidates in the Tidal Tails of NGC 2782

Using deep UBVR images from the VATT, 57 star cluster (SC) candidates
in the Eastern tail and 47 star cluster candidates in the Western tail (with 5
overlapping candidates) were detected by eye from the surrounding tail (see
Figure 1). SC candidates in the Eastern tail are clustered mainly around the
base of the tail where CO was detected and not in the gas-poor optical knot.
SC candidates in the Western tail are located along the tail length.

Photometry for the SC candidates in UBVR was plotted on color-color dia-
grams with Charlot, Worthey & Bressan (1996) single stellar population mod-
els for a Salpeter IMF with Z⊙ and 0.4 Z⊙ (see Figure 2). From the models,
there is seen to be a population of SC candidates in both tails with colors con-
sistent with ages <100 Myr. Since the interaction age is ∼200 Myrs, these
clumps likely formed within the tail. Narrowband Hα observations yielded a
detection of one SC candidate in the Western tail and two SC candidates in
the Eastern tail (see Figure 1). Two Hα clumps are very blue (B − V ∼ 0.0)
and have ages consistent with ∼ 10 Myr. The Hα clump in the Eastern tail
closest to the central galaxy has slightly redder colors (B −V = 0.5), but may
be contaminated with dust. The Hi clump in the Western tail that yielded a
non-detection in CO, has blue colors (B − V = −0.11) consistent with an age
of ∼10 Myr.

4. Discussion and Conclusions

Consistent with previous observations, the Eastern tail has a population of
young, star forming clusters with ages <100 Myr. Unexpectedly, the molecular
gas-poor Western tail also has a population of young, star forming clusters with
ages <100 Myr indicating that star formation has occurred in this tail. Perhaps
the lack of molecular gas is due to evacuation by the star formation since the
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Center: B-band op-
tical contours overlaid on Hi
greyscale. Crosses mark the
location of 12m CO observa-
tions (Smith 1994; Smith et
al. 1999). Top-left: B-band
image of Eastern tail from
VATT with star cluster candi-
dates marked. Bottom-right:

B-band image of Western tail.

Figure 1.
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Figure 2. U − B vs. B − V color-color diagram of star cluster candidates in the tidal debris
of NGC 2782. Candidates from the Eastern tail are indicated by stars while those in the Western
tail are indicated by boxes. The solid line shows a Charlot et al (1996) single stellar population
model with 0.4 Z⊙ while the dotted line shows Z⊙. Log(age) is indicated by the numerals.

less massive Hi clumps in NGC 2782 have lower gravity as compared to larger
tidal dwarf galaxies found in major mergers. Though the gas properties of the

tails are different, star formation still occurs in each perhaps indicating that

star formation is a common occurrence in tidal debris.
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Abstract We analyze properties of subhalos/substructures resolved in a dark matter sim-
ulation of a Milky Way-like halo in a ΛCDM cosmology. We explore possible
links between subhalos and the Galactic satellites and find: 1) The infall pat-
terns of subhalos are slightly elongated along the major axis of the galaxy halo
and are clumpy on smaller scales. 2) The Great disk defined by MW satellites
(Kroupa et al. 2005) is easily reproduced in our simulations without recurring to
sophisticated galaxy formation recipes and is purely due to their highly centrally
concentrated distribution around the Galaxy.

Keywords: dark matter - Galaxy: formation - galaxies: dwarf - galaxies: kinematics and
dynamics - methods: numerical

1. Introduction

The relation between resolved substructures/subhalos in N-body dark mat-
ter simulations and the luminous satellites in galaxy halos is still unclear. The
two populations differ in number (“the missing satellite problem”) by factors
of a hundred or more (Kauffmann, White & Guiderdoni 1993; Klypin et al.
1999; Moore et al. 1999); and also in their spatial density distributions (Gao
et al. 2004). Recently, it has been argued that the MW satellites define a disk-
like structure, that is so highly flattened (rms thickness of 10−30 kpc) that
it appears to be inconsistent with the expectations of CDM models (Kroupa
et al. 2005). Sophisticated semi-analytic galaxy formation recipes have been
used to identify “luminous” satellites in dark matter simulations (Kang et al.
2005; Zentner et al. 2005; Libeskind et al. 2005). This modelling has produced
results that are consistent with observations. However, major uncertainties as-
sociated to the modelling of star formation and feedback processes in galaxies
of the dwarf scale (Bullock, Karvtsov & Weinberg 2001) limit their predictive
power.
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In this contribution, we explore the possible links between the subhalos
found in a dark-matter simulation of a galaxy halo and the satellites of the
Milky Way. Our approach is simpler than the above-mentioned semi-analytic
models and aims at finding the similarities and differences between the two
populations of objects, mostly from a dynamical point of view. To this end, we
use a high-resolution dark matter simulation from the GA series (Stoehr et al.
2002), that models the formation of a MW-like halo in a ΛCDM cosmology.
Throughout this article we focus on an experiment (GA2new) with 5,953,033
particles of mass 1.93 × 106M⊙, which results in the smallest resolved sub-
structures (10 particles) to be ∼ 2 × 107M⊙. Gravitationally bound subhalos
have been identified using the SUBFIND algorithm (Springel et al. 2001). In
the simulation we present here, there are 505 subhalos at the present time.

2. Ghostly Streams and the Infall of Dark Matter
Substructures

Figure 1 shows the distribution of subhalos in their principal axes reference
frame, at the epoch when they were accreted onto the MW-like halo (top) and
at the present day (bottom). The projections show the edge-on view. This
distribution is slightly elongated along the direction of the major axis of the
MW-like halo at each epoch (indicated with a dashed line in each panel). No-
tice that there are clumps of subhalos often sharing similar velocities indicating
that infall does not occur in isolation but in groups.

Figure 1. Several clusters of subhalos can be identified on the infall patterns (top). Each
subhalo is assigned an arrow representing its velocity: the length corresponds to 0.15 of the
magnitude while the arrow is oriented in the direction of motion.
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This grouping may well be the origin of the ghostly streams reported by
Lynden-Bell & Lynden-Bell 1995: a few satellites and globular clusters appear
to be sharing a common orbital planes. If some of the luminous satellites
are embedded in dark (sub)halos that fell in together, such coherent structures
would be naturally expected.

3. On the Great Disk of Milky-Way Satellites

The subhalos in our GA simulation show at least two differences in their
distributions in comparison to the Galactic dwarfs: 1) their spatial distribution
is much less anisotropic (Figure 3 Left); 2) their density distribution is much
shallower (Figure 2 Left). However, if we randomly select sets of 11 subhalos
according to the MW satellites density profile, we can easily reproduce their
elongated configuration. About 1/3 of our random realizations give configura-
tions as flattened as those of the MW dwarfs, as indicated by the shaded area of
the histogram showing the fraction of experiments with a given intermediate-
to-major axis ratio (Figure 2 Right).
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Figure 2. Left: Density distribution of MW satellites and subhalos. Right: Histogram of
fractions of a given structure defined by subhalos selected according to the Galactic satellites
density distribution of 1,000 realizations.

Figure 3 shows the distribution of the MW satellites (left), one random real-
ization of a set of 11 subhalos selected to follow the density distribution of the
satellites (centre) and the full sample of subhalos (right) in their principal axes
frame.

These results show that the disk-like configuration of the MW satellites
is driven by their strongly centrally concentrated density distribution around
the Galaxy. This suggests that their 3D distribution is solely the result of dy-
namical processes (possibly associated to mass at the time of infall), and that
there is no need to recur to sophisticated galaxy formation tools and recipes to
explain the characteristics of the satellite distribution around the Galaxy.
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Figure 3. The spatial distribution of the MW satellites (left), one random realization of a set
of 11 selected subhalos (centre) and the full sample of subhalos (right). Top: edge-on view;
bottom: face-on view.

Furthermore, we note that the “highly” anisotropic MW satellites distribution
is actually biased by the presence of 2-3 outliers (Leo I, Leo II & Fornax)
located at very large distances, and which, inevitably, give rise to a planar con-
figuration. Therefore, it transpires that the current MW satellites distribution
tells us very little about the shape of the dark matter distribution around our
Galaxy.
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Abstract Although it is widely accepted that galaxy interactions stimulate secular evolu-
tionary effects (e.g. enhanced star formation), the amplitude of this effect and
the processes for accomplishing them are not well quantified. The goal of the
project AMIGA (Analysis of the Interstellar Medium of Isolated Galaxies) is
to provide a sizable reference sample (n=1050) of the most isolated galaxies as
a basis for the study of the influence of the environment on galaxy properties.
Here, we present the far-infrared (FIR) properties of 1030 galaxies of the sample
for which IRAS data are available. We improved the detection rate and accuracy
of the IRAS data with respect to the Point Source and Faint Source Catalog by re-
doing the data reduction with the IPAC utility ADDSCAN/SCANPI. Comparing
the FIR to the blue luminosities, we find a slightly non-linear relation. Further-
more, we find that interacting galaxies tend to have an enhanced FIR emission.

Keywords: infrared: galaxies - surveys - galaxies: ISM - galaxies: interactions

1. The AMIGA Project

A key question in astrophysics is the relative role of nurture versus nature
in galaxy evolution. In order to make progress, studies need to be based on a
well-defined sample of isolated galaxy which has been lacking so far. We are
compiling and analysing data for the first complete unbiased control sample
of the most isolated galaxies in the northern sky (Leon & Verdes-Montenegro
2003, Verdes-Montenegro et al. 2005). To compare and quantify the properties
of different phases of the interstellar medium, as well as the level of star forma-
tion, we are building a multiwavelength database (far-infrared, near-infrared,
optical, Hα, radio continuum, Hi and CO) for this sample. The data will be
publicly available from www.iaa.es/AMIGA.html.

Our sample is based on the Catalogue of Isolated Galaxies (CIG, 1050
galaxies, Karatchenseva 1973) assembled with the requirement that no
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similarly sized galaxies with diameter d (where d is between 1/4 and 4 times
diameter D of the CIG galaxy) lie within 20d. We chose the CIG as a basis
because this sample presents various advantages: (i) It is selected using a pow-
erful criterium, so that the CIG contains a large fraction of the most isolated
nearby galaxies in the northern hemisphere. Since the selection criterium does
not take into account redshift, it actually excludes some galaxies which have
only apparent companions that lie in reality at a very different redshift. This is
however not a problem for our purpose because (ii) the sample is large enough
to be statistically significant. It furthermore covers a large enough volume
to be almost (80%) optically complete up to a Zwicky magnitude of 15 mag
(Verdes-Montenegro et al. 2005). (iii) Finally, the fact that the galaxies in the
CIG are nearby (the bulk of the galaxies have recession velocities below 10 000
km/s) enables us to determine the morphologies in a reliable way (Sulentic et
al. 2006). Since furthermore all morphological types are found in CIG, we are
able to study galaxy properties as a function of galaxy type.

As a first step, we are performing a number of refinements to the CIG: a)
We are carrying out a computational revision and quantification of the degree
of isolation using SExtractor and LMORFO to the POSSI plates (Verley et
al., in prep.), b) we are revising the morphologies with the help of POSSII
and our optical images (Sulentic et al. 2006), and c) we have checked the
positions and accumulated new redshifts available in the literature (Leon &
Verdes-Montenegro 2003, Verdes-Montenegro et al. 2005).

2.

We obtained the IRAS fluxes at 12, 25, 60 and 100 µm using the utility
ADDSCAN/SCANPI at IPAC. We followed the recommendation for the cal-
culation of the total fluxes and visually inspected all spectra in order to check
for (i) the presence of cirrus emission, (ii) confusing with neighboring galaxies
and (iii) the significance of the detection (e.g. confusing with noise spikes). A
more detailed description of the data processing will be presented in Lisenfeld
et al. (in prep.). This reprocessing yielded:

An increase in the number of data points in comparison to the IRAS
Point Source Catalog (PSC) and Faint Source Catalog (FSC): Whereas
there are only 524 galaxies of the 1050 CIG galaxies in the PSC/FSC,
the ADDSCAN/SCANPI reduction provided data for 1031 objects.

An improvement of the signal-to-noise-ratio by a factor of 2-5. In par-
ticular, (55, 70, 9, 81) galaxies at (12, 25, 60, 100)µm were only upper
limits in the PSC/FSC but changed to detections after our reprocessing.

An improved accuracy of the fluxes, because ADDSCAN/SCANPI is
able to measure the total flux of extended objects, as long as their size
is not above a few arcmin. We found a trend of the ratio of the flux

Reprocessing of IRAS Data
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Figure 1. The relation between the FIR and blue luminosity for an optically complete sub-
sample of the CIG, excluding 23 interacting CIG galaxies (left) and for different samples of
interacting galaxies (right) The line is in both panels the regression found for the CIG (eq. 1).

derived with ADDSCAN/SCANPI to the flux from the PSC/FSC to in-
crease with source diameter, especially at short wavelengths, suggesting
that the fluxes in the PSC/FSC indeed underestimate the correct fluxes
for large object. Furthermore, our visual inspection of the spectra al-
lowed us to reject dubious cases. In fact, we classified (29, 21, 5, 3)
galaxies at (12, 25, 60, 100)µm as non-detection that were listed as de-
tection in the PSC/FSC.

3. Relation Between LFIR and LB

As a first result, we show in Fig. 1 a comparison of the FIR luminosity, LFIR,
(calculated from the 60 and 100 µm fluxes) to the blue luminosity, LB, derived
from the corrected Zwicky magnitudes (see Verdes-Montenegro et al. 2005).
A more detailed analysis of the data, including the full presentation of the char-
acteristics of the FIR luminosities and colours will be presented in Lisenfeld
et al. (in preparation). We limit the sample to 736 galaxies with optical mag-
nitudes between 11 and 15 mag, representing an 80% complete subsample of
the CIG (Verdes-Montenegro et al. 2005). Furthermore, based on the morpho-
logical revision of the sample we exclude 23 galaxies which are judged to be
interacting (Sulentic et al. 2006).

We fit the correlation, taking into account the upper limits by applying sur-
vival methods from the package ASURV (Feigelson & Nelson 1985, Isolbe,
Feigelson & Nelson 1986) and obtain for the relation (adopting LB as the
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independent variable).

log(LFIR) = (1.13 ± 0.03) log(LB) − (2.1 ± 0.3) (1)

The slope obtained for the sample of the 23 clearly interacting CIGs was con-
siderably higher, 1.46 ± 0.14. The difference is due to an increase in LFIR:
Whereas the average LB of both samples are basically the same (< LB > =
10.22 ± 0.02 for the 713 CIG galaxies and < LB > = 10.23 ± 0.11 for
the 23 interacting CIG galaxies) the FIR luminosity is increased for the in-
teracting galaxies (< LFIR > = 9.18 ± 0.08 for the 713 CIG galaxies and
< LB > = 9.75 ± 0.17 for the 23 interacting CIG galaxies).

In Fig. 1 (left) we show different samples of interacting galaxies compared
to the slope of the CIG (eq. 1). The interacting galaxies clearly lie above this
slope, indicating an enhancement of the FIR emission compared to LB.
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Abstract We present the results of our Hi survey of six loose groups of galaxies analogous
to the Local Group. The survey was conducted using the Parkes telescope and
the Australia Telescope Compact Array to produce a census of all the gas-rich
galaxies and analogs to the high-velocity clouds (HVCs) within these groups
down to MHI< 107 M⊙ as a test of models of galaxy formation. We present the
Hi mass function and halo mass function of the loose groups and show that they
are consistent with those of the Local Group. We discuss the possible role of
HVCs in solving the “missing satellite” problem and discuss the implications of
our observations for models of galaxy formation.

Keywords: intergalactic medium - radio lines: galaxies - galaxies: formation - galaxies:
dwarf

1. Introduction

The majority of “island universes”, 60%, reside in galaxy groups (Tully
1987), including the Milky Way. Loose groups of galaxies, like our Local
Group, are collections of a few large, bright galaxies and tens of smaller, fainter
galaxies. The large galaxies are typically separated by a few hundred kilopar-
secs from each other and spread over an extent of approximately a megaparsec.
They represent the most diffuse components of large scale structure and a labo-
ratory for studying galaxy formation. Loose groups are almost certainly still in
the process of collapsing (Zabludoff & Mulchaey 1998) and they may also con-
tain the gaseous remnants of galaxy formation in the form of the high-velocity
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clouds (HVCs; Blitz et al. 1999). They also illustrate one of the major chal-
lenges to current models of cold dark matter (CDM) galaxy formation. CDM
models predict that the Local Group should contain ∼300 low mass dark ha-
los, while there are only ∼20 luminous dwarf galaxies known. While this may
imply that we lack a complete census of the luminous galaxies in the Local
Group, it may also be uniquely deficient in dwarf galaxies. Or, perhaps, the
HVCs may populate these dark matter halos and solve the “missing satellite”
problem. In order to address this question and to better understand the proper-
ties of loose groups, we have conducted an Hi survey of six groups analogous
to the Local Group.

2. Observations

We selected our groups from the optical catalog of Garcia (1993). The re-
sulting groups are between 10.6 and 13.4 Mpc distant, contain between 3–9
bright galaxies which are separated, on average, by ∼550 kpc, and have diam-
eters of ∼1.6 Mpc. Their masses, as estimated by the virial theorem and the
projected mass estimator (Heisler et al. 1985), of ∼ 1011.7−13.6M⊙ are compa-
rable to the mass of the Local Group ∼ 1012.4M⊙ (Courteau & van den Bergh
1999).

We used the Parkes Multibeam and Australia Telescope Compact Array
(ATCA) to survey the entire area of each group down to a MHI sensitivity of
5–8 × 105M⊙ per 3.3 km s−1. All Parkes detections in the groups were con-
firmed to be real by the follow-up ATCA observations. A total of 64 Hi-rich
galaxies were detected in the six groups, almost twice the number of optically
cataloged group galaxies (Garcia 1993) and 50% more galaxies than were de-
tected by HIPASS in the same fields (Meyer et al. 2004). All of our detections
are associated with optical counterparts and have properties consistent with
typical spiral, irregular, or dwarf irregular galaxies. No analogs to the HVCs
were detected. Examples of two typical new detections are shown in Figure 1.

3. Is the Local Group Missing Dwarf Galaxies?

We wish to know if our sample of loose groups has a significantly different
population of dwarf galaxies as compared to the Local Group in order to deter-
mine if the Local Group is unique in some fashion. To do this we constructed
an Hi mass function (Hi MF) and a cumulative circular velocity distribution
function (CVDF), both shown in Figure 2. The CVDF is an effective surrogate
for a halo mass function as traced by luminous matter. After correcting for the
incompleteness of our survey, using both the detection rate of fake sources in-
serted into our data and by scaling the HIPASS completeness function (Zwaan
et al. 2004) to our survey parameters, we derive a flat Hi MF similar to that
for the Local Group as shown on the left panel of Figure 2. This result is
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Figure 1. An overlay of the Hi total intensity contours on the optical images of LGG 93-1
(left) and LGG 93-2 (right) also known as AM 0311-492 and LSBG F200-023, respectively.
The ATCA beam is indicated by the hatched oval in the lower left of both images.

consistent with the results for the Hi MF presented by Zwaan et al. (2005), who
find the Hi MF flattens in low density environments, and the results of Tully
et al. (2002), who find a similar behavior for the optical luminosity function.
Similarly, the six loose groups have an identical CVDF to the Local Group
with both falling below the predictions of CDM around Vcirc ∼ 50km s−1.
This demonstrates that the lack of a large population of dwarf galaxies is not
unique to the Local Group.

Figure 2. Left: The Hi mass function (Hi MF) of the Local Group (circles) and the sum
of the six loose groups (solid histogram) corrected for incompleteness (squares). Right: The
cumulative velocity distribution function for the Local Group (circles), and the average of the six
loose groups (squares). The solid line represents the CDM model of Klypin roughly normalized
to the second data point.
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4. Are the High-Velocity Clouds the “Missing Satellites”?

Blitz et al. (1999) and Braun & Burton (1999) suggested that the HVCs seen
around the Milky Way may be embedded within the low mass dark matter halos
that are predicted by CDM models of galaxy formation. Our non-detection of
any HVC analogs in these six loose groups suggests that if this is the case,
then they must be relatively low mass Hi clouds, MHI∼ 105−6M⊙, and be
within ∼150 kpc of the Milky Way (Pisano et al. 2004). These constraints
are consistent with limits found by others through a variety of methods (e.g.,
Zwaan 2001, de Heij et al. 2002), but does not necessarily imply that HVCs
are associated with the CDM dark matter halos (e.g., Maller & Bullock 2004).
Deeper Hi surveys of individual galaxies are still necessary to better constrain
the nature and origin of HVCs.
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Abstract Using the public data releases of the Sloan Digital Sky Survey (SDSS), we in-
vestigated the galaxy density around Low Surface Brightness (LSB) galaxies in
comparison to High Surface Brightness (HSB) galaxies. Our results show sig-
nificantly lower galaxy densities in the vicinity of LSBs compared to HSBs on
scales between 2 and 8 Mpc. On scales below 2 Mpc, the galaxy densities in the
neighbourhood of LSBs are systematically (but only with a slight significance)
below that of HSBs. In pie slice diagrams LSBs favour the outer rims of the
filaments of the Large Scale Structure (LSS). Some LSBs are even found inside
voids.

Keywords: galaxies: distances and redshifts - galaxies: evolution - galaxies: statistics

Introduction

The existence of gas-rich disk-galaxy-like LSB galaxies with central sur-
face brightnesses of µB > 22.5 mag/arcsec2 has been established over the last
15 years, but their formation and evolution scenarios are not well understood
so far (e.g., Impey & Bothun 1997). However, in these gas-rich LSBs the Hi
surface densities stay systematically below the Kennicutt (1998) criterion for
sufficient star formation (e.g., van der Hulst et al. 1993, Pickering et al. 1997).
One way of understanding the properties of these galaxies might be found in
the nature of the small- and large-scale environments in which LSB galaxies
are embedded, since the lack of star formation can only occur if these galaxies
were formed in low density regions of the initial universe. Only a scenario in-
volving low density regions for the formation of those galaxies can warrant that
neither tidal encounter with companions nor infall of massive gas clouds could
have taken place and have triggered a sufficient star formation which would
have gradually brightened the stellar disk. Evidence for the stronger isolation
of LSBs in comparison to HSBs was found before by Bothun et al. (1993)
and Mo et al. (1994). A lack of nearby (r < 0.5 Mpc) companions of LSB
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Figure 1. The distribution of LSB galaxies (black) in comparison to HSB galaxies (green /
grey) obtained from one of the equatorial strips of the SDSS DR3 is shown in a so called pie
slice diagram. The diagram suggests that in a redshift range between 0 < z <0.05 the projected
distribution of the mostly dwarf-like LSB galaxies (see Figure 1) follows that of the HSB galax-
ies. For the redshift interval 0.05 < z <0.1 the situation changes. There, the due to the selection
function (Fig. 3) mostly large LSB galaxies reside in the outer parts of the filaments and some
of them are even found in voids of the large scale structure.

galaxies was detected by Zaritzky & Lorrimer (1993). Starting with the public
data releases of the Sloan Digital Sky survey (SDSS, York et al. 2000) we are
now able to test the isolation of large, mass rich LSB galaxies on intermediate
scales between 2 Mpc and 8 Mpc (see also, Rosenbaum & Bomans 2004).

Data Analysis

We retrieved LSB candidates and a HSB comparison sample from the main
galaxy sample of the Sloan Digital Sky Survey’s Data Release 3 (DR3, Abaza-
jian et al. 2005). The sample was limited to a redshift of 0.01 ≤ z ≤ 0.1 and
in order to minimize the uncertainty of the redshift a z-confidence greater than
90% was demanded.

We distinguished between LSB galaxies with a central surface brightness
µB > 22.5 mag/arcsec2 and HSB galaxies. The environmental galaxy density
for each sample LSB and HSB was statistically measured using a software we
developed for counting the number of galaxies within a sphere of a certain
radius around the scrutinised galaxy. The radius of the sphere was a fixed
parameter during each run. In several runs the radius of the sphere was varied
between r = 0.8 Mpc and r = 8.0 Mpc in steps of 0.6 Mpc. In order to avoid
biasing of the sample due to boundary effects, edge correction was applied.
For a detailed description of the data analysis procedure see Rosenbaum &
Bomans (2004).
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Figure 2. Left panel shows the mean numbers of neighbours for the LSB sample (triangles)
and the HSBs (dots) from number counting with spheres in connection to the corresponding
sphere radii. The redshifts are within the interval 0.0 < z < 0.05. Due to the selection
function (see Fig. 3) the environment of mostly dwarf-like LSBs are probed. Note that the LSB
distribution follows that of HSBs. Right panel shows the same as left panel, but for the redshift
interval of 0.05 < z < 0.1. This means that mostly large, Malin-like LSBs were probed due
to the SDSS selection function (see Fig. 3). Note that the mean values of the LSB sample are
systematically below that of the HSB distribution (the error bar corresponds to the size of the
triangles).

Results

The pie slice diagram (Fig. 1) shows that LSB galaxies are located in the
filaments of the Large Scale Structure (LSS) traced by the distribution of HSB
galaxies. Further investigations of the plot lead to the impression that the LSB
galaxies within the redshift interval of 0.055 < z < 0.1 show the tendency
to be located more often at the edges of these filaments than in the center and
some LSB galaxies are even found in void regions. This is not the case for
the LSBs within the redshift interval of 0.01 < z < 0.055. Their distribution
follows the LSS indicating that in this redshift interval LSBs and HSBs possess
the same clustering properties.

In Fig. 2 the mean number of neighbours in dependence of the correspond-
ing sphere radius is plotted for LSBs as well as for HSBs. Thereby, a di-
vision into two symmetric redshift bins was performed (left panel: 0.01 <
z < 0.055; right panel: 0.055 < z < 0.1). The plots indicate that for the
0.01 < z < 0.055 redshift bin the galaxy density around LSBs is the same as
around HSBs. For a redshift range of 0.055 < z < 0.1 the situation is differ-
ent. There, LSB galaxies are more isolated than HSBs. Taking into account
the LSB selection function (Fig. 3) this indicates that large, Malin-like LSBs
are more isolated than HSBs, but small dwarf-like LSBs are embedded in the
LSS traced by HSBs.
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Figure 3. Left panel shows the g-band luminosity distribution of the LSBs from SDSS DR3
in the redshift interval of 0.01 < z < 0.055. The distribution has a mean value of Mg =
17.57 ± 0.11 mag indicating that the SDSS selection function has selected a LSB population
mostly consisting of dwarfish galaxies. Right panel is the same as left panel, but for a redshift
interval of 0.055 < z < 0.1. The LSB luminosity distribution in this case has a mean value
of Mg = 19.25 ± 0.06 mag. This means that the population selected by the SDSS routines as
spectroscopic targets mainly consists of large LSB galaxies in this redshift interval.

Summary and Conclusions

Large LSB galaxies seem to favour the outer parts of the filaments of the
LSS and there are a few of extremely isolated LSB galaxies located in voids.
Based on our results presented here, we conclude that the large LSB galaxies
formed in voids of the LSS and have drifted to the outer parts of the filaments.
This scenario is also discussed in Rosenbaum & Bomans (2004). The isolation
of these LSB galaxies on intermediate and small scales must have effected their
evolution since tidal encounters acting as triggers for star formation would
have been rarer in these LSB galaxies than for HSB galaxies. We also found
evidence that small, dwarf-like LSB galaxies possess different environments
and hence a different formation history.
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Abstract Star-forming regions in galaxies consist of a number of components, the evolv-
ing young stellar clusters with their associated Hii regions, isolated OB stars
embedded in compact Hii regions, older, non-ionizing stars, and the pre-existing
old stellar populations. All of these are surrounded by a complex, turbulent and
fractal screen of gas and obscuring dust. Here, I describe how self-consistent dy-
namical and radiative transfer modeling of these various components is leading
to synthetic pan-spectral energy distributions ranging from the Lyman Limit up
to millimetre wavelengths. These models provide excellent fits to real objects,
and furnish the diagnostic tool needed to derive the fundamental parameters of
star-forming galaxies in both the local and distant universe.

Keywords: stars: formation - galaxies: high-redshift - ISM: galaxies - HII regions

1. Introduction

All of our current knowledge of the physical conditions in the interstellar
medium (ISM) of galaxies derives ultimately from spectroscopy. The pres-
ence and nature of the interstellar dust is deduced from the way it absorbs and
scatters the light of stars, and how it re-radiates this absorbed energy into the
infrared. A study of the emission lines permits us to measure temperatures and
densities and determine chemical abundances in the gas phase. In addition, the
spectral energy distribution (SED) of galaxies encodes information about the
current and past star formation rate and the presence and relative importance of
any embedded active nucleus. Each wavelength region in the galaxian SED is
sensitive to a different combination of these parameters. The purpose of of the-
oretical modelling of the pan-spectral SED is to learn to decode and quantify
this information, and so probe the history of both nearby and distant galaxies.

The star formation history of the universe is a fundamental indicator of
galaxy evolution. The famous Lilly-Madau Plot (Madau et al. 1996) pro-
vides this quantity on a global scale. However, as shown notably by Ascasibar
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et al. (2002), an unacceptable scatter attaches not only to the observational es-
timates, and also to theoretical estimates based on the ΛCDM cosmology. For
the observational data, much of this scatter results from uncertain corrections
for the absorption by dust, and from the application of different methods with
different observational biases and uncertainties. For the theoretical curves the
uncertainties are mostly due to cosmic variance, the choice of the “prescrip-
tion” of star formation which has been adopted, and to the treatment of feed-
back between the star formation and the interstellar medium.

Beyond the global picture of the star formation history of the universe pro-
vided by the Madau Plot, there is increasing interest in deriving the star for-
mation rates of individual galaxies. At high redshift this information is used to
determine how galaxies were assembled as a function of environment and of
time. At low redshift, the interest is in seeing how star formation depends on
the local environment, and for this purpose, spatially dependent SED informa-
tion is being increasing used, as shown by Spitzer Space Observatory, GALEX
and ground-based observations being made by the SINGS collaboration, and
reported at this conference (Kennicutt 2006; Murphy et al. 2006). Apart from
normal galaxies, the nearby star-bursting objects such as Arp 220 in which we
can resolve the structure of a starburst region, and for which we frequently
have much better quality data over more wavebands than we have for most
high-redshift objects also provide much needed insight. Once modeled and
their SEDs fully understood, such objects can be used to gain physical insight
into star formation processes in the early universe.

In order to successfully model the SED we must bring together in one theo-
retical package a wide range of physics. This package requires a quantification
of the stellar populations including stellar structure, stellar evolution, and at-
mospheric transfer modeling. It needs ISM physics including the physics of
ionized plasmas, and a good understanding of interstellar dust. We need to
understand the geometry of the dust with respect to the stars, since this deter-
mines the shape and peak of the far-IR re-emission. Ideally we should seek
to develop an understanding of this geometry from the constraints offered by
the other physics of the problem. Finally, the radiative transfer problem must
be solved for the complex multi-phase nature of the interstellar medium. The
various types of models used to compute broad-band SEDs have been recently
reviewed by Dopita (2005). Few, if any, models have all these physical ele-
ments included at the same time, and so fully self-consistent models are still
lacking. This hampers the predictive power of the SED modeling that has been
done up to the present. We will now briefly survey the state-of-the-art in the
incorporation of these various physical elements into SED modelling.
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2. The Physical Elements of SED Modelling

Stellar Spectral Energy Synthesis. There are a number of publicly avail-
able codes which give consistent results on the SED of the stellar component,
for whatever choices of the IMF are preferred. These include the Starburst 99
code (Leitherer et al. 1999), the Pégase code (Fioc & Rocca-Volmerange 1997),
the Bruzual & Charlot, (2003) code and the Kodama & Arimoto (1997) code.
These codes differ mainly on their predictions in the EUV, since here they
rely on theoretical atmospheric and mass-loss models in which a good deal of
progress has been made recently. In this respect the Starburst 99 code is prob-
ably the state of art (Smith, Norris, & Crowther 2002). The major strength of
the Bruzual and Charlot code is in the synthesis of the older stellar populations.

Ionized Gas Physics. For the ionized plasma, two major codes have been
used in SED modelling, the Cloudy code (Ferland 1996), and the Mappings
III code (Sutherland & Dopita 1993; Dopita et al. 2000a; Dopita et al. 2000b).
Both of these include all relevant gas-phase physics and a complete model
for the absorption and re-emission of radiation by dust grains in the nebula.
These codes provide both the emission line SFR diagnostics discussed above,
as well as giving estimates of both the chemical abundance and the ionization
parameter in the ionized gas (Dopita et al. 2000a; Kewley et al. 2002b). The
ionization parameter provides us with an independent physical constraint on
the geometry of the gas and dust with respect to the central stars.

Grain Composition and Size Distribution. Most models use a dust model
consisting of both a carbonaceous and siliceous component. Apart from com-
position, the grain size distribution and the grain composition are the princi-
pal factors which determine the wavelength-dependence of the absorption and
scattering processes. Most models use a grain size distribution and a compo-
sition which yield results consistent with observations of the extinction curve,
and which also attempts to match the constraints on the cosmic abundances of
the atomic species locked up the the grains in local and Magellanic Cloud en-
vironments. Examples include the older Desert et al. (1990) model, the more
recent Weingartner & Draine(2001a, 2001b) model or the models of Dwek
and his collaborators (Dwek, 2005). The simplest successful grain models
have “astronomical silicates”, an idealized (amorphous) material which has no
laboratory counterpart, but has elements of many types of siliceous material,
PAH molecules about 10Å across, and larger graphitic species. More complex
models allow for other grain types such as iron or other materials, and includes
“ices” in molecular cloud environments, notably CO2, water and ammonia ice
mantles on other grain materials.
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The Survival of PAHs. The question of the survival of PAHs in the ISM is
a problem which has received very little attention in the literature. Owing to
the importance of this molecule in the Spitzer Space Observatory observations,
we here investigate this problem in a little more detail.

The most recent and comprehensive study on the survival, dehydrogena-
tion, and charge state of PAHs is by LePage, Snow & Bierbaum (2003), which
shows that PAH survival in a UV radiation field is highly size-dependent. The
smallest PAHs are stripped of their peripheral hydrogen atoms through photo-
detachment reactions, because of the low number of degrees of freedom avail-
able to store internal energy subsequent to the absorption of a UV photon. In
larger PAHs, photo-detachment is less likely, and this process may be balanced
by radiative association reactions. Size also determines the PAH charge state
and photo-dissociation rate. The photo-dissociation rate is very high in regions
in which H-ionizing photons can penetrate, so PAHs are largely confined to the
un-ionized regions, and are strongly photo-excited to emit in their character-
istic IR molecular bands in the molecular photo-dissociation regions (PDRs)
around Hii regions. This is very clearly seen in the stunning images coming
out of the Spitzer Space Observatory (e.g., Whitney et al. 2004.

Because the 2200Å absorption feature is a characteristic of the resonance of
the π−electrons in carbon rings, both PAH molecules and graphite are carriers
of this feature. However, the size of the graphitic platelets cannot be too large,
since this would shift and broadens the feature. Photo-destruction of PAHs in
the ionized and (possibly) the diffuse phases of the ISM will largely remove
the 2200Å bump from the UV attenuation curve. Such weakness is observed
in the attenuation curve of the light of starburst galaxies Calzetti (2001), and in
low-metallicity systems such as the SMC in which the weakness of this feature
may be rather a metallicity effect.

The fact that strong PAH emission is seen in the infrared spectra in almost all
classes of disk galaxies, as well as in violently starbursting galaxies, coupled
with the fact that PAH molecules are rapidly destroyed in ionized regions de-
mands an effective PAH formation process in the interstellar medium. Stellar
sources of PAH fail by orders of magnitude to maintain the PAH concentra-
tion against the destruction rate. We can estimate this destruction rate from
the volume of gas, V , ionized by Hii regions produced by 1.0M⊙ yr−1 of
star formation. If ρ is the density in the ISM, then the mass of interstellar
gas processed through Hii regions each year is then dMISM/dt = ρV/τHII

where τHII is the mean age of the Hii regions, taken to be 5Myr; the period
over which the central stars produce appreciable ionizing flux. Substituting
values taken from the results of spectral synthesis modelling given in output of
the Starburst 99 code (Leitherer et al. 1999), we find:

[

MISM

M⊙yr−1

]

= 45

[

M∗

M⊙yr−1

]

[ n

cm−3

]−1
(1)
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This implies that large fraction of the carbon in the molecular cloud has to be be
processed into PAHs in order to maintain this molecular species. If this is the
case, then equation (1) shows that, if the fraction of molecular mass converted
into stars, or the efficiency of star formation is given by ǫSFR, then PAHs will
disappear from the interstellar medium when:

[ n

cm−3

]

≤
[ ǫSFR

0.025

]

(2)

This equation predicts a sharp edge in the PAH emission in the outer regions of
galaxies when the density or pressure in the ISM falls below a threshold value.

The Dust Attenuation Curve. The destruction of PAHs in the ionized and
diffuse phases of the ISM will largely remove the 2200Å bump from the UV
attenuation curve. In order to compute this attenuation we have to take account
the turbulent fractal structure of the ISM dust screen, see Fischera et al. (2003);
Fischera et al. (2004) and the review by Fischera (2005). This produces a
log : normal distribution in both the local density and in the column density, as
has been demonstrated in the case of translucent and molecular clouds in this
conference (Alves 2006). The cloudy fractal nature of the foreground screen
flattens the attenuation curve in the way that was first derived observationally
by Calzetti (2001) in the case of starburst galaxies. In these objects, we cannot
observe the extinction curve directly, since we do not possess the resolution to
make measurements of the extinction in lines of sight to individual stars.

The Dynamical Evolution of HII Regions. As emphasized above, the
strength of the local radiation field, and the geometry of the dust relative to
the gas determines the distribution of dust grain temperatures, and therefore
the shape of the SED at IR wavelengths. In starburst galaxies, the OB stars
are born in molecular clouds as compact or ultra-compact (UC) Hii regions. If
the local star formation rate densities are high enough, these join up to form a
cluster-driven Hii region which expands, driven by the over-pressure produced
by the collective mass-loss from the cluster stars. In this phase the molecular
clouds are engulfed, shredded and dispersed. In addition, the OB stars in the
cluster will diffuse away from their point of birth, and may outrun the expan-
sion of the Hii region as a whole. Eventually the cluster stars expire as super-
novae and the pressure driving the continued expansion of the Hii will drain
away, the shell will become momentum-conserving, and eventually break up
into generalized interstellar turbulence.

The challenge to SED modelling is to describe these various phases suffi-
ciently well to provide realistic constraints for the disposition of the gas and
dust relative to the radiation field produced by the exciting stars. Before we can
do this, however, we must establish whether the radiative transfer problem
must be treated as a global problem (as is usually done) or whether the
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various components can be treated as local radiative transfer problems, in
which case the global SED can be determined by the sum of the various com-
ponents present in a galaxy.

The vast majority of the far-IR emission arises from absorption of the UV
radiation field in a relatively thin dust layer, the classical photo-dissociation
region (PDR). These have an optical depth corresponding to AV ∼ 3, and
a thickness dR ∼ 300/nH pc. In the molecular regions surrounding normal
galactic Hii regions, densities are typically 100 − 1000 cm−3, implying that
much of the far-IR which they produce comes from a layer of parsec or sub-
parsec dimensions. In starburst galaxies, interstellar pressures may range up to
a factor of 100 higher than this, producing correspondingly thinner PDR zones.
Indeed, the ISM pressures are so great that a large fraction of the light not di-
rectly incident on molecular clouds can also be absorbed in distances short or
comparable to the dimensions of the ionized plasma bubble. In such galaxies,
the diffuse interstellar medium is also dense enough to locally absorb much of
the light produced by the lower mass young stars which have diffused from
their parent molecular cloud complexes as well as the UV and visible light
produced by the older stellar populations. Indeed, the amount of dust obscu-
ration is observed to increase both with galaxian mass (Kewley et al. 2002a),
and with the absolute rate star formation (Buat et al. 1999; Adelberger & Stei-
del (2000); Dopita et al., 2002; Vijh et al., 2003). Largely, this arises by the
operation of the Schmidt (1959) law of star formation. This couples the star
formation rate per unit area to the gas surface density, and therefore, for a given
dust to gas ratio, to the total dust obscuration. In normal spiral as well as in
starburst galaxies, the surface rate of star formation is observed to follow such
a Schmidt Law over several decades; ΣSFR ∝ Σ1.4

gas, see Kennicutt (1998).
It is therefore clear that in starburst galaxies the radiative transfer problem

can be treated as a local problem (except at low metallicity, where the gas-to-
dust ratio becomes high), but that in more normal galaxies, some regions in
spiral arms will require a local radiative transfer solution, whereas in the inter-
arm and diffuse components a global radiative transfer approach is definitely
required. This can be clearly seen in the Spitzer Space Observatory results
presented at this conference (Kennicutt 2006; Murphy et al. 2006), where indi-
vidual Hii regions and Hii region complexes appear prominently on the 25µm
(hot dust) maps, while the inter-arm medium is relatively much more promi-
nent at longer wavelengths in the cooler dust emission.

The work of Dopita et al. (2005) drew on the theory of the size distribution
of Hii regions by Oey & Clark (1997a,b). In this, the Hii regions are assumed
to expand and evolve as stellar mass-loss and supernova driven bubbles for
as long as their internal pressure exceeds the ambient pressure in the ISM.
When this condition is no longer met, the Hii region is assumed to “stall”. Of
course, on reaching the stall condition, the Hii region does not abruptly stop
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expanding, but a momentum-conserving expansion continues until interstellar
turbulence (about 10 km s−1, van der Kruit & Shostak 1982) destroys the in-
tegrity of swept-up shell. The time taken to reach the stall radius turns out to be
proportional to the stall radius, and the mass of the OB star cluster is important
in determining the stall radius; Hii regions with low mass clusters stall early
and at small radius for a given pressure or density in the ISM.

The Excitation Conditions in HII Regions. The emission line spectrum
of an Hii region depends upon three parameters, the gas-phase chemical abun-
dances, the effective temperature of the central star(s), and the ionization pa-
rameter U = Q∗/nc, which is the ratio of the photon density to the atomic
density. For a fixed IMF, the ionization parameter will determine the excita-
tion or the mean ionization state of the plasma.

We might expect that the excitation would depend sensitively upon the state
of evolution of the Hii region, or upon the size of the exciting cluster. In
fact, for clusters of a given age and metallicity, there is a unique value of
the ionization parameter in the Hii region. This is because the pressure in
the stellar winds at the outer boundary of the mass-loss bubble, Pw, deter-
mines the equilibrium pressure in the Hii region plasma, PHII. Thus, Pw =
Lmech/4πR2

wvw = PHII = nHIIkTHII, where vw is the mean stellar wind ve-
locity measured at the radius of termination of the free-wind region Rw. In
general we can take Rw = αR with α ∼ 0.3. Thus:

U = α2kTHIIN∗vw/cLmech (3)

Since the Hii region temperature is always THII ∼ 104K, then, for any central
star cluster at a particular time in its evolution, the ionization parameter is de-
termined solely by the instantaneous ratio of N∗vw/Lmech. For coeval clusters
which are massive enough so that stochastic variations in these quantities are
unimportant, the ionization parameter will be essentially independent of clus-
ter mass and is only a function of cluster age. All quantities needed to compute
the ionization parameter, are given in the STARBURST99 output.

Since the extended atmosphere of the exciting stars absorb a greater and
greater fraction of the ionising photons as the metallicity increases, and at
greater metallicity a greater fraction of the momentum flux in the radiation
field is converted to mechanical energy in the winds, the ratio of N∗vw/Lmech

strongly decreases as the metallicity increases. The ionization parameter also
strongly decreases with cluster age due to the decrease in N∗. The effect of
these variations on U is shown in Fig 1.

3. The SEDs of Starburst Galaxies

Dopita et al. (2005) showed that the main factor controlling the shape of the
far-IR SED in starburst galaxies is the pressure in the ISM (which is the same
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Figure 1. The ionization parameter of Hii regions as a function of metallicity and time com-
puted for a cluster of mass 3 × 103M⊙ from the STARBURST99 output. These computations
include the evaluation of the self-consistent size evolution of the Hii regions.

Figure 2. A composite starburst SED model fit (light thin blue line) to the IRS high-resolution
and IRS low-resolution Spitzer Space Observatory spectra (thick lines) for NGC7714 (Brandl
et al. 2004). The model has an ISM pressure of P/k ∼ 107 cm−3K, and the current mean
star formation rate (SFR) given by the sum of the rate of single-star SFR and the cluster SFR is
10M⊙ yr−1. It assumes that single stars have their own Hii region for a total of 3 Myr, and that
the clusters are characterized by a dissipation timescale τ = 8 Myr.
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as the pressure in the Hii region in the case of stalled Hii regions). In high
pressure environments, the Hii regions stall sooner, are smaller, and the dust
temperature distribution peaks at shorter wavelengths. This forms the basis of
an understanding of the empirical behavior noted by Dale et al. (2001, 2002)
and Lagache et al. (2003), in which more violent starbursts and intrinsically
more luminous galaxies were observed to have stronger far-IR bumps in the
SEDs peaking at shorter wavelengths.

The effect of compact or ultra-compact (UC) Hii regions becomes increasing-
ly important in dense, high pressure starburst environments (Dopita et al. 2006).
In this case, the expansion of the Hii regions stalls at very small radii (typically
less than one parsec), allowing a very high rate of star formation rate per unit
volume to be maintained along with a very small porosity of the ionized com-
ponent. This apparently counter-intuitive situation is assisted by the fact that
the dust in the ionized zones of the Hii regions competes very successfully
for the ionizing photons, making the Hii region even smaller than would be
predicted by Strömgren theory.

UC Hii regions are likely to provide provide an important fraction of the
bolometric flux in such environments. Such regions will be characterized by
their hot dust temperatures, and a small equivalent width of the far-IR nebular
lines relative to the dust continuum. In addition, the excitation as measured
by far-IR lines will be systematically reduced, For example, Rigby & Rieke
(2004) find that the [NeIII] 15.5µm / [NeII] 12.8µm ratio is systematically
lower in starburst galaxies than would be predicted on a simple model. Their
preferred solution is that massive stars in high-metallicity starbursts spend
much of their lifetimes embedded within UC Hii regions, in which the fore-
ground dust screen serves to quench the line emission. This is true. However,
the absorption of the ionizing photons by dust within the Hii region itself is
much more effective in quenching the line emission.

The amount of foreground dust extinction around the starburst can be esti-
mated by the depth of the absorption in the 10 µm , and in some cases even
the 20 µm silicate features. Generally, the silicate absorption can be used to
measure the total extinction when the extinction in the circum-starburst dust
screen has a visual extinction exceeding Av ∼ 3–5 mag.

The computed SEDs provide good fits to both the line and continuum shapes
of starburst galaxies, as can be seen in Fig. 2, where we compare the IRS high-
resolution and IRS low-resolution Spitzer Space Observatory spectra (thick
lines) for NGC7714 (Brandl et al. 2004) with our model.

When a complete grid of models has been computed for starbursts, we ex-
pect to be able to derive not only fraction of star formation in UC Hii regions,
and the total star formation rate, but also the mean pressure in the interstellar
medium of the starburst region, the rate at which molecular clouds are de-
stroyed and the metallicity. In addition, the excitation state of the gas and the
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equivalent width of the emission lines relative to the dust continuum in the mid-
and far-IR will provide constraints upon the slope of the initial mass function
at the high mass end. Finally, the near-IR spectrum can be used to quantify the
luminosity contributed by the old stars, and the UV-visible spectrum provides
a fit to the extinction of any foreground screen of dust surrounding both the
starburst region and the region in which the older stars are found.

For high-redshift galaxies we are hampered by a relative scarcity of obser-
vations across the full spectrum. For the high redshift radio galaxies (HizRGs)
and for the sub-mm galaxies however, we do have sub-mm observations suffi-
cient to constrain the far-IR SED. For the HizRGs, we now have 450µm and
850µm surveys of Archibald et al. (2001) and Reuland et al. (2004) covering
69 sources over the redshift range z = 1 − 5, and the data on the sub-mm
galaxies (SMGs) has been recently summarized by Blain et al. (2004). These
data are sufficient to fit a modified Black Body to derive a “dust temperature”.
In fact, such fitting has very little physical significance, because the far-IR and
sub-mm portion of the SED is actually produced by a superposition of a wide
range of dust temperatures. These depend locally on both the radiation field
intensity, spectral distribution, grain composition and size (particularly for the
larger grains), and the SED is the integral of these parameters through the star-
forming region. Nonetheless, the modified Black-Body fits are still useful as a
convenient parameterization of the SED beyond about 100 µm .

In the compilation by Blain et al. (2004), the “dust temperature” inferred
from these modified Black-Body fits in the starburst galaxies and the ultra-
luminous galaxies (ULIRGSs) in the local universe is observed to correlate
with the absolute luminosity. Because these galaxies are dominated in a bolo-
metric sense by their star forming populations, the correlation can be inter-
preted as a correlation between dust temperature and star formation rate. This
is in agreement with what we inferred above, namely that high star formation
rates should also correlate with high mass-specific star formation rates and
high star formation rate densities, which are associated with regions of high
ISM pressures.

The high-redshift SMGs provide a similar correlation, but shifted to higher
luminosity. At a given luminosity, the dust in SMGs is about 20K cooler than
in ULIRGs in the local universe, and at a given dust temperature, the SMGs
are typically 30 times as luminous as their ULIRG counterparts. Takagi et
al. (2003a,b) found that most ULIRGS have a constant surface brightness of
order 1012L⊙kpc−2. Our results show that this corresponds to an ISM with a
pressure of order P/k ∼ 107 cm−3K . These parameters probably characterise
“maximal” star formation, above which gas is blown out into the halo of the
galaxy and star formation quenched. Only mergers, which provide an addi-
tional ram-pressure confinement of the star formation activity may exceed this
surface brightness. Thus, in order to scale the star formation up to the rates
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inferred for SMGs (∼ 1000 − 5000M⊙yr−1), we must involve a greater area
of the galaxy in star formation, rather than trying to cram more star formation
into the same volume. For a typical value of 1013L⊙kpc−2, we require “max-
imal” star formation over an area of ∼ 10kpc2, and the most luminous SMGs
require star formation to be extended over an area of at least ∼ 100kpc2.

We can therefore conclude that SMGs are truly starbursts extended on a
galaxy-wide scale, rather than the more confined or nuclear starbursts which
characterise ULIRGs in the local or moderate-redshift universe and that the
modelling parameters we have derived for local ULIRGS — pressure, molec-
ular gas dissipation timescales, and line of sight attenuations — can probably
be directly applied to modelling the SEDs of SMGs in the distant universe. It
remains to be ascertained whether the dust parameters are similar in these very
different environments, but this too can be inferred from the pan-spectral SED.
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Abstract One process in the secular evolution of galaxies is the formation of pseudo-
bulges. The formation of these pseudo-bulges requires the inflow of gas to
smaller radii. If the inflow rate is faster than the rate of star formation, a central
concentration of gas will form. In this paper we present radial profiles of stellar
and 8 micron emission from Polycyclic Aromatic Hydrocarbons (PAHs) for 11
spiral galaxies to investigate whether the interstellar medium in these galaxies
contains a central concentration above that expected from the exponential disk.
We find that in five of the 11 galaxies there is a central excess in the 8 micron and
CO emission above the inner extrapolation of an exponential disk. In particular,
all four barred galaxies in the sample have strong central excesses in both 8 mi-
cron and CO emission. This correlation suggests that the excess seen in the CO
profiles is, in general, not simply due to a radial increase in the CO emissivity.
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Introduction

While interactions, mergers, and accretion are clearly important in galaxy
evolution, galaxies can also evolve significantly by internally-driven processes
that redistribute angular momentum using stellar bars, spiral arms, or triaxial
halos. Such processes are known collectively as secular evolution (see review
by Kormendy & Kennicutt 2004 and references therein). As galaxies evolve,
gas loses angular momentum to the stars and falls to a smaller radius. The
gas may then form new stars and create a region of enhanced stellar surface
density in the center of the disk known as a pseudobulge (see references in
Kormendy & Kennicutt 2004). A pseudobulge is primarily distinguished from
a true bulge by the fact that it has an exponential light profile rather than an
exp(−const r

1
4 ) light profile. A central excess of gas is strong evidence that

gas is forming a pseudobulge, and thus serves as a marker for current secular
evolution.

In this paper we look at 11 spiral galaxies that are common to a previous
CO survey (Regan et al. 2001) and the Spitzer Infrared Nearby Galaxies Survey
(SINGS). SINGS is a Spitzer Legacy project to observe 75 nearby galaxies, us-
ing all three instruments of Spitzer, to investigate the relationship between star
formation and the ISM in galaxies (Kennicutt et al. 2003). For the 11 galaxies
in common, we compare the radial distribution of the 3.6 micron IRAC images,
which primarily trace the stellar component in the galaxy, to the 8 micron PAH
images and the BIMA SONG CO 2.6 mm CO (1−0) images, both of which
trace the ISM in the galaxy. We find that the images of 8 micron diffuse emis-
sion are highly correlated with the CO images, providing more evidence that
the PAH emission is a good tracer of the ISM. We also find that in five out of
11 galaxies there is a central excess in the PAH emission, suggesting that the
gas is being driven inward faster than it is forming stars. This net inflow of gas
into the central region is an expectation of secular evolution.

1. Results

Figure 1 shows the wealth of information which is present in IRAC im-
ages of nearby spirals. As extinction from starlight is virtually absent in the
mid-infrared at 3.6 micron, all galaxies look more symmetric than they do in
optical light. The 3.6 micron images show the stellar surface density through
the emission from stellar photospheres, including the prominent strong bar in
NGC 3351. At 8 microns, the spiral structure is more prominent than at 3.6 mi-
cron emission, and a variety of complicated local structures can be seen, e.g.,
supershells along the spiral arms (in NGC 628).

Figure 2 shows that we can detect both the stellar and 8 micron light well be-
yond R25 in many of the galaxies. In all of the galaxies we can accurately mea-
sure the average disk stellar surface brightness to a radius of at least 1.5R25,
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Figure 1. (Left Column) 3.6 micron images of the some of the sample galaxies. At this wave-
length the emission is dominated by photospheric emission from red giant stars. The contours
are at 1, 2, 4, 8, 32 and 64 MJy sr−1. (Center Column) Stellar continuum subtracted 8 micron
images of the same galaxies, primarily tracing the emission from PAHs (see text). The contours
are at 3, 6, 12, 24, 96 and 192 MJy sr−1. (Right Column) Total CO (1−0) emission from BIMA
SONG (Regan et al. 2001) of the same galaxies. The cyan contour represents the effective limit
of the CO mosaic (the 50% gain level). The contours are at 20, 40, 80, and 160 K km s−1.
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Figure 2. The radial profiles of the 3.6 micron stellar (black squares) and 8 micron PAH
emission (red triagles) for some of the sample galaxies. In addition, the green crosses represent
the ratio of the surface brightnesses (right scale). The surface brightness is measured in MJy
sr−1. The values plotted are the median for the 3.6 micron emission and mean for the 8 micron
emission in each elliptical annulus, and the error bars are the uncertainty in the sky level. A
vertical bar shows the R25 radius for each galaxy. The horizontal bar shows the average sky
level for the 3.6 micron and 8 micron emission in each galaxy.
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and in some galaxies we can detect it beyond 2R25. In most of the galaxies
we do not detect any “edge” of the stellar disks; there does not seem to be any
sharp drop in the stellar surface brightness as the surface brightness reaches
our detection limit due to uncertainties in the sky level.

In five of the 11 galaxies (NGC 3351, NGC 3627, NGC 4321, NGC 4826,
and NGC 6946) there is a central component of the 8 micron PAH emission
that is brighter than the inner extrapolation of the exponential disk. We also
see this central excess in the CO emission profiles of these galaxies. In the
remaining six galaxies, five galaxies show no central excess in either PAH or
CO emission. Only one galaxy in this sample, NGC 5055, exhibits an excess
in CO emission which is not echoed in 8 micron PAH emission.

2. Conclusions

In all but one of the 11 galaxies we examined, the central excess or hole
seen in the CO emission is also seen in 8 micron emission. This confirmation
of the excess in a different tracer makes it unlikely that the CO excess is due to
a variation in the relationship between CO flux and molecular gas mass. This
excess is what is expected if the gas is flowing inward as part of the secular
evolution of the galaxy.
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Stéphane Courteau, who took most of the pictures, but obviously not this one.
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Abstract I summarize some results from the recent CO survey of late-type, low surface
brightness (LSB) spiral galaxies by Matthews et al. (2005). We have now de-
tected CO emission from six late-type, LSB spirals, demonstrating that despite
their typical low metallicities and low mean gas surface densities, some LSB
galaxies contain a molecular medium that is traced by CO. We find that the
CO-detected LSB spirals adhere to the same MH2

-FIR correlation as brighter
galaxies. We also find a significant drop-off in the detectability of CO among
low-to-intermediate surface brightness galaxies with Vrot <∼90km s−1, pointing
toward fundamental changes in the physical conditions of the ISM with decreas-
ing disk mass.

Keywords: ISM: molecules - galaxies: general - galaxies: ISM - galaxies: spiral - radio
lines: galaxies

1. Background

Low surface brightness (LSB) spiral galaxies are defined as having central
disk surface brightnesses µ(0)B >∼23 mag arcsec−2, indicating low stellar sur-
face densities. However, despite their faint optical appearances, the majority of
LSB spirals show evidence for ongoing star formation, including blue colors,
Hα emission and/or resolved populations of young stars (e.g., Schombert et
al. 1992; Gallagher & Matthews 2002). Signatures of star formation are fre-
quently coupled with large atomic gas fractions (MHI/LB ∼1), underscoring
that LSB spirals are not the faded remnants of brighter galaxies. In a number
of cases, evidence is also seen for stellar populations spanning a wide range
of ages (e.g., van den Hoek et al. 2000), implying that LSB spirals have been
forming stars for a significant fraction of a Hubble time—but with low effi-
ciency.

Lingering questions regarding the evolutionary history of LSB spirals are
why their star formation has remained suppressed, and what physical processes
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regulate the type of low-level star formation that is observed in these systems.
Given that LSB spirals comprise a significant fraction (∼50%) of the local
disk galaxy population (e.g., Minchin et al. 2004), answers to these questions
are crucial for our overall understanding of the star formation history of the
universe. In addition, they are relevant to understanding star formation in other
low-density and/or low-metallicity environments, including protogalaxies, the
outskirts of giant galaxies, and damped Lyα absorption systems.

2. Studies of the ISM of LSB Spirals

Past Results

Key to understanding the process of star formation in LSB spirals is an im-
proved knowledge of the composition and structure of their interstellar medium
(ISM). To date, most of our knowledge of the ISM in LSB spirals comes from
studies of their H i gas, which appears to be by far the dominant component of
their ISM ( >∼95% by mass). H i studies have shown that while H i is typically
present throughout the stellar disk of LSB spirals, H i surface densities often
fall below the critical threshold for instability-driven star formation throughout
most of all of their disks (e.g., van der Hulst et al. 1993; de Blok et al. 1996).

In a broad sense, the low H i densities of LSB spirals seem to account nat-
urally for their inefficient star formation. However, this explanation is not
entirely satisfactory for several reasons. First, important ISM parameters in-
cluding the gas scale height, volume density, and turbulent velocity remain
poorly constrained. Secondly, we know some star formation is occurring in
LSB spirals in spite of subcritical H i surface densities. Furthermore, it is ulti-
mately from the molecular, not the atomic gas that stars form. It is clear that a
more comprehensive picture of star formation in LSB spirals requires a more
complete knowledge of their multi-phase ISM.

Unfortunately, direct searches for molecular gas in LSB spirals have proved
to be challenging. Indeed, initial searches for CO emission from late-type,
LSB spirals failed to yield any detections (Schombert et al. 1990; de Blok &
van der Hulst 1998), leading to the suggestions that the metallicities of typical
LSB spiral may be too low for the formation of CO molecules or efficient
cooling of the gas, that the interstellar pressures may be insufficient to support
molecular clouds, or that star formation may occur directly from the atomic
medium (Schombert et al. 1990; Bothun et al. 1997; Mihos et al. 1999).

New Results from Deep CO Surveys

To partially circumvent the challenges of detecting CO emission from LSB
spirals, my collaborators and I began surveying examples of LSB spirals viewed
edge-on, using observations 2-3 times deeper than previous studies. Our targets
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Figure 1. CO(1-0) and (2-1) spectra of four late-type, LSB spiral galaxies detected by M05.

comprised extreme late-type (Scd-Sm) LSB spirals with redshifts Vr ≤2000
km s−1. Two advantages of our approach are: (1) the column depth of the
molecular gas is enhanced for an edge-on geometry; and (2) an edge-on view-
ing angle allows complementary studies of the vertical structure of various ISM
and stellar components of the galaxies at other wavelengths.

In a pilot survey with the NRAO 12-m telescope, we detected for the first
time 12CO(1-0) emission from three late-type, LSB spiral galaxies (Matthews
& Gao 2001). More recently, we followed up with a more extensive survey of
15 LSB spirals in both the 12CO(1-0) and 12CO(2-1) lines using the IRAM 30-
m telescope (Matthews et al. 2005; hereafter M05). In this latter survey, we de-
tected CO emission from the nuclear regions of four LSB spirals, one of which
was previously detected by Matthews & Gao (2001; Fig. 1). For the galaxies
detected in these two surveys, we estimate the molecular hydrogen content of
the nuclear regions (central 1-3 kpc) to be MH2

≈ (0.3 − 2) × 107 M⊙, as-
suming a standard Galactic CO-to-H2 conversion factor. While the conversion
of CO flux to H2 mass in low-density, low-metallicity galaxies can be rather
uncertain, these observations have clearly established that at least some bulge-

less, late-type, LSB spirals contain modest amounts of molecular gas in their

nuclear regions, and that CO traces at least some fraction of this gas. In ad-
dition, our results establish that a bulge is not a prerequisite for the presence
of molecular gas at the centers of low-density LSB galaxies. Therefore our
surveys extend the realm of CO-detected LSB spirals from the giant, bulge-
dominated LSB systems detected by O’Neil et al. (2000,2003) and O’Neil &
Schinnerer (2004) to the more common, low-mass, pure-disk LSB systems.

While the samples of late-type, LSB spirals surveyed in CO are still small,
already some interesting trends are emerging. Here I briefly describe two of
our key findings. For further results and discussion, I refer the reader to M05.

LSB Spirals and the FIR-H2 Correlation. For bright, massive spiral
galaxies, there is a well-established correlation between far-infrared (FIR)
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Figure 2. Log of the far-infrared luminosity versus log of the nuclear H2 mass for extreme
late-type spiral galaxies. MH2

was derived from a single measurement with a telescope beam
subtending ∼0.2-2 kpc toward each galaxy’s center. Open symbols are LSB spirals taken from
three different sources: triangles (Matthews & Gao 2001); diamonds (M05); squares (B03). ‘+’
symbols are HSB spirals and ‘X’ symbols are ISB spirals, both taken from B03.

luminosity and H2 mass (or CO luminosity; e.g., Young & Scoville 1991).
This correlation is assumed to arise from heating of dust grains embedded in
giant molecular clouds (GMCs) by hot young stars. There are a number of
reasons why this correlation might break down for LSB spirals; for example,
if molecular gas in LSB spirals resides primarily outside GMCs, if their stellar
mass function is biased toward low-mass stars (Lee et al. 2004), or if the ap-
propriate CO-to-H2 conversion factor for these galaxies is very different from
what we have assumed.

Figure 2 shows a plot of the nuclear H2 masses (or 3σ upper limits) for our
CO survey galaxies, versus the FIR luminosity derived from IRAS data. Also
plotted is a sample of extreme late-type spirals recently surveyed in CO by
Böker et al. (2003; hereafter B03). The B03 sample comprises the same range
of redshifts and Hubble types as our LSB spiral CO surveys, but covers a wide
range in surface brightness, including two LSB spirals [µI(0) ≥ 21.4 mag
arcsec−2], 15 intermediate surface brightness (ISB) spirals [18.7 ≤ µI(0) <
21.4 mag arcsec−2], and 25 high surface brightness (HSB) spirals. Also over-
plotted as a solid line on Fig. 2 is the H2-FIR relation derived by B03 for a
sample of brighter, more massive galaxies.

Figure 2 reveals that the CO-detected LSB spirals delineate a remarkably
tight extension of the H2-FIR defined by brighter galaxies. Only a handful of
the LSB/ISB galaxies undetected in CO show evidence of possible deviation
from this correlation. Our findings suggest that as in brighter galaxies, the CO
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Figure 3. Log of the nuclear molecular hydrogen mass versus inclination-corrected total H i
linewidth for extreme late-type spirals. Symbols are as in Figure 2.

detected in LSB spirals is associated with dense molecular clouds and sights
of massive star formation rather than a more diffuse molecular medium.

A Link between Disk Rotational Velocity and the Detectability of CO

in Low-Mass Galaxies. Figure 3 plots the nuclear H2 mass versus the
inclination-corrected total H i linewidth (W20/sini) for the same samples shown
in Fig. 2. W20 is related to the maximum rotational velocity of disk galaxies
as Vrot ≈ 0.5(W20 − 20)/(2sini) (see M05).

We see that for larger rotational velocities (W20/sini > 250 km s−1), the
quantities plotted on Fig. 3 shows a nearly flat correlation. However, for galax-
ies with W20/sini < 200 km s−1 (corresponding to Vrot <∼ 90 km s−1), the in-
ferred nuclear H2 mass (i.e., the CO detectability) begins to drop significantly,
and no ISB or LSB spirals below this limit have so far been detected in CO. As
discussed by M05, it appears that neither decreasing mean H i surface density,
nor decreasing metallicity among the lower mass galaxies can fully account for

cular gas in the inner regions of galaxies with decreasing rotational velocity.
This trend seems to depend only weakly on optical central surface brightness
in the sense that both LSB and ISB galaxies show similar declines in CO de-
tectability with Vrot, although a few HSB systems with low Vrot do have CO
detections.

It is interesting to note that the characteristic velocity, Vrot ≈ 90 km s−1, be-
low which we see a decline in the detectability of CO among late-type spirals is
similar to the velocity characterizing a slope change in the optical Tully-Fisher
relation for H i-rich, extreme late-type disks found by Matthews et al. (1998)

this trend. Figure 3 therefore points toward a decreasing concentration of mole-
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(Vrot ∼ 90 km s−1), the characteristic rotational velocity below which star
formation appears to have been suppressed at high redshift (Vrot ∼ 100 km
s−1; Jimenez et al. 2005), and the rotational velocity below which galaxy dust
lanes are seen to disappear (Vrot ∼ 120 km s−1; Dalcanton et al. 2004). All

of these results are consistent with fundamental changes in some key parame-

ter(s) governing the ISM conditions and the regulation of star formation in

low-mass galaxies. Possible causes could include: a decreasing fraction the
disk unstable to GMC formation (e.g., Li et al. 2005), a change in the charac-
teristic velocity for turbulence (Dalcanton et al. 2004), an increasing fraction
of the disk below the critical pressure needed for the existence of a cold ISM
phase (Elmegreen & Parravano 1994), the increasing dominance of gas relative
to stars in the underlying disk potential, and/or decreasing effects of rotational
shear (e.g., Martin & Kennicutt 2001). We are presently undertaking additional
multiwavelength observations of our CO survey sample to better constrain the
importance of these various effects.
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THE KINEMATICS AND PHYSICAL CONDITIONS

OF WARM IONIZED GAS IN SPIRAL DISKS
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Abstract We present integral-field echelle observations of the warm, ionized phase of the
interstellar medium (ISM) of many, nearly face-on spiral galaxies. Luminosi-
ties and line-widths of Hα, [SII] and [NII] reveal several distinct trends in the
conditions of the ionized gas. In principle these measures yield estimates for
temperature, density, and energy sources of the kinematic heating. The emer-
gent picture is complex: we find variations of the line-widths between galaxies
and with galactic radius, and correlations between line-widths and emission-line
luminosity and line-ratio. Two related bimodalities appear in line-ratio distrib-
utions and in the radial distribution of Hα luminosity. We briefly contrast ISM
observations of nearby galaxies to the Milky Way and high-z galaxies.

Keywords: galaxies: ISM - galaxies: kinematics and dynamics - HII regions

1. Introduction

What drives gas velocity dispersions in star-forming galaxies is still an open
question. In dynamically-cold disks it is unclear whether gas moves primarily
in response to the local gravitational potential of the disk, cloud-cloud inter-
actions, or is largely driven by a combination of photon-heating and (gravita-
tional and wind-driven) shocks. The situation is complicated by a wide range
of physical conditions and surface-brightness, and the need to disentangle geo-
metric effects. The vertical dispersion-component of the ionized gas, which we
focus on here, is observationally well-defined (projection issues are minimized
in face-on systems), and easily obtained with optical spectroscopy. Under-
standing the variations of vertical line-widths in dynamically quiescent disks
may tell us, in a broader context, what drives line-widths in more extreme sys-
tems. One underlying goal is to understand how well random motions of the
ionized gas can be used as a dynamical tracer, as has often been used in studies
of nearby and distant, star-forming galaxies.
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The earliest line-width measurements of the vertical dispersion component
in disks were made of Hi (van der Kruit & Shostak, 1982, 1984). Their small
amplitudes (σHI ∼ 6-12 km/s) and near-constancy with galactocentric radius
led to the suggestion that these motions were driven by photon heating. How-
ever, Combes & Bequaert (1997) observed similar values of σCO ∼ 6-9 km/s
for cold, molecular gas, while Hα Fabry-Perot studies of ionized gas in Hii re-
gions yield median values of σHα ∼ 14-25 km/s – again, nearly constant with
radius (e.g., Rozas et al. 2000). Corrected for thermal broadening, Jimenez-
Vicente et al. (1999) found σHα as low as ∼ 11 km/s. This suite of obser-
vations seems to rule out a purely thermal origin for the vertical heating, but
the nature of the “heating” mechanisms and their dependence on gas-phase
remains quite unclear. Hints include the density-dependence of the observed
Hi line-widths from the work of van der Kruit & Shostak, and the well-known
luminosity-dependence of the observed Hii line-widths.

Past studies encompass only a handful of nearly face-on galaxies. Opti-
cal studies have sampled small filling-factors with long-slit spectrographs, or
were limited to emission surface-brightness typically above that of the diffuse
component of the warm ionized medium. Here, we take a first step toward
understanding the range of ionized-gas vertical velocity dispersions using full,
two-dimensional maps of a large sample of normal, nearly face-on disks.

2. DensePak Survey

A sample of 39 nearly face-on spiral galaxies spanning a range of type and
luminosity were selected for Hα-region echelle observations with the DensePak
integral field unit (IFU) on the WIYN telescope. This survey (Andersen et
al. 2001, 2003, 2005 and these proceedings) is a precursor to the Diskmass
Survey (Verheijen et al., these proceedings), and has the desirable attribute of
high spectral resolution (λ/∆λ = 14,500) with 3 arcsec spatial sampling.

Gaussian line-fits were made to Hα and [NII]λλ6548,6583 in ∼5500 fiber
spectra. [SII]λλ6716,6730 were also measured in most galaxies. Few spectra
appear to have multi-component, or significantly non-Gaussian lines. Fibers
sample 1.1+0.4

−0.2 kpc (median and quartile) diameter footprints for this sample
(H0 = 70 km/s/Mpc used throughout). Line-fluxes were well-calibrated by
matching the spectral continuum level to calibrated R-band surface-photometry.
Effects of beam smearing (<5 km/s) and instrumental broadening (∼9 km/s)
are small (<18%; 12% typical), and well calibrated. The following analysis is
based on measured line-widths corrected for these effects.

3. Results and Discussion

We find a median vertical dispersion of σHα ∼ 18 km/s, with a sample
distribution that appears constant with radius. However, individual galaxies
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Figure 1. Left Panels: Hα velocity dispersion vs radius for each fiber observed in two
galaxies (marked). Radii are normalized by the disk radial scale length, hR. Sample median
dispersion of 18 km/s is marked by the horizontal, dashed line. Beam-smearing and instrumental
resolution for each fiber, also plotted, lie well below most corrected data points. Note differences
in mean and radial trends of σ between these two galaxies. These galaxies are otherwise typical
of the survey which contains systems with i < 30 and sizes (45′′ < D25 < 75′′) well-matched
to the IFU foot-print, such that maps (typically covering 0.4-1 arcmin2) sample out to several
disk scale-lengths. Central Panels: Continuum fiber flux (dark points; left scale) and Hα
fiber luminosity (light points; right scale) are over-plotted for the same two galaxies. Solid
curves represent the calibrated R-band surface-brightness profiles used to calibrated the spectral
continuum flux. Note the increase in Hα luminosity in the inner two scale-lengths of PGC
46767, while PGC 2162 plateaus at, or below, 1039.2 ergs/s, and in fact drops in the very center.
In general, this behavior is correlated with the amplitude and radial trend of σHα, with 1039.2

ergs/s in a ∼1.1 kpc diameter beam being a dividing threshold, as shown in Fig. 2 and 3. Right

Panels: Line-ratios vs radius for both galaxies are over-plotted to show dramatic differences in
mean values and radial trends for these two galaxies. These line-ratio differences correlate with
differences in σ and LHα in our sample. These two galaxies are roughly representative of the
extremes in the range of galaxies observed. The dashed, horizontal line in the top-right panel at
[SII]/Hα = 0.22 is roughly where Reynolds (1988) notes there is a distinction between Hii-like
regions and the diffused, ionized gas (DIG) of the Milky Way. There is a bimodality in the
distribution of [SII]/Hα for the entire sample, with a correlation to the luminosity and rotation
speed of the system. This is akin to the results noted by Rubin, Ford, & Whitmore (1984).
However, there are galaxies in our sample (e.g., PGC 32638), which straddle this division, and
transition from Hii-like to DIG-like as a function of radius.
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Figure 2. Left Panel: Hα luminosity vs velocity dispersion for each fiber for all galaxies in
our survey. Lines for Hii regions and Hii galaxies (described in text) bound different portions
of the distribution observed in ∼1.1 kpc diameter apertures. Right Panels: Hα luminosity vs
line-ratios of [SII] and [NII] to Hα. The strong trend of [SII]/Hα with LHα is seen in MW ISM
studies (e.g., Haffner et al. 1999), but the lack of correlation of [NII]/H with LHα is not. Both
distributions appear bimodal about log(LHα)=39.2 ergs/s (dotted horizontal line).

have different median σHα, and some show strong radial trends. These differ-
ences correlate with line-strength and line-ratio. Galaxies with low σHα tend
to have constant dispersion with radius, weak Hα emission, and high [SII]/Hα
flux ratios. Galaxies with strong radial gradients in σHα have larger σHα val-
ues and stronger emission, significantly lower [SII]/Hα, and somewhat higher
[NII]/Hα. Two extreme examples are shown Fig. 1. Sample correlations of
line-widths and line-ratios with LHα are shown in Fig. 2.

One puzzle to resolve is why Hα Fabry-Perot studies find a much shallower
envelop in the σ-LHα distribution for Hii regions of individual galaxies (a
slope of 1.5-3 in dex; e.g., Relano et al. 2005) than the σ-LHα correlation
found for low- and high-redshift Hii-galaxies as an ensemble (a slope of ∼ 5
in dex, e.g., Melnick et al. 1987; Siegel et al. 2005). Our L-σ distribution
(Fig. 2) for all points within all galaxies is well bounded by the Hii-region
envelop at low sigma (<16 km/s) and by the Hii-galaxy locus at high sigma
(>16 km/s). However, the majority of points fall on a locus which is closer
to the Hii-galaxy relation although perhaps somewhat steeper. Aperture and
selection effects must be considered - something we can model for our survey.

The above correlations produce a strong trend in [SII]/Hα along the L-σ
locus: Regions of higher σ and LHα have lower [SII]/Hα. This line-ratio
trend with luminosity agrees qualitatively with studies of the DIG in the MW
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Figure 3. Left Panel: Line-ratios of [SII] and [NII] to Hα. Lines represent an extrapolation
of the ionization-ratio model of Haffner et al. (1999), with vertical lines representing constant
temperature (labeled). adopted from the model of Haffner et al. (1999). Note the bimodal
distribution split roughly by [SII]/Hα = 0.22. Right Panels: Hα luminosity (top) and velocity
dispersions (bottom) vs radius for each fiber for all galaxies in our sample. Radii are normalized
as in Figure 1. Note the bifurcation in luminosity at small radii. Fibers containing more than
log(LHα)>39.2 are marked as larger, grey dots. These appear primarily at above-median σ and
at low [SII]/Hα.

(Haffner et al. 1999). Unlike the MW ISM, however, [NII]/Hα does not appear
to be correlated with LHα overall (although this correlation is seen in some
individual galaxies). Consequently, [NII]/[SII] correlates positively with line-
strength and line-width.

We also find the bivariate distributions of any two of [SII]/Hα, [NII]/Hα and
LHα are bimodal about LHα ∼ 1039 ergs/s/kpc2 or [SII]/Hα ∼ 0.2 (Fig. 2 and
3). However, there is no bimodality in the distribution of any one of these pa-
rameters alone. While the physical interpretation of the range and bimodality
in these line-ratios is unclear with extant data, Reynolds notes that a value of
[SII]/Hα ∼ 0.22 is roughly the demarcation between MW Hii-regions and the
DIG, and [NII]/[SII] ∼ 1.6 gives a similar division (e.g., Haffner et al. 1999).
Large values of [SII]/Hα are typically indicative of shock heating in the dif-
fuse gas, consistent with the lower LHα in these regions. The bimodality, then,
may be loosely interpreted as a physical division between Hii-like regions and
diffuse, DIG-like regions.

Variation in [NII]/Hα is interpreted as arising from variations in metallicity
or ionization parameter, with the latter favored by MW ISM studies of the DIG,
and the former favored for Hii regions in external galaxies. Without additional
line diagnostics, given the coverage and sensitivity of our data, and hence the
range of physical conditions likely sampled, it is unclear which interpretation
applies. Even if [NII]/Hα is a reasonable metallicity index for luminosity-
weighted measurements in systems dominated by Hii regions, it should be
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applied with caution to the data considered here, particularly because [NII]/[SII]
has a much wider range than seen in the MW DIG (cf. Haffner et al. 1999).
Whether this range represents variations in abundance, temperature, or ioniza-
tion is subject of future inquiry. In this context, adding resolved measurements
of Hii galaxies into this analysis would be particularly useful, since Melnick
et al. (1987) have long pointed out that these systems appear to be metal-poor
versions of giant Hii regions found in nearby, large galaxies.

Finally, we point out a bifurcation exists in LHα vs radius (Fig. 3). Galaxies
with steeply rising LHα at small radii have strong σ gradients and LHα above
1039 ergs/s/kpc2. Consequently, these regions mostly have small [SII]/Hα and
large [NII]/[SII]. Further, it is these points that are found in the most rapidly ro-
tating systems, such that Vrot/σ is lower even though σ is larger. Our line-ratio
correlations with rotation are in general agreement with the long-slit measure-
ments of Rubin, Ford, & Whitmore (1984). They argued their findings in terms
of abundance variations due to a global-mass-dependent chemical enrichment
history. Here, however, the trends are not based on means of individual galax-
ies or their luminosity-class, but on the conditions at a specific location within
any given galaxy. The presence of radial gradients, and a quantitative thresh-
old in LHα on scales of ∼1 kpc within individual galaxies, imply line ratios
arise from local conditions within, rather than global properties of, galaxies.
That this statement of locality and luminosity-dependence appears also to ap-
ply to ionized-gas line-widths may be a strong indication they have significant
non-virial components.
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IN DISK GALAXIES
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Abstract We analyze and compare global line-profiles of 39 disk galaxies with Hi and
Hii data. We find good agreement between the first and second moments of
the profiles and recession and rotation velocities, respectively. The shapes of
Hi and Hii profiles differ markedly, however, as the line profile asymmetries
are not correlated. Asymmetry in neither Hi nor Hii profiles is correlated with
rotation curve asymmetry which suggests that differing distributions of gas, and
not kinematic asymmetries, dominate the global profile asymmetries of normal
disk galaxies.

Keywords: galaxies: ISM - galaxies: kinematics and dynamics

1. Introduction

Global line-profiles, such as those obtained from single dish Hi observa-
tions, provide no direct spatial information, yet contain a wealth of informa-
tion about disk galaxies that have been used to develop the Tully-Fisher scaling
relation, to map out large scale structure, and to establish that a large fraction
of disk galaxies are asymmetric.

Kinematic asymmetries were first noted in Hi velocity fields (Baldwin, Lyn-
den-Bell & Sancisi 1980). Richter & Sancisi (1994), using the asymmetry
index as defined by Tifft & Cocke (1989), first established that ∼50% of disk
galaxies have asymmetric Hi line profiles. They conjectured that since some
of the galaxies with asymmetric line profiles were disturbed optically, line-
profile asymmetry was most likely due to kinematic asymmetries. Since then,
different methods have been developed for measuring line-profile asymmetry,
but results have been similar (c.f. Haynes et al. 1998). The large fraction of
asymmetric galaxies implies that these asymmetries are long-lived. However,
evidence suggests photometric and kinematic asymmetries may not be related
to global profile asymmetries (cf. Verheijen 1997; Swaters et al. 1999).
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Figure 1. Left Panels: Velocity fields of four galaxies. Central Panels: Hi(dashed) and
Hii(solid) profiles scaled to the radio flux. Right Panels: Rotation curves extracted from the
Hα data. Asymmetries in the rotation curves are not usually apparent in the profiles.

Here, we compare moments obtained from Hi and Hii global line profiles
and show these moments are precise and accurate measures of recession ve-
locities, linewidths, and asymmetries. We then explore differences between
the Hi and Hii asymmetries in our sample and comment on the physical causes
of line profile asymmetries.

2. Data

Hα integral field spectroscopy was obtained for 39 nearby, nearly face-on
disk galaxies using DensePak. From this data we created integrated Hii (i.e.,
Hα) linewidth profiles. Hi 21-cm line-profiles for 25 of these galaxies were
observed using the Nançay radio telescope. The reduction and basic analysis
of these Hi and Hii data are presented in Andersen et al. (2005). The lower
signal to noise of the Hi data, combined with some bad baseline determinations
mean that we were only able to measure Hi linewidths for 14 of these galaxies.
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Figure 2. Left Panel: The difference between recession velocities measured from profiles
and velocity field modeling are strongly correlated with skew, implying the third moment can
improve estimates of the first. Right Panel: The second moment, σ, is highly correlated with
the modeled velocity width, W20. Only at low recession velocities do the two quantities deviate
due to the intrinsic Hα linewidth.

We also constructed and modeled the Hα velocity field data to find rotation
and recession velocities and rotation curve asymmetries (Andersen et al. in

preparation). Four examples of the Hα velocity fields, Hii and Hi global line
profiles and Hα rotation curves are shown in Figure 1.

3. Line Profile Moments and Asymmetries

We have established a moments-analysis method that is a simple, accurate
and precise alternative for extracting recession velocities, velocity widths and
asymmetry from line-profiles (Andersen & Bershady 2005). Figure 2 shows
that the first moment is a good surrogate for velocity-field modeled recession
velocity (especially if the third moment, skew, is used to correct the first mo-
ment), and the second moment, σ, is strongly correlated with disk rotation
velocity.

The third moment, skew, is highly correlated with other measures of line
profile asymmetry (Figure 3). Roughly half our sample showed significant
asymmetries consistent with Richter & Sancisi (1994), but surprisingly, the
Hi and Hii skew measures were decidedly un-correlated. Since the Hi gas is
present at much larger radii, the non-correlation of asymmetry suggests that
the difference is either related to kinematic asymmetries present at different
physical scales, or that the distribution of Hi and Hii phases differ significantly.
To shed light on this question, we studied the kinematic asymmetries of the
Hα rotation curves. Neither Hi nor Hii profile asymmetries are correlated
with rotation curve asymmetry, which suggests that asymmetries in the global
profiles are not related to kinematic asymmetries.



362 ISLAND UNIVERSES

Figure 3. Left Panel: Skew is highly correlated with the ratio of peak fluxes and asymmetries
as measured by Haynes et al. (1998) and Tifft & Cocke (1988). Central Panel: Skew measured
from Hi and Hii profiles may be anti-correlated, one hint that the shape of the profiles is more
closely related to differences in the distribution of the gas than to kinematic asymmetries. Right

Panel: Skew is not correlated with rotation curve asymmetry (Dale et al. 2001); skew does not
appear to measure kinematic asymmetry for normal disk galaxies.

4. Summary

A moment analysis of 39 normal, nearly face-on disk galaxies with global
Hi and Hii profiles shows that the first and second moments are correlated with
recession and rotation velocities respectively. Even better estimates of reces-
sion velocities can be made from the first moment if the third moment, skew, is
considered as well. Skew is highly correlated with measures of global profile
asymmetry. Skew measured for Hi and Hii global line profiles are uncorre-
lated, which suggests that the distribution of the different phases of hydrogen
gas, not kinematic asymmetries, is responsible for most global profile asym-
metries. Further evidence supporting this suggestion is that global line profile
asymmetries are uncorrelated with asymmetries in the Hα rotation curves.
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Yuri Beletsky and João Alves
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Abstract We report the results of our study of 436 giant molecular clouds (GMCs) in
NGC5128 using dust extinction. The proposed technique allows us to probe the
extinction up to 10 magnitudes in this galaxy. The clump mass spectrum, derived
by a clumpfind algorithm, is consistent with a power law, dN/dM ∝ M−α,
with α = 2.3.

Keywords: galaxies: ISM - dust, extinction - ISM: structure

1. Introduction

The physics of the formation of Giant Molecular Clouds (GMC) is one of
the major unsolved problems of the interstellar medium. Although much work
have been done on the subject it is not yet known what the dominant forma-
tion mechanism is, or even what the relative importance of gravity, shocks,
and magnetic fields are in the cloud formation process. A study of GMCs in
external galaxies can address the fundamental questions of whether the mole-
cular ISM in external galaxies is organized differently than in the Milky Way
and whether GMCs play the same central role in massive star formation as
in the Milky Way, and are then responsible for galaxy evolution. Using the
technique of mapping of dust column density through a molecular cloud in the
nearby radio-galaxy NGC5128 (Centaurus A) we easily disentangle molecular
clouds and assess their basic properties and star forming status, as opposed to
the confused “inside view” of Galactic molecular clouds.

2. Observations

The observations were made on the 5th and 6th of March 2001 using the
near-infrared imager/spectrometer SOFI (J (1.25 µm), H (1.65 µm), and Ks
(2.162 µm) bands) on the 3.5 m NTT telescope in La Silla, Chile. The SOFI
detector is a Hawaii HgCdTe 1024× 1024 array. We used the SOFI large-field
mode, with a pixel scale 0.29 arcsec per pixel. Conditions during the obser-
vations were generally clear with a typical seeing better than 0.7 arcsec. The
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Figure 1. J − K (left) and H − K (right) color maps of Centaurus A. North is up, and East

integration times were 30 × 10 s, 77 × 10 s, 60 × 10 s for the J , H and Ks
band respectively. The observations were carried out using the “jitter” tech-
nique. Jittering was controlled by the automatic jitter template, which produce
a set of dithered frames. Offsets are generated randomly within a box of 40×40
arcsec centered on the galaxy center.

3.

We are extending the successful idea of mapping dust column density through
a molecular cloud (NICE method) proposed by Lada et al. (1994) to extragalac-
tic GMCs. Instead of measuring the color of thousands of background stars to
molecular clouds, we measure the average color of the unresolved thousand
stars that fall on a pixel of a near-IR detector. Briefly, the color excess is given
by:

E(J − Ks) = (J − Ks)observed − (J − Ks)intrinsic (1)

where (J − Ks)intrinsic is the average color of the background stars. We
convert color excesses to equivalent visual extinction adopting a reddening law
from Rieke & Lebofsky (1985):

AV = 5.88 E(J − Ks) (2)

The Technique

is to the left.
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We measure the near-IR diffuse galaxy light seen through GMCs, in a sim-
ple analogy to our Galactic work (Alves et al. 2001). The technique allows one
to derive the basic characteristics (morphology, mass, statistics) for this pop-
ulation and compare the dust extinction results with published molecular line
data, in particular with CO interferometric data having almost the sub-arcsec
resolution that is achievable in the extinction maps. The J − K and H − K
maps of Centaurus A are shown in Figure 1. One of the major concerns in
our analysis is to determine which fraction of the observed signal is due to
some foreground contaminant (mainly due to presence of unresolved stars).
However, we note that this factor should not significantly affect the derived
parameters of molecular clouds, and in particular it should have no effect on
the slope of the power-law derived for the Centaurus A GMC mass spectrum.

4. Cloud Mass Spectrum

Molecular cloud observations often show a complicated, self similar struc-
ture over a wide range of spatial scales. A main problem is the quantitative
description of these structures. We extracted clouds from the J −K color map
using a 2D-version of the clumpfind Williams et al. (1994) automatic routine
for analyzing the clumpy structure. The algorithm works by first contouring
the data at a multiple of the rms noise of the observations, then searches for
local maxima in the data which locate the clumps, and then follows them down
to lower intensities. The clouds were defined as regions containing more than
25 pixels, each with a value greater than 5 σrms. Using this algorithm we
identified 436 molecular clouds.

The size of the clump is defined as the effective circular radius:

∆R =
√

A/π,

where A is the projected area of the clump on the sky.

5. Results and Conclusions

Histogram of the mass distribution of GMCs in our catalog and the mass-
size relationship are presented in Figure 2. The mass distribution of molecular
clouds in Centaurus A is comparable with that found in M33 (α = -2.6, Engar-
giola et al. 2003) and steeper than that found in the inner Milky Way (α = -1.5,
Scoville et al. 1987). A full analysis of these data should appear soon in the
literature (Beletsky et al 2005).
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Figure 2. Clump mass spectrum (left) and mass-size relationship (right) for the GMC catalog.
Both the mass spectrum the mass-size relationship are fitted by a power law function dN/dM ∝
M−α.
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THE FORMATION OF MOLECULAR CLOUDS IN

SPIRAL GALAXIES
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Abstract We investigate, through numerical hydrodynamical calculations, the behaviour
of a galactic disk subject to an external spiral potential. In particular, we focus
on the evolution of inter-arm structure such as spurs, the formation of molecular
clouds, and the generation of velocity dispersion as gas passes through the spiral
arms.

Keywords: galaxies:spiral, hydrodynamic, ISM:clouds, ISM:molecules, stars:formation

Introduction

Molecular clouds are the sites of star formation in spiral galaxies, and are
largely confined to the spiral arms. Their properties, including kinematics and
internal structure, have been widely studied. However, the properties and dis-
tribution of molecular clouds are less well understood in relation to their for-
mation and evolution. We identify molecular hydrogen in galactic simulations
of spiral galaxies and display the location of molecular clouds.

Our calculations also reveal detailed inter-arm structure, including spurs and
feathering. These features arise in purely hydrodynamical simulations provid-
ing the temperature of the gas is low (≈ 100K).

1. Simulations of Spiral Galaxies

Calculations

Gas is passed through a spiral galactic potential (including spiral [Cox &
Gomez 2002], logarithmic [Binney & Tremaine 1994] and halo [Caldwell &
Ostriker 1981] components), which produces a 4-armed spiral pattern. Parti-
cles are located in a galactic disk, with radius 5kpc < r < 10kpc, scale height
100pc and mass 5 × 108M⊙. In all calculations the gas is isothermal, with
temperatures of 10, 100, 103 or 104K. All calculations use SPH (smoothed
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particle hydrodynamics) code. These results include only the potential and gas
pressure.

Formation of Molecular Clouds

The evolution of molecular hydrogen has been determined in our calcula-
tions (post process) using an algorithm from Bergin et al. (2004). For the lower
temperature calculations, gas becomes sufficiently dense to become molecular
when compressed by a shock. The locations of molecular

’

clouds’ are dis-
played in Figure 1 as they form in the spiral arms. In this simulation, the disk
temperature is 100K and there are 4 × 106 particles. At the time in Figure 1
(100Myrs), approximately 10% of the gas is molecular (5 × 107M⊙).

Most of the molecular clouds are subsequently destroyed by photo-disso-
ciation, although a few survive and emerge into inter-arm regions. A peak in
the total H2 mass was observed at ≈ 100K. At higher temperatures (103 or
104K), the lower density spiral shocks produce less H2 which is more readily
converted back to atomic gas.

Inter-Arm Structure

As the gas passes through the potential, shocks occur in the spiral arms,
and significant secondary perturbations of the disk develop. Feathering of the
spiral arms and spur-like structures evolve which extend over arm and inter-
arm regions (Figure 1). These features arise solely from the kinematics of the
gas and are only present at low (100K) temperatures. At higher sound speeds,
the arm/inter-arm density contrast is less and the gas is largely smoothed with
higher pressures. Correspondingly, there is little secondary structure present in
the 104K temperature simulation. Previous spiral galaxy simulations have gen-
erally assumed a much higher sound speed. Wada & Koda (2001) and Gittins
(2004) use temperatures of ≈ 104K and describe much smaller instabilities.
Kim & Ostriker (2001) describe the formation of more significant spurs when
magnetic fields are applied. From our simulations it is apparent that fluid in-
stabilities arise at low temperatures (corresponding with the colder part of the
ISM which necessarily forms GMCs) without magnetic fields or self gravity.

2. Velocity Dispersion in GMCs

A consistent velocity dispersion law is observed across many GMCs, and on
multiple scales (Heyer & Brunt 2004). We have been considering how such a
velocity dispersion relation can be generated through a clumpy shock. Bonnell
et al. (2005) show that a velocity dispersion-sizescale dependence compara-
ble to the observed σv ∝ r0.5 law is obtained when non-uniform gas passes
through a spiral arm shock. Calculations for a simpler scenario are also de-
scribed in Bonnell et al. (2005). Gas is passed through a simple 1D sinusoidal
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Figure 1. Column density plots showing density of molecular hydrogen (red) against overall
density (black and white). The time in these images is 100Myrs. Length-scales of plots are a)
20kpc × 20kpc, b) 10kpc × 10kpc, c) 5kpc × 5kpc, d) 3kpc × 3kpc. The overall density shows
the formation of spurs, feathering and widespread instabilities.

potential, and self-shocks as it climbs out of the potential. SPH calculations
have been performed for a uniform shock in comparison to a clumpy shock,
both with 2 × 105 particles, and the resulting velocity dispersions calculated.
The velocity dispersion relation is largely flat and subsonic for the smooth
shock. By contrast a supersonic velocity dispersion is induced in the shocked
clumpy gas (Figure 2). This dispersion arises due to the inhomogeneity of
the medium - gas encountering denser areas of the shock will decelerate more
compared to empty regions. Thus a range of velocities occur in the shocked
material.



370 ISLAND UNIVERSES

Figure 2. One dimensional velocity dispersion vs size-scale of post shock gas: uniform
(bottom, green), clumps radii 0.2 (middle, blue), clumps radii 0.1 (top, red), σv ∝ r0.5 (dashed).
The sound speed is 0.3.
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Abstract In order to study formation and evolution of interstellar clouds, we simulate the
multi-phase interstellar matter in a disk galaxy using an SPH code, considering
radiative cooling, cloud formation, star formation and heating by supernovae.
By calculating various cases of total interstellar mass and strength of UV back-
ground radiation, we study how cloud mass function depends on theses para-
meters. We show that the power index, α, of the cloud mass function is small
when there is a large amount of interstellar medium or strong UV radiation. Our
results suggest that cloud mass function is a good indicator of these interstellar
processes.

Keywords: ISM: clouds - ISM: structure- galaxy: spiral - stars: formation

1. Introduction

Star formation has a very important role in galaxy formation and evolu-
tion. Cloud formation and evolution are important to understand star forma-
tion process in galaxies. Molecular clouds are especially important for star
formation, since they are star formation sites. Star formation is expected to
depend on cloud properties. In massive molecular clouds both low mass and
high mass star formation is expected, while in low mass molecular clouds only
low mass star formation is expected. It is obvious that molecular clouds are
closely related to star formation processes. Thus, the cloud mass function is
closely related to star formation properties.

We study star formation processes in disk galaxy and the evolution of in-
terstellar medium (e.g., the formation of molecular clouds, the star formation
in gravitational instable clouds, and the back reaction of supernovae on inter-
stellar medium) using the tree-GRAPE-SPH code of Saitoh et al. (2005). We
derive the cloud mass functions from our numerical simulations.

371

C© 2007 Springer.

R. S. de Jong, Island Universes, 371–374.



372 ISLAND UNIVERSES

Recent high resolution observations have resolved molecular cloud com-
ponents in galaxies and the theoretical study of cloud mass functions is very
timely.

2. Model

We assume a small disk galaxy for detailed calculations. Total mass of a
model galaxy is 2 × 109M⊙, and total gas mass is 2.5 − 5 × 108M⊙. The
galaxy radius is 4 kpc. Initially, gas is uniformly distributed in the disk of the
model galaxy. In the SPH simulation we use 50,000 SPH particles, and include
cooling, heating by SN and diffuse UV in our calculations. We employ a wide
range cooling function (20K <T < 108K) as used in high resolution simu-
lations of inter-stellar medium (e.g., Wada & Norman 2001). Star formation
and feedback are modeled as in cosmological galaxy formation models (Katz
1992).

3. Numerical Results

Self-gravitational instability of gas occurs in the disk, since the gas temperature
decreases by the radiation cooling. As a result, a filamentary structure develops
in the cooled gas and many clouds are formed. In these clouds, star formation
occurs and supernova explode after the massive stars evolve. The supernova
explosions heat the gas and many cavity are formed as shown in Figs. 1 and 2.

We determine the cloud masses and find that the cloud mass function is
approximated by a power law form with power index -α,

dN

dM
= k(

M

M0
)−α.

Figure 1. Face-on view of the disk
galaxy. Surface density (the left panel) and
gas temperature (the right panel).

Figure 2. The edge-on view of gas in the
disk galaxy.
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We find that α ranges from about 1.6 to 3, depending on total gas mass and UV
strength as shown in Figs. 3 and 4. In our simulations, small α is realized in
the strong UV radiation case and in massive gas case. These results agree well
with the following observational results : α ∼ 1.6 - 1.9 ( Milky way : Solomon
et al. 1987, Heyer et al. 2001), α ∼1.9 (LMC : Fukui et al. 2001), α ∼2.6
(M33: Engargiola et al. 2003). These results show that α is not common and
depends on galaxy properties. Our results indicate that observed values of α
depend on the environment of the interstellar gas.

Figure 3. The cloud mass function in the
gas rich case in our simulation. The solid
line shows the cloud mass function with
power index α = 1.6 for comparison.

Figure 4. The same as Fig. 3, but for
small gas case in our simulation. The cloud
mass function is steeper than in Fig. 3.

4. Summary

We simulate the evolution of the multi-phase interstellar gas of small disk
galaxy using a tree-GRAPE SPH code. We consider radiative cooling of gas,
cloud formation by self-gravitational instability, star formation and heating by
supernovae explosion of newly formed massive stars. Our numerical results
show that the cloud mass function depends on gas mass and UV background. In
our numerical results, the cloud mass function is well approximated by a power
law function, and small power index is realized in a gas rich environment and
large power index is realized in a gas deficient or a strong UV environment.

We suggest that high resolution observation of molecular clouds in nearby
galaxies with for example ALMA will allow us to measure cloud mass func-
tions, which will provide important constraints on the evolution of ISM and
star formation in these galaxies.
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Abstract We present our progress on a detailed study of M81 in the radio, ultraviolet and
infrared wavelengths, in which we attempt to use Hi produced in photodisso-
ciation regions (PDRs) as a tracer for molecular hydrogen. Radio (VLA), UV
(Galex) and IR (Spitzer) data are all available at about 6 arcsec resolution or
better, corresponding to a linear scale of little over 100 parsec. We expect to
pursue the viability of the use of Hi as a tracer for H2 across a variety of nearby
galaxies, including NGC2403, M33 and M83, using VLA and GALEX data as
a major extension to the existing studies of e.g. M101 and M81 in this context.

Keywords: galaxies: individual (M81) - galaxies: ISM - ISM: molecules - ISM: atoms -
infrared: ISM - ultraviolet: ISM - radio continuum: ISM

1. Introduction

By assuming that Hi is a photodissociation product of star formation, it can
be used independently from the popular CO(1-0) tracer. In many instances,
patches of Hi are found close to bright FUV-sources, as is expected for PDRs.
These complexes of young, hot stars create a ’blanket’ of dissociated Hi around
them. Together with the incident ultraviolet flux on the Hi, and the local dust-
to-gas ratio, the associated volume density of molecular hydrogen can be de-
rived from the local Hi column density. How do we know that the Hi is being
produced in PDRs? Recent publications suggest that 8 µm PAH emission from
star-forming regions can be used to trace PDRs. Matching regions of Hi emis-
sion to PAH emission would support our approach. We aim to extend this
project to other nearby galaxies in the coming year.
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Figure 1a. A 70′′×70′′ field in a spi-
ral arm of M81, with FUV sources (as-
terisks and contours) and radio emission
(grayscale).

Figure 1b. The same region as in 1a,
but with 8µm PAH contours. Note the
PAHs away from the FUV source, associ-
ated more closely with the Hi.

2. Hydrogen Cycle - Primordial or Product

The familiar hydrogen cycle takes us from atomic hydrogen to molecular
hydrogen, catalyzed by dust grains, and back to atomic hydrogen by photodis-
sociation, through photons in the ultraviolet range. Using the formula below
describing the photodissociation process allows the use of Hi as a tracer of
molecular hydrogen.

NHI =
7.8 · 1020

δ/δ0
ln

[

1 +
106G0

nH2

(δ/δ0)
−1/2

]

cm−2 (1)

In the picture of large scale photodissociation regions (PDRs), at a linear scale
of a few hundred parsec, a large fraction of interstellar atomic hydrogen could
have been formed by photodissociation. It would be a product of star forma-
tion instead of being primordial and inert. So what was first? The presently
observed atomic hydrogen or the molecular hydrogen? Note that the model
formula is heavily dependent on the dust-to-gas ratio δ, scaled to the solar
neighborhood value.

3. Method

Figure 1a shows the method to determine the local H2 volume density.
First, one determines the source flux (central asterisk), then the distance to any
surrounding patches of Hi (grayscale) - using a spherical model corrected for
M81’s inclination and position angle, hence the ellipse. The incident flux on
the Hi patches is computed using the radius to the central source. Finally one
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Figure 2. Incident flux G0 vs Hi column density with fitted molecular hydrogen volume
densities.

takes maximum local Hi column density as an estimate of the true local column
density. Together with the dust-to-gas ratio at the appropriate galactocentric
radius from the literature, these are the required input parameters to the model
formula yielding the local H2 volume density.

4. PAH Overlay

Figure 1b shows an example of how the PAH emission coincides more with
the presence of Hi then with the location of the FUV source. The source of
FUV emission is clearly surrounded by PAH emission and atomic hydrogen
patches, which would be in the PDR surrounding the OB complex. We are
planning to compile statistics on how often this occurs, although preliminary
qualitative results for the PAH/Hi overlay indicate that this happens for the
majority of cases.

5. Tentative Results

Determining the Hi column density and the flux at about two dozen specific
regions gives the plot shown in Fig. 2. Simply matching the flux and column
density of each suspected PDR does not yield much of a correlation. However,
correcting for the distance between FUV source and Hi patch, calculating the
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incident flux G0 as shown here, gives better results. Fitting the model equation
1 indicates a molecular hydrogen volume density of the order 102. Varying the
dust-to-gas ratio would tilt the fitted curves.

6. Why use Hi as a Tracer?

Advantages include: it being an independent alternative to the popular CO
tracer, the desired FUV and radio data is readily available and the 21cm emis-
sion is insensitive to excitation conditions, making for reliable Hi maps.

Among the disadvantages are a strong dependence on δ/δ0 - which is not
always available from the literature, the geometry of the gas remains unknown
and one needs to assume a certain FUV extinction correction

7. Plans for the Next Year

We aim to finish our detailed analysis of M81, including utilizing the Spitzer
IRAC data. At the same time, we’re starting a similar analyis of M83 with
FUV data from the Galex SUNGG team. We are planning to obtain high-
resolution (6′′) Hi data from THINGS, aiming to get additional data on other
nearby galaxies like M33, NGC 2403, NGC 7793, LMC... Finally we can also
do global modeling instead of detailed modeling to determine the total H2

content of various nearby galaxies.

8. Summary

Preliminary results indicate a detectable correspondence of Hi regions being
located close to many FUV sources. The observed quantities can be fitted by
the photodissociation model. Also, PAH emission often coincides with the
locations of the Hi regions, which is expected to be an indication that these
regions are really PDRs.
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Abstract We present results of CO observations of the barred spiral galaxy Maffei 2 with
Nobeyama Millimeter Array (NMA). The distribution of the molecular gas in
the central region shows elongated structure with two peaks as shown in the
previous data. We found that the elongated structure resolved into spiral arms
that continue from the offset ridges along the bar to a radius of less than 50 pc.

Keywords: galaxies: ISM - galaxies: kinematics and dynamics - galaxies: structure - galax-
ies: individual (Maffei 2)

1. Introduction

Fueling of molecular gas is necessary for central starburst and AGN activ-
ities in galaxies. Bar structure is one of the possible mechanisms for the gas
fueling toward a galactic center. Observations of nearby barred spiral galaxies
with high angular resolution are required to understand the mechanism of the
gas fueling by bar.

Maffei 2 is one of the nearest barred spiral galaxies (D=2.8 Mpc: Karachent-
sev et al. 2003). The central region is undergoing a starburst (e.g., Turner &
Ho 1994). Therefore, Maffei 2 is a good example to study the mechanism of
gas fueling by a bar and to investigate the relation between a bar structure and
a starburst. We present the results of observations of molecular gas in Maffei 2
with Nobeyama Millimeter Array (NMA).

2. Observations

Observations in CO(1–0) and CO(2–1) were made with Nobeyama millime-
ter Array (NMA). CO(1–0) were observed with antenna configurations AB,C,
and D, while only C and D were used for CO(2–1). We achieved 1.7′′ × 1.5′′
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Figure 1. Integrated intensity maps in CO(1–0) (left) and CO(2–1) (right). Circles indicate
the field of view of NMA. Crosses indicate the 2MASS center.

beam in CO(1–0) and 2.3′′ × 1.4′′ beam in CO(2–1). The beam sizes corre-
spond to 23 pc × 20 pc and 31 pc × 19 pc at the distance of Maffei 2.

3. Central Structure of Molecular Gas

Figure 1 shows the integrated intensity maps of CO(1–0) and CO(2–1). In
the bar region, the offset ridge along the leading edge of the bar can be seen.
The width of the ridge (FWHM) is about 4′′ which corresponds to 54 pc at
the distance of Maffei 2. The offset ridges are truncated at about 20′′ from the
center in both sides. The offset ridges connect to a strong peak at about 5′′

(∼ 70 pc) north and south from the center derived from 2MASS image (Jarrett
et al. 2003). The distribution of CO(2–1) emission is consistent with CO(1–0)
emission. Although the size of the peaks are about the same as that in CO(1–
0), they are closer to the center than in CO(1–0). The center is weak in both
lines.

Figure 2 shows the position-velocity diagram of CO(2–1) parallel to the
major axis. The diagrams show complicated velocity structure. It is appar-
ent that the central structure is separated into two parallel components in the
P-V diagram. It means that there are two components along the line of sight.
These structures weakly connect each other and make oval feature in the P-V
diagram. The radial velocities at the center of both components are not at the
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Figure 2. Position–Velocity diagrams along the major axis (middle) and parallel to the major
axis (The offset is ±0.9′′) in CO(2–1). The horizontal line is the position of the minor axis. The
vertical lines are the systemic velocity of Maffei 2. White curves trace the spiral arms shown in
Figure 3.

systemic velocity of Maffei 2. Since the feature in the P-V diagram is symmet-
ric against the 2MASS center, it seems that the 2MASS center coincides with
the dynamical center. When we trace gas stream from the offset ridge as shown
by white curves in Figure 2, the radial velocity at the offset ridge is almost
constant. For the northern side (upper side in Figure 2), blue-shift of the radial
velocity from the systemic velocity means inward motion of the gas along the
offset ridges toward the center. Then, the radial velocity increases with a con-
stant velocity gradient closing to the center. The radial velocity changes from
blue-shift to red-shift before the minor axis, while the point should be on the
minor axis for a circular motion. We can see that after the northern component
crosses the line of sight to the center, the radial velocity increases rapidly and
closes to the center again. The symmetric feature can be seen for the southern
component.

We made integrated intensity map of each component of the parallel feature
separately (Figure 3). The map shows that the offset ridges connect toward the
center as two-arm spiral structure. The spiral structure is symmetric against
the 2MASS center. The spiral structure can explain the complicated velocity
structure seen in the P-V diagram. Furthermore, the oval structure seen in the
P-V diagram indicates that there is an oval structure overlapped on the spiral
structure. The schematic face-on view is shown in Figure 3.

We can measure the size of the spiral structure using the P-V diagrams along
the major and minor axes and the channel maps. Here, we assume the inclina-
tion angle (67◦) and the position angle (26◦) derived for the galactic disk. The
sizes are determined by the following ways and shown in Figure 3.

1. The separation along the major axis between the spiral arms can be mea-
sured in the P-V diagram along the major axis.
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Figure 3. (Left) The integrated intensity map of the spiral arms. The cross is the 2MASS
center. (Right) Schematic face-on view of the molecular gas distribution. The sizes derived
from the observational data are indicated.

2. The separation along the minor axis between the spiral arms can be mea-
sured in the P-V diagram along the minor axis.

3. The separation along the major axis direction between the positions
where radial velocity equals to the systemic velocity. If we assume that most
of the gas moves along the spiral arms, the spiral arms are perpendicular to the
line of sight there. It can be measured in channel map at the systemic velocity
of Maffei 2.

4. The separation along the minor axis direction between the positions
where radial velocity equals to the systemic velocity. It can be measured in
channel map at the systemic velocity.

5. The length of the oval structure along the major axis can be measured in
the P-V diagram along the major axis.

The formation mechanisms of the spiral structure are discussed in Kuno
et al. (2005).
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Abstract SHARC II 350 µm continuum and archival HST J−H band maps are presented
of NGC 3656, the brightest of our sample of six elliptical galaxies for which
resolved CO gas disks have recently been detected with 7′′-spatial-resolution,
interferometry mapping. These gas disks confirm the conclusions of earlier re-
sults showing optical dust lanes and unresolved CO that implied the common
existence of molecular gas in ellipticals and the disk-like structure of this gas.
The presented SHARC II mapping results provide the best-to-date resolved FIR-
submm extent of NGC 3656 and of any elliptical galaxy >40 Mpc, showing that
dust of 29 K exists out to at least ∼1.8 kpc in this galaxy. These new data are
used in conjunction with the archival HST maps and other published data to
determine dust properties and associations with galactic structures, including
dominant heating sources such as star-formation or diffuse-stellar radiation.

Keywords: galaxies: elliptical and lenticular, cD - galaxies: individual (NGC 3656) - galax-
ies: ISM - galaxies: structure - infrared: galaxies - submillimeter

1. Introduction

Cold gas and dust in nearby elliptical galaxies was discovered only about
15 years ago. Compared to the cold ISM in spirals, the cold gas and dust
is present in relatively small amounts and is seen in 50% to 80% of nearby
ellipticals. The source and content of the cold ISM in these galaxies is still
uncertain, with optical and far-infrared dust-mass estimates differing by ∼10
to 100. Therefore, the present study aims to map and analyze emission from
the cold dust of elliptical galaxies in order to probe and better constrain the
dust and evolutionary properties of ellipticals.
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We begin with a small sample of far-infrared (FIR) bright, nearby (less than
70 Mpc) ellipticals for which gas disks of CO emission have recently been re-
solved with interferometry of 7′′ spatial resolution (e.g., Young 2002; see left

panel of Figure 1). Our observational study exploits the latest very sensitive
submm array detectors (e.g., SHARC II at 350 µm on the CSO) with a goal of
providing the best submm (cold dust) distribution maps to date for our sam-
ple of galaxies (and for most in the sample the very first detections beyond
100 µm); dust temperature maps; gas-to-dust mass ratios; dust grain proper-
ties; dust association with other galactic structures; and constraints for models
of dust evolution and generation in elliptical galaxies.

2. NGC 3656 and Other Elliptical Galaxies in the Sample

The six galaxies in our sample are all ellipticals in that their luminosity
profiles follow the de Vaucouleur law; however, they represent a spread of
merger traces or ages, from galaxies that have been classified as on-going or
early-age major merger (e.g., NGC 3656, Balcells et al. 2001) to very-late ac-
cretion or quiescent system (e.g., NGC 807, Murray et al. 2000). The FIR and
submm mapping results (e.g. dust content) will be compared between the sam-
ple galaxies as a probe of not only dust, but also of local merger-formation and
evolutionary history of elliptical galaxies in general.

NGC 3656 is the far-infrared (FIR)-brightest elliptical in our sample. It has
an optical elliptical body with an obscuring north-south, galactic minor-axis,
edge-on gaseous dust lane (see right panel of Figure 1), two tidal tails, a system
of shells and counter-rotating cores. These features together have been inter-
preted as evidence that the NGC 3656 system is an early major-merger remnant
of disk galaxies (cf. Balcells 1997, 2001). Central structures that are seen in
unsharp-masked and residual galaxy-model K-band images of NGC 3656 have
recently been interpreted as qualitative evidence that phase-mixing, since the
disk-disk merger and subsequent violent relaxation of this galaxy, is incom-
plete (Rothberg & Joseph 2004).

3. Archival HST and CSO Observations of NGC 3656

The right panel in Fig. 1 shows an HST F110W image with F110W-F160W
(∼J–H band) contours that demonstrate that the dust lane of NGC 3656 has
the most extinction in a north-south region of radius ∼5′′ with east-west asym-
metry and a peak that is centered about 1′′ east of the galactic nucleus (or the
center of the dust lane). The asymmetry is consistent with the dust lane being
seen edge-on and its nearside being on the galaxy’s eastern part.

Figure 2 shows a map of NGC 3656 from our exploratory CSO/SHARC II
observations, during which we detected spatially-resolved, 350 µm continuum
emission. The submm continuum of NGC 3656 has an unresolved core and
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Figure 1. Left: Total integrated CO(1-0) intensity map (white contours) of NGC 3656 with
CO diameter of 34′′ overlaid on optical data (gray scale and black contours) adopted from
by Young 2002. The white contours are in units of -5%, -2%, 2%, 5%, 10%, 20%, 30%,
50%, 70%, and 90% of 81.1 Jy beam−1kms−1 = 4.7 × 1022cm−2 CO integrated intensity or
column densities peaks (Young 2002). Right: An archival HST F110W image overlayed with
F110W-F160W contours to depict the dust extinction in NGC 3656.

extended emission that is slightly elongated north-to-south down to the 50%
contour level and within a radius of ∼ 5′′. Beyond this it is detected with less
certainty and has a generally bulging S-shape in the similar sense as seen in
CO (1-0) and Hα images of the same region (see, e.g., left panel in Figure 1).

The extent of the resolved 350 µm emission down to the 50% contour level
in NGC 3656 is consistent with a de-convolved Gaussian of FWHM of 8′′.1.
This is about half the extent of the CO (1-0) emission observed in this galaxy. If
one assumes the 350 µm emission is associated with the same dust as measured
by IRAS at 60 and 100 µm, then our CSO results imply 29 K dust with an
emissivity index of 1.6 and angular size of 1.5×10−9 steradians (see Figure 3).
Using the distance of 45 Mpc (e.g., Young 2002) and 350 µm dust absorption
value of 0.192 m2/kg (Draine 2003), a dust mass of 1.4 × 108 solar masses is
calculated for the temperature of 29 K and 350 µm integrated flux of 0.64 Jy.
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Figure 2. SHARC II 350 µm continuum
map of NGC 3656 obtained with a CSO
beam of 9′′. The submm contours are in
units of 0.06, 0.1, 0.14, 0.18, 0.22, 0.26,
0.3, 0.34, 0.38 Jy beam−1.

Figure 3. Weighted, single-temperature
greybody of 29 K and emissivity index
of 1.6 fit to IRAS 60 µm and 100 µm,
SHARC II 350 µm and IRAM 1250 µm
data of NGC 3656.
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4. Implications of the CSO and HST Results of NGC 3656

Both the flux level and extent of the submm emission show that our 350 µm
map of NGC 3656 cannot represent all the dust associated with the CO gas as
resolved in this galaxy by Young 2002, if the normal gas-to-dust ratio (100) is
used to estimate the dust flux level expected at 350 µm. The high extinction
region of radius ∼ 5′′ seen in the HST colour map is roughly co-spatial with
the high-brightness submm and radio regions respectively presented in this pa-
per and by Mollenhoff et al. 1992, and probably represents a star-formation
site and thus warmer and/or denser dust in NGC 3656. Our SHARC II data
constrain the temperature of the remainder, more extended, dust distribution
(associated with the more extended CO emission) to be less than 20 K. The cur-
rent submm observations do not resolve the compact-core and extended-dust in
NGC 3656; however, the fluxes of these components could be of comparable
magnitude, originate from very distinct emission mechanisms, and thus im-
pact their submm SED analysis, as is the case in the easier to spatially resolve,
nearest merger-remnant elliptical Centaurus A (Leeuw et al. 2002).

The above results imply: (1) 350 µm observations are not just tracing cold
dust, but also star-formation heating sources; (2) longer, but achievable 350 µm
SHARC II integrations are required to detect the cold dust emission at lower
flux contours more closely associated with the CO and less heated by star-
formation sites; (3) future mapping sampling colder and warmer dust respec-
tively using SCUBA II/JCMT at 850 µm and HAWC/SOFIA at 88 and 155 µm
or MIPS/Spitzer at 24 and 70 µm will be useful in de-convolving the star-
formation heating effects from the dust distribution; (4) follow-up interferom-
etry at submm, mm or high-frequency radio respectively with instruments such
as SMA, CARMA, or VLA could also resolve the components of the cold dust,
star-forming, and compact core (if it is distinct) at spatial resolutions compa-
rable to the HST maps. Though our SHARC II observations are preliminary,
the results already provide the best spatially resolved FIR-submm extent of
this galaxy and of any elliptical >40 Mpc to date, showing that dust of 29 K,
probably heated by star-formation, exists out to at least ∼1.8 kpc in NGC 3656.
Acknowledgements This work was supported in part by NSF grant number AST
0204886. LLL received travel grants from the AAS and RAS.
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Abstract We study influence of a galactic central supermassive black hole (SMBH) bi-
nary on gas dynamics and star formation activity in the galactic central region
by making three-dimensional Tree+SPH simulations. Due to orbital motion of
SMBHs, there are various resonances between gas motion and SMBH binary
motion. We have shown that these resonances trigger gas concentrations and
filaments in the galactic central region and the formation of small gaseous spiral
arms around the SMBH binary. In these regions, star formation becomes very
active. As the result, a nuclear star burst occurs in the galaxy.

Keywords: hydrodynamics - black hole physics - galaxies: nuclei - galaxies: starburst

1. Introduction

Nuclear star bursts are important for the formation of medium-sized black
holes and in connection to AGN activity (Matsushita et al. 2000). To trigger a
nuclear star burst, gas fueling into the galactic central region is needed. How-
ever, to fuel gas into the galactic central region, angular momentum must be
removed from disk gas, which is a difficult problem.

Recently, supermassive black hole (SMBH) binaries have been detected
in the galactic centers, e.g., in NGC6240 (Komossa et al. 2003), Arp 220
(Clements et al. 2002), and 3C 66B (Sudou et al. 2003). Particularly, NGC
6240 has been well observed in the wide range of wave lengths (e.g., Tacconi
et al. 1999). In the hard X-ray observation, two strong peaks are detected in the
galactic center and this is the strong evidence for a SMBH binary (Komossa
et al. 2003). Moreover, indications of a nuclear star burst have been found in
the radio continuum, near-infrared, and soft X-ray observations of this galaxy
(e.g., Lira et al. 2002; Pasquali et al. 2004). The SMBH binary may play an
important role in the nuclear star burst.
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Figure 1. The resonances as function
of radius. We show the Ω, Ω − κ/2,
Ω + κ/2, ΩSMBH , and Ωp, where Ω is
the gas angular velocity, κ is epicycle fre-
quency, ΩSMBH is the angular velocity of
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major axis of the binary orbit in the ellipti-
cal orbit case.

Figure 2. The star formation rate (SFR)
within the galactic central region of 500 pc
as function of time since the start of the
calculation for models without and with a
SMBH binary on circular and elliptical or-
bits.

The gravity of a SMBH binary has a non-axisymmetric component like a
barred galaxy. As in a barred galaxy, change of gravitational potential due to
orbital motions of SMBHs in a binary can induce resonance phenomena in nu-
clear gas disk, which are detected in the merging galaxies (Tacconi et al 1999;
Scoville et al. 2002). If the resonances occur between a SMBH binary and gas
motion, we expect that the gas motion is influenced and gas concentrations are
induced similar to barred galaxies (Athanassoula 1992; Fukuda et al. 1998). In
this way, a SMBH binary may trigger a nuclear star burst by these resonances.

In this paper, we study the influence of a galactic central SMBH binary on
galactic gas motion using 3-dimensional Tree+SPH hydrodynamics simula-
tions. We show that the resonances due to a SMBH binary trigger gas concen-
trations in the galactic central region and a nuclear star burst.

2. Result

The circular orbit case

We show the result of the model with the SMBH binary, with the SMBHs
moving in their circular orbits. Each SMBH has a mass of 5× 108M⊙. In this
case, the gravitational potential will change with pattern speed ΩSMBH, which
is the orbital angular velocity of the SMBH. The expected resonances between
gas motion and SMBH binary motion are shown in Fig. 1.

In the left panel of Fig. 3 we show the gas surface density and star formation
sites in this model at t = 5×107 yr, which is in the active star formation stage.
Gas within the 900 pc radius is highly disturbed by the SMBH binary and most
of the gas is accumulated into an elongated region. In the elongated region
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Figure 3. The surface density and star formation site at 5 × 107 yr. The left panel is the
result of the circular orbit case and the right panel is one of the elliptical orbit case. The color
represent surface density. The positions of SMBHs are represented by symbols of black stars.
Newly formed stars are shown by symbols of white stars.

many clumps are formed. Star formation occurs in these clumps and become
very active. Gaseous spiral arms are excited. In these arms star formation
is also very active. These features are very different from the case without
a SMBH binary, in which gas surface density is axisymmetric, gas does not
concentrate, spiral arms are not formed, and star formation is not active in the
galactic central region.

The time variation of the star formation rate (SFR) within the 500 pc radius
is shown in Fig. 2. The active star formation has continued from 3 to 6×107 yr
and the mean SFR in this stage is about 1.4M⊙ yr−1, which is much higher
than that without SMBH binary.

The elliptical orbit case

We now discuss the results of the model with a SMBH binary on elliptical
orbits with an eccentricity of 0.82. Again each SMBH has a mass of 5 × 108

M⊙. In this case, the major axis of the elliptical orbit shifts with time and we
denote the angular velocity of the shift as Ωp. If we approximate this mean
potential as rigid rotating one, an additional resonance is expected as shown in
Fig. 1.

In the right panel of Fig. 3, we show the gas surface density and star forma-
tion sites during active star formation stage in this model. High density cores
and filaments are formed and star formation is very active in these regions, al-
though the SFR is similar to that of the circular orbit case as shown in Fig. 2.
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However, the regions of active star formation are more compact than in the
circular orbit case.

3. Summary

We study the influence of a galactic central SMBH binary on gas dynamics
by numerical simulations. We have shown that a SMBH binary has a large
influence on gas motion. Due to a SMBH binary, gas clumps and spiral arms
are formed in the galactic central region. In these regions, star formation be-
comes very active and a star burst is triggered. Especially, in the case of an
elliptical orbit SMBH binary, gaseous filaments and dense clump structures
are formed and active star formation occurs in the dense and compact regions.
These features can be strong evidence of existence of a SMBH binary. It is
very interesting to compare these features to high resolution observations of
galaxies which are suggested to have a SMBH binary.
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Abstract The correlation between far-infrared and radio emission in galaxies is remark-
ably strong considering the very different emission mechanisms which are
thought to be responsible for the two. We have examined this correlation in
the LMC on scales ranging from 40 pc to 4 kpc, finding that the FIR-radio corre-
lation remains extremely tight down to <100 pc, whereas correlations of either
FIR or radio with Hi or CO degrade considerably below 1 kpc. However, in
nearby spiral galaxies the mid-infrared (MIR) and radio emission begin to decor-
relate even on scales of <2 kpc. The difference in behaviour from the LMC may
be due to the larger fraction of synchrotron flux in more massive galaxies.

Keywords: Magellanic Clouds - infrared: galaxies - radio continuum: galaxies

1. Motivation

Among the tightest correlations between galaxy properties is that between
the far-infrared (FIR) and radio luminosities, which exhibits a scatter of less
than a factor of 2 over more than 4 orders of magnitude (Yun et al. 2001).
The correlation persists when normalizing by mass (Xu et al. 1994) and is sig-
nificantly better than correlations between other star formation tracers (Cram

391

C©

T. Helfer , L. Moscadelli , L. Gregorini , L. Staveley-Smith , M. Filipovic ,

CSIRO ATNF, Australia

Dept. of Astrophysics, Nagoya University, Chikusa-ku, Nagoya 464-8602, Japan

2007 Springer.

R. S. de Jong, Island Universes, 391–394.



392 ISLAND UNIVERSES

et al. 1998). Indeed, the correlation has been used as a redshift indicator
(Carilli and Yun 1999) and to identify high-redshift submillimeter galaxies
using cm synthesis radio imaging to determine positions. What makes the
FIR-radio correlation surprising is that it couples a thermal process (IR dust
emission) with a largely non-thermal process (synchrotron emission), the latter
of which should depend on the magnetic field strength and cosmic ray density.
Since the radio continuum appears only weakly correlated with FIR emission
on scales below a few hundred pc in our Galaxy (Boulanger and Perault 1988),
its close association with FIR emission on global scales requires explanation.

Several theoretical models have been proposed, which generally fall into one
of two categories: (1) Calorimetric models in which relativistic electrons and
UV photons are produced by massive stars in proportional numbers, then con-
verted independently to radio and FIR photons (Völk 1989), and (2) Magnetic

field-gas density coupling models, as might arise if dynamo effects and field-
line stretching amplify B to yield equipartition with the gas density (Groves
et al. 2003). Yet strong observational constraints are still lacking, which mo-
tivates us to use spatially resolved data for the LMC and nearby spirals to
examine the correlations in detail. A similar approach is being undertaken by
the SINGS team (Murphy et al. 2006).

2. Wavelet Cross-correlation Analysis

The most common way of comparing images of the same field taken at dif-
ferent wavelengths is a pixel correlation analysis. This allows maximum flex-
ibility in choosing which regions to compare, but can often obscure the size
scales on which correlations change. For a scale-dependent correlation analy-
sis, we have instead adopted the wavelet cross-correlation method described
by Frick et al. (2001). Essentially, both images are Fourier transformed, fil-
tered through an annulus in the Fourier domain, and then transformed back.
The wavelet cross-correlation, at the scale defined by the annulus, is simply
the product of the two filtered images normalised by their individual powers.
We choose as our analysing wavelet the “Pet Hat” function (Frick et al. 2001),
for its relatively good resolution in the Fourier domain.

3. LMC Results

A comparison of the wavelet cross-correlation functions for different pairs
of images is shown in Figure 1a. By far the best correlations are among the
classical “star formation tracers”: far-infrared (60 µm), Hα, and radio contin-
uum (20 cm). These correlations are extremely strong down to scales of <0.1
kpc (6′). Correlations between the gas tracers CO and Hi decline significantly
on scales of <1 kpc, and correlations of the star formation tracers with the gas
tracers are even poorer. This result calls into question models for the FIR-radio
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correlation that rely on coupling the magnetic field to the gas density, as the
radio emission would be expected to correlate strongly with the gas. On the
other hand, a large fraction (∼50%) of the 1.4 GHz flux from the LMC has
been attributed to thermal emission (Haynes et al. 1991), which may reflect
enhanced cosmic ray escape (Chi and Wolfendale 1990). Thus, the strong cor-
relation of radio continuum with other star formation tracers—and its poor cor-
relation with gas tracers—may not be surprising. Furthermore, the global FIR-
radio correlation is dominated by the bright region around 30 Doradus, which
may not be typical of the LMC. A more detailed analysis, including compari-
son of different subregions of the LMC, is currently underway (Hughes et al.,
in preparation).

4. Nearby Spirals

Relatively few spiral galaxies have had FIR data at adequate spatial reso-
lution to examine image correlations internally. This has changed with the
Spitzer Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003), which has
produced 24µm and 70µm images of 75 nearby galaxies. We focus here on
a subset of 7 galaxies for which the SINGS 24µm mid-infrared (MIR) im-
ages provide a comparable angular resolution (∼6′′) to CO and 1.4 GHz radio
images we have recently analysed (Murgia et al. 2005). The results of that
analysis had indicated a strong correlation between the radio and CO emis-
sion, both on a pixel-by-pixel basis and when azimuthally averaged. Although
the MIR generally traces warmer dust than the FIR, the global MIR-radio cor-
relation is nearly as tight as the FIR-radio correlation (Gruppioni et al. 2003),
and the MIR appears to be a good tracer of massive star formation (Roussel
et al. 2001).

Visual inspection reveals a strong similarity of the MIR and radio images,
which is reinforced by a pixel correlation analysis. However, the wavelet
cross correlation shows a significant breakdown in the MIR-radio correlation
on scales of <2 kpc in most of the sample (Figure 1b). Notable exceptions
include NGC 4826 and NGC 6946, which show a good correlation down to
scales of a few hundred pc. The CO-radio correlation tends to break down on
similar scales as the MIR-radio. The presence of a diffuse radio component at
intermediate scales that has no counterpart in the MIR or CO may be responsi-
ble. However, further work is required to remove artifacts in the VLA images
due to the presence of a radio nucleus or insufficient coverage of the visibility
plane. Somewhat better correlations are generally found between MIR and CO
emission, although still breaking down on scales of <1 kpc. This may reflect
a general spatial correlation between molecular clouds and Hii regions.



394 ISLAND UNIVERSES

Figure 1. Wavelet cross-correlations, as a function of scale size, for (a) different pairs of
images covering the LMC; (b) 20cm and 24µm images for seven different spiral galaxies. The
coefficient is constrained to line between −1 and 1. The points on the far left of each panel
represent the usual linear correlation coefficient.
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Abstract Our understanding of star formation in disks is in the midst of an observational
revolution, with Spitzer, GALEX, and a host of groundbased surveys providing
complete inventories of star formation in nearby galaxies, and the first truly mul-
tiwavelength spatially-resolved datasets. The same data provide detailed infor-
mation on the structure of the cold interstellar medium on «100 pc scales, and
thus offer the promise of understanding the complex interplay between the star
formation rate and the ISM, down to the physical scales where star formation
events are triggered. This talk will present a few highlights and insights that
have emerged from the surveys.

Keywords: galaxies: ISM - galaxies: structure - stars: formation

Introduction

These are truly exciting times for those who study star formation and the
interstellar medium in galaxies. The bulk of the energy emitted by young stars
in galaxies is radiated in the ultraviolet and the mid- to far-infrared, and thanks
the GALEX and Spitzer space telescopes we are now able to obtain imaging
and spectra of nearby galaxies in these wavelength regions with unprecedented
depth and completeness. The combination of these data with groundbased
observations in the visible, near-infrared, and radio is allowing us to obtain
pixel-resolved SED maps of galaxies covering virtually the full electromag-
netic spectrum. This in turn is allowing us to test the various single-wavelength
star formation rate (SFR) tracers that have served as the backbone of our
field for the past 3 decades, to treat the systematic effects of dust extinction
and the stellar IMF with unprecedented rigor, and gradually develop improved,

∗Current address

397

C© 2007 Springer.

R. S. de Jong, Island Universes, 397–408.



398 ISLAND UNIVERSES

multi-wavelength diagnostics of SFRs. In turn the applications of these meth-
ods are revealing new information on the distributions of star formation, the
structure and physical conditions in the surrounding ISM, and the complex
physical interplay between star formation and its parent ISM.

In short this subject is in the early stages of an observational revolution. I
will begin this talk by reviewing the full extent of the new datasets that are
being obtained on nearby galaxies, and the new capabilities that they are en-
abling. I will then focus on the early results from the Spitzer telescope, with
emphasis on the SINGS Legacy Project (Spitzer Infrared Nearby Galaxies Sur-
vey). Many of the data presented have been obtained only in the past few
months, so I will emphasize generic capabilities and preliminary results. Other
results from SINGS are presented by Mike Regan and Eric Murphy elsewhere
in this volume.

1. The Observational Revolution

The opening of the ultraviolet and infrared regions with GALEX and Spitzer

is only part of an avalanche of information emerging on nearby star-forming
galaxies. The first wave of new data has come from the Sloan (SDSS) and 2dF
digital sky surveys, which have provided semi-integrated spectra of hundreds
of thousands of galaxies out to z ∼ 0.5, with the statistical power to character-
ize even rare objects and phenomena, and study environmental dependencies
with unprecedented robustness (e.g., Brinchmann et al. 2004). The limited spa-
tial sampling of these fiber spectra introduces some systematic uncertainties
into the interpretation of the data, but this problem is being addressed head-on
with a series of truly integrated spectrophotometric surveys of galaxies, includ-
ing the Nearby Field Galaxy Survey (NFGS; Jansen et al. 2000), and a large
survey of local normal, starburst, and interacting galaxies at Arizona (Mous-
takas & Kennicutt 2005). At the same time several large Hα imaging surveys
(e.g., GoldMine, HαGS, SINGG, SINGS, STARFORM, AMIGA, MOSAIC,
11HUGS) are providing deep, high-resolution maps of the massive star for-
mation in thousands of galaxies with z ≤ 0.05, and publicly-available image
libraries in most cases. These supplement a number of prism-based volume-
limited SFR surveys (e.g., UCM, KISS), which provide emission-line selected
SFR statistics for the local cosmological volume.

These new surveys bring with them several new capabilities, especially
when data from two or more of the datasets are combined. For the first time
one can obtain SFRs for samples of thousands to millions of galaxies (GALEX

alone is expected to detect >107 galaxies out to z = 1) over large areas of
sky and with well-defined completeness properties (Martin et al. 2005). This
is essential for removing the various luminosity, surface brightness, and incli-
nation biases that afflicted earlier datasets, and for studying problems such as
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the cosmic SFR density and the temporal properties of star formation, where a
solid grasp of the observational selection effects is critical. Perhaps the most
important new capability comes from being able to map galaxies with com-
plete UV-to-FIR wavelength coverage. Extinction by dust is the overwhelming
contributor to the systematic error budget in nearly all UV and optical SFR
measurements of galaxies. Most of the energy that is absorbed by this dust
is re-emitted in the infrared, and by mapping galaxies across this wavelength
range one can effectively construct bolometric energy maps of galaxies and
recover all of the luminosity from the young stars, and use the spectral energy
distribution (SED) maps to measure this extinction. In this regard the spatial
resolutions of GALEX and Spitzer (∼5–6′′ at 0.15 and 24 µm, respectively) are
important because for nearby galaxies (d ≤ 30 Mpc) this corresponds to the
linear scale over which dust redistributes the radiation, and it also is roughly
the subkiloparsec scale over which the collapse of large interstellar clouds and
subsequent star formation is initiated.

2. The SINGS Project

The observational foundation of SINGS is a complete and homogeneous
set of 3.5–160 µm imaging and low-resolution 10–100 µm SED maps for 75
nearby galaxies (d ≤ 30 Mpc), chosen to span the range of types, luminosi-
ties, and infrared/optical properties of normal galaxies in the local universe. In
addition, spectral maps at 5–14 µm and high-resolution maps at 10–37 µm are
being obtained for 150 infrared sources in these galaxies, including the nuclear
regions, and 75 extranuclear targets that again are selected to span the range
of star formation and ISM properties found in the local universe. The Spitzer
observations are being complemented by a wide array of ancillary observa-
tions including BV RIJHK and Hα imaging, GALEX imaging at 1500 Å
and 2300 Å, CO, Hi, and radio continuum mapping, Pα and H-band imaging
with HST, and optical spectroscopy. The dataset enables studies of star forma-
tion and the ISM in the galaxies themselves, and provides a toolbox of local
spectral energy distributions (SEDs) and spectra for modeling more distant
galaxies.

The primary astrophysical objectives of SINGS derive from the new obser-
vational capabilities that Spitzer brings to this field, in this case its unprece-
dented angular resolution and sensitivity. The spatial resolution of ∼2′′ at 8
µm corresponds to a linear resolution of 100 pc at the median distance of the
SINGS sample (10 Mpc), and 35 pc at the distance of the M81 group (incor-
porated as a complete subset of the SINGS sample). Even at 70 µm near the
peak of the infrared energy distribution of galaxies, the diffraction limit maps
to less than a kiloparsec at the median distance of the sample.
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The core science program of SINGS is focussed on exploring this com-
plex interplay between star formation and the ISM. By combining infrared,
ultraviolet, and visible (e.g., Hα) maps we are able to map the star formation
across the full range of evolutionary stages and gas densities, linking seam-

regimes. The multi-wavelength data also are enabling us to test the reliability
and applicability ranges of ultraviolet, visible, and infrared star formation rate
(SFR) diagnostics, and eventually to develop improved, composite SFR cali-
brations, along with a deeper physical understanding of how dust influences
the observed properties of galaxies. The IRS spectra trace virtually all of the
relevant ISM phases (Hii regions, shocks, PDRs, molecular gas, X-ray ionized
gas) and thus provide constraints on the physical conditions in the star-forming
disks, and insights into the physical origins for the observed trends in SEDs and
infrared properties observed across the sample.

3. A Case Study: M81

The main empirical product of the SINGS imaging observations of a galaxy
is an SED cube, i.e., imaging in ∼14 − 17 bands between 0.15 − 160 µm,
often with several other bands extending to 20 cm in the radio continuum and
10 keV in X-rays, as well as in the 21 cm Hi and 1.3 mm CO J = 1→0 lines.
This provides pixel-resolved SED maps of the galaxies over the energy range
over which the bulk of the luminosity from young stars is emitted.

Within this SED four spectral regions are especially useful as diagnostics
of the star formation and gas density distributions, and these are illustrated in
Figure 1 for M81 (NGC 3031), the first SINGS target observed with Spitzer.
The far-ultraviolet (top left panel, in this case a composite of 1500 Å FUV
and 2300 Å NUV images) directly traces the photospheric emission of mainly
massive stars, but attenuated by a patchy distribution of interstellar dust. The
top right panel shows an Hα image of the same region; in this case one is
observing ionizing ultraviolet radiation from the same stars reprocessed by the
surrounding interstellar hydrogen, again attenuated by dust.

The imaging bands of Spitzer sample three distinct spectral components.
At the shortest wavelengths (<5 µm, not shown) the IR emission is domi-
nated by photospheric radiation from red giants and supergiants. The IRAC
3.5 µm and 4.5 µm imaging provides valuable information on the distribution
of stellar mass in galaxies, but little information on the gas and star formation.
At mid-infrared wavelengths (7 – 20 µm) the emission at most wavelengths
is dominated by band emission from aromatic molecules, the so-called PAH
grains. Finally at longer wavelengths (>20 µm) the emission is dominated by
silicate dust grains at lower temperatures (T = 10 – 100 K), which radiate the
bulk of the reprocessed stellar emission.

lessly the high-density “starburst and “normal quiescent disk star-forming

“ “
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Figure 1. The nearby Sab spiral M81 (NGC 3031) observed at four wavelengths that provide
complementary tracers of massive star formation and the associated ISM. Top left: Ultraviolet
(1350 − 2800 Å), imaged with the GALEX satellite. Top right: M81 in Hα, observed with the
Burrell Schmidt telescope, courtesy R. Walterbos. Lower Left: 8 µm with the IRAC camera
on Spitzer. Lower right: 24 µm, as imaged with the MIPS instrument on Spitzer. Note the
dramatic change in the structure and the clumpiness of the infrared emission between 8 µm
(PAH dominated) and 24 µm (silicate dust dominated), and the presence of diffuse “cirrus"
emission at both infrared wavelengths.
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Although the PAH and silicate grains are presumed to be well mixed through
most of the ISM, the structures of the disks as traced by the species is quite dis-
tinct, as shown for M81 in Figure 1. The lower left panel shows an IRAC image
in the 8 µm band, which is dominated by a strong set of PAH features. The
emission is highly filamentary, and upon detailed examination is found to con-
sist of discrete sources, usually surrounding bright star forming regions, along
with diffuse dust in the general ISM being heated by the general interstellar
radiation field (Helou et al. 2004, Willner et al. 2004). These bright filaments
closely trace the dark dust lanes and clumps seen in visible-wavelength images.
The lower right panel of Figure 1 shows the MIPS 24 µm image, with a very
distinct structure (Gordon et al. 2004). The 24 µm emission also consists of
two distinct components, bright knots that are coincident with Hiiregions, and
a background diffuse component (see for example the smooth spiral arm emis-
sion in the very inner disk). This latter component is related to the “cirrus"
emission discovered by IRAS and inferred from decomposition of the inte-
grated SEDs of galaxies. Spitzer resolves these components spatially as well.
As one moves to longer wavelengths the diffuse component becomes stronger.
This change is real, even after accounting for the decreased angular resolution
of Spitzer at the longer wavelengths (Engelbracht et al. 2004, Hinz et al. 2004).

Most of these basic features already had been observed prior to Spitzer with
the ISO mission and in some instances IRAS (e.g., Helou 2000). However
Spitzer is providing much higher sensitivity and spatial resolution, especially
in the far-infrared, which will enable a direct empirical (and thus less model-
dependent) separation of the components and their heating components. As
one example, detailed analysis of the structure of the FIR emission in M33 as a
function of wavelength strongly suggests that the heating source for the coldest
dust is quite distinct from that of the warm dust associated with star-forming
regions (Hinz et al. 2004).

4. Assessment and Calibration of Star Formation Tracers

Since the days of IRAS the far-infrared luminosities of galaxies have been
applied as quantitative measures of the SFR (see Kennicutt 1998a and refer-
ences therein). This diagnostic is especially useful in extreme starburst galax-
ies, where the dust re-emits virtually all of the luminosity of the galaxy and
young stars dominate the dust heating; thus making the infrared luminosity
essentially a bolometric measure of the SFR. However in normal galaxies all
of these conditions are broken; dust only absorbs a fraction of the young stel-
lar luminosity, and older stellar populations can contribute significantly (and
sometimes dominantly) to the dust heating. As a result considerable efforts
have been made with both ISO and Spitzer to find other infrared measures that
more closely trace the SFR, locally, globally, or ideally over all scales.
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Figure 2. Model infrared spectral energy distribution (solid line) fit to the observed broadband
fluxes of NGC 7331, from Regan et al. (2004). The dashed and dotted lines designate different
emission components, as described in the text. The lower plot is for the integrated fluxes of
NGC 7331, while the upper plot is a fit to the inner star-forming ring only. Reproduced with the
permission of the AAS.

Such infrared measures of the SFR are urgently needed to interpret the ob-
servations of high-redshift galaxies from Spitzer, so we have made this area
an early priority in the SINGS science program. Dale et al. (2005) have used
integrated SEDs of the galaxies to assess global SFR measures, while Calzetti
et al. (2005) and Dale et al. have carried out spatially-resolved measurements
of 3 SINGS galaxies, M51, M81, and NGC 7331.

One of the early surprises that emerged from the imaging observations was
the remarkable correlation between the locations and brightnesses of the 24 µm
infrared emission and Hα emission from the ionized gas. Readers can gain
some feel for this by comparing the two righthand panels of Figure 1. Prior
to obtaining these data many of us expected that anywhere from 20–50% of
the bright IR-emitting star forming regions would be virtually invisible in Hα
or the ultraviolet, because many current models of star formation suggest that
massive stars will remain deeply embedded in their natal molecular clouds, for
periods of order 1–2 Myr or even longer (e.g., Dopita et al. 2005 and refer-
ences therein). Since the lifetimes of the Hii regions themselves are only of
order 5 Myr, one would expect to see a large number of deeply obscured re-
gions. However in most of the galaxies we have studied to date, the fraction
of such objects is of order 1% (Prescott et al. 2005), suggesting that either the
excavation time for the OB stars is of order 105 years or less, or alternatively
that channels for escape of ionizing radiation are present even in the youngest
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Figure 3. Left: Correlation between 24 µm fluxes and extinction-corrected Paschen-α fluxes
of 42 Hii regions in the central disk of M51. Right: Same comparison but with continuum-
subtracted 8 µm PAH fluxes. Figures taken from Calzetti et al. (2005), reproduced with permis-
sion of the AAS.

cluster/GMC complexes. The correspondence of the infrared and nebular emis-
sion also implies that most of the 24 µm emission from these regions arises
from dust mixed with the ionized gas itself. This is in marked contrast to the
cooler dust and the PAH emission, which shows a much stronger diffuse com-
ponent, presumably arising from starlight that has propagated well outside of
the star-forming regions into the general ISM. The strong association of the
bright infrared sources with Hii regions also implies a fairly rapid timescale
for dispersal of the gas and dust around star-forming regions, comparable to
the ionization lifetimes of the Hii regions (∼10 Myr).

The tightness of this correspondence is illustrated in Figure 3 (left panel),
which compares 24 µm fluxes and Pα fluxes of 42 Hii regions in the inner disk
of M51, from Calzetti et al. (2005). The Hii regions in M51 are highly ex-
tincted (AV = 2−4 mag), so the dust re-emits ∼90% of the stellar luminosity.
Of course the typical 24/Pα or 24/Hα ratio varies widely across the Hii regions
in the SINGS sample (Prescott et al. 2005), but the close correspondence be-
tween the 24 µm and obscured ionizing luminosities is allowing us to use the
combination of infrared and Hα fluxes to derive an extinction-corrected total
ionizing flux and SFR (Kennicutt et al. 2005).

The right panel of Figure 3 shows a similar comparison between extinction-
corrected Pα and 8 µm fluxes for the same 42 regions in M51. As can be
seen from Figure 1, the PAH emission is less strongly correlated spatially with
the Hii regions, but previous studies of ISO data by Roussel et al. (2001) and
Forster-Schreiber et al. (2004) have shown that there is a good empirical corre-
lation between SFR as traced by Hα and PAH luminosity, at least among active
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Figure 4. Behavior of the integrated (continuum-subtracted) 8 µm luminosities of the SINGS
galaxies, with the fluxes normalized to their integrated 24 µm fluxes (top) and total IR lumi-
nosities (bottom). Both are plotted as a function of far-infrared SED shape, as measured by the
MIPS 70/160 µm flux ratio. Solid points denote metal-poor dwarf galaxies. Figure taken from
Dale et al. (2005), reproduced with the permission of the AAS.

starburst galaxies. In M51 there is a good correlation between the fluxes but
with more scatter than at 24 µm and with a curious nonlinear slope (∼0.8).
However subsequent analysis of 8 µm, 24 µm, and Pα measurements of a
larger galaxy sample is showing that the two infrared tracers are linearly corre-
lated with Pα luminosity, with roughly comparable scatter when the measure-
ments are restricted to metal-rich actively star-forming galaxies (Calzetti et al.,
in preparation). However, the PAH tracers break down entirely in two regimes:
in metal-poor galaxies or Hii regions (Z < 0.2 − 0.3Z⊙), where the PAH
emission weakens or disappears, or in regions with a bright interstellar radia-
tion field, where the emission can be excited in the absence of star formation
(e.g., the inner dust lanes in M81– see Fig. 1).

Some of these results can be seen in Figure 4, which displays the behav-
ior of the integrated continuum-subtracted 8 µm emission in the SINGS sam-
ple. In the top panel the 8 µm fluxes are normalized to the integrated 24 µm
emission, while in the bottom panel they are normalized to the total infrared
luminosities. There is a relatively narrow dispersion in SED shapes among the
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luminous, actively star-forming spiral and irregular galaxies, though the scat-
ter in ratios is still significant, a factor of 3–5 overall, which can be reduced to
factors of 2–3 if some information on the SED shape at longer wavelengths is
available. However metal-poor galaxies, shown as solid points in Figure 4, de-
viate systematically, and in those cases the 8 µm emission will systematically
underestimate the SFR if a standard calibration (derived from more luminous
galaxies) is applied. Moreover, in such galaxies the rest 8 µm flux will not be
dominated by PAH emission at all, but rather by stellar photospheric emission
or hot silicate dust, in which case the derived “SFR" would be meaningless.
However, it is likely that most of the galaxies that are luminous enough to be
detected by Spitzer at high redshift probably exceed the metallicity threshold
for significant PAH emission.

5. Summary, Applications, and Implications

Out of these studies a consistent physical picture for the infrared emission
of galaxies is clearly emerging. The warm silicate dust that is traced by Spitzer

at 24 µm is strongly associated with the youngest star forming regions and Hii
regions, and can be used as a robust measure of the dust-obscured SFR, in the
same way that Hα traces the unobscured component. The colder dust emission
(including a diffuse component at shorter wavelengths) appears to be largely
heated by the “older" O and B stars, as well as by the general interstellar radia-
tion field, to produce the “cirrus" component seen by IRAS. The PAH emission
(including the component traced in 8 µm IRAC images) is more complex, in-
cluding a PDR component around young star-forming regions, and a diffuse
component closely associated with the colder cirrus emission that probably
dominates in most normal galaxies. Giving credit where credit is due, most of
this picture was already in place from ISO studies (Tuffs & Popescu 2005), and
the Spitzer data, with their spectacular sensitivity and resolution, are providing
strong confirmation, extending over a wider range of galaxy types and local
physical conditions.

For high-redshift applications the most pressing questions are the reliability
of the rest 24 µm and 8 µm Spitzer fluxes (the latter of which redshifts into the
24 µm band at z = 2). As we have seen the 24 µm flux is probably a more
reliable tracer of the current SFR than the total infrared flux, good news given
the much higher spatial resolution at that wavelength relative to the 70 µm and
160 µm channels. The applicability of the PAH emission is more problematic,
but so long as most applications are restricted to luminous, dusty starburst
galaxies it probably provides as good an indicator as total FIR luminosity. A
common liability of all infrared tracers is that they miss entirely star formation
that is not attenuated by dust. However this opens the prospect of using hybrid
Hα+infrared or UV+infrared methods to fully sample the star formation.
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Figure 5. A comparison of the local SFR density vs total gas density relationship in M51
(open triangles) with the integrated relation found in normal and starburst galaxies (solid sym-
bols). The line is the Kennicutt (1998b) N = 1.4 power law for reference.

Figure 5 shows an example of an early application of these results. Un-
til recently most measurements of the form of the SFR vs gas density law in
galaxies (Schmidt law) have been limited to integrated measurements of galax-
ies, where disk-averaged SFR densities and gas densities are correlated for a
sample of galaxies. However the advent of Spitzer along with high-resolution
Hi and CO surveys such as the THINGS Hi survey (Walter et al. 2005)) and the
BIMA SONG CO survey (Helfer et al. 2003) now make it possible to study the
local behavior of the star formation law within galaxies, on a point-by-point
basis. We have carried out such a pilot study of M51, using a combination of
THINGS and SONG data to map the gas density, and a combination of Hα, Pα,
and 24 µm Spitzer data to map the corresponding extinction-corrected SFRs.
The correlation in M51 is shown by the dark triangles, while the integrated re-
lation found for galaxies (an update of the Kennicutt 1998b analysis) is shown
by the gray symbols underneath (Kennicutt et al. 2005). The scatter of the lo-
cal relation is larger, which is not surprising given the smaller scales that are
being probed (300–550 pc). But I find it remarkable that the general form of
the correlation still appears to hold on these scales. This is but a taste of what
is to come as we begin to apply these powerful multi-wavelength diagnostics
to the longstanding problems of star formation in galaxies near and far.
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VAN DER KRUIT TO SPITZER: A NEW LOOK AT
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Abstract We present an initial look at the far-infrared–radio correlation within the star-
forming disks of four nearby, nearly face-on galaxies (NGC 2403, NGC 3031,
NGC 5194, and NGC 6946). Using Spitzer MIPS imaging and WSRT radio
continuum data, we are able to probe variations in the logarithmic 70 µm/22 cm
(q70) flux density ratios across each disk at sub-kpc scales. We find general
trends of decreasing q70 with declining surface brightness and with increas-
ing radius. We also find that the dispersion in q70 within galaxies is compa-
rable to what is measured globally among galaxies at around 0.2 dex. We have
also performed preliminary phenomenological modeling of cosmic ray electron
(CRe−) diffusion using an image-smearing technique, and find that smoothing
the infrared maps improves their correlation with the radio maps. The best fit
smoothing kernels for the two less active star-forming galaxies (NGC 2403 and
NGC 3031) have much larger scale-lengths than that of the more active star-
forming galaxies (NGC 5194 and NGC 6946). This difference may be due to the
relative deficit of recent CRe− injection into the interstellar medium (ISM) for
the galaxies having largely quiescent disks. A more complete discussion of this
proceedings article can be found in Murphy et al. (2006).

Keywords: infrared: galaxies - radio continuum: galaxies - cosmic rays: galaxies

1. Introduction

Soon after the Westerbork Radio Synthesis Telescope (WSRT) went online,
van de Kruit (1971) made the first report of a correlation between 1415 MHz
radio and 10 µm mid-infrared luminosities for a sample of Seyfert galaxy nu-
clei. This discovery was soon extended to the nuclei of normal spirals, though
the dispersion was found to be smaller in the correlation for the original sam-
ple of Seyferts (van der Kruit 1973). It was not until the coming of IRAS
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that the optically thin radio continuum emission from galaxies was found to
be better correlated with the far-infrared (FIR) dust emission of galaxies with-

out an active galactic nucleus (AGN) (de Jong et al. 1985; Helou, Soifer, &
Rowan-Robinson 1985).

The connection between radio and infrared emission from galaxies is that
they are both powered by massive stars, as pointed out originally for starbursts
by Harwit & Pacini (1975). Young massive stars, which heat up dust to provide
the FIR emission, are the same stars which end as supernovae (SNe) and bring
about the synchrotron emission observed at radio wavelengths. If this general
picture is correct, the fact that the mean free path of UV photons (∼100 pc)
which heat the dust is much less than the diffusion length for a CRe− (∼1-
2 kpc) suggests that the radio image should resemble a smeared version of
the infrared image. This idea was first introduced by Bicay & Helou (1990),
who attempted to model the propagation of CRe−s by smearing IRAS data
of galaxies using parameterized kernels containing the physics of the CRe−

propagation and diffusion, to better match the morphology of the correspond-
ing radio data.

In an attempt to better understand the FIR-radio correlation, we are using
MIPS infrared data from the Spitzer Infrared Nearby Galaxies Survey (SINGS)
legacy science project (Kennicutt et al. 2003). In this initial study, we examine
the variations of the FIR-radio correlation on sub-kpc scales within four of the
nearest face-on galaxies in the SINGS sample: NGC 2403, NGC 3031 (M81),
NGC 5194 (M51a), and NGC 6946. Using high resolution Spitzer imaging,
we are also able to test the smearing model of Bicay & Helou (1990) with
greater accuracy, at higher spatial resolution, and in more galaxies, with the
aim of gaining better insight into CRe− diffusion and confinement within
galaxy disks. For a complete discussion, we direct the reader to Murphy et
al. (2006).

2. Results

q70 Maps

In Figure 1 we plot q70 ≡ log
(

fν(70 µm)[Jy]
fν(22 cm)[Jy]

)

for each galaxy. We find

that elevated q70 ratios are associated with bright structures in the infrared and
radio images of each galaxy. The most obvious cases are seen for the bright
spiral arms of NGC 3031, NGC 5194 and NGC 6946. All three galaxies show
enhanced q70 ratios along their arms, with local peaks centered on Hii regions,
and depressed ratios located in the quiescent inter-arm and outer-disk regions
of each galaxy. For NGC 2403, which does not have a grand-design spiral
morphology, we still see q70 peaks associated with Hii regions.
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Figure 1. q70 maps for pixels having a 3-σ detections in both the input radio and 70 µm
maps. The q70 ratios are enhanced along spiral arms and on Hii regions due to 70 µm emission
being more strongly peaked than the 22 cm emission. Top: NGC 2403 and NGC 3031. Bottom:
NGC 5194 and NGC 6946.

To quantify radial variations in q70, along with any dependencies of q70 on
the 70 µm surface brightness within each galaxy, we perform aperture pho-
tometry using apertures having diameters equal to the FWHM of the MIPS
70 µm PSF (i.e. 17′′). The measured dispersion of q70 within each galaxy is
less than ∼0.25 dex. We find a general trend of increasing q70 ratios with
increasing 70 µm surface brightness and decreasing radius. The residual dis-
persion around the trend of q70 with increasing radius is found to be larger than
the residual dispersion around the trend of q70 with increasing 70 µm surface
brightness by ∼0.1 dex. This suggests that the star formation sites within the
disk are more important in determining the overall appearance of the q70 maps
compared to the exponential profiles of the disks themselves.

Infrared/Radio Relations Inside and Among Galaxies

In Figure 2 we show our local sub-kpc q70 ratios together with global q70

values for 1752 galaxies from the study of Yun et al. (2001). Using their
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cataloged 1.4 GHz NRAO VLA Sky Survey (NVSS) and 60 and 100 µm IRAS
data, we converted IRAS based q60 values to Spitzer q70 values using the SED
models of Dale & Halou (2002). We find that the dispersion in the local sub-
kpc q70 ratios within our sample galaxies is comparable to that of global ratios.
In the Yun et al. (2001) sample, q70 appears to be roughly constant with in-
creasing galaxy luminosity, while, within each disk, q70 ratios clearly increase
with the 70 µm luminosity. This difference in the observed trend between q70

and luminosity within and among galaxies can be explained by the diffusion
of CRe− within the galaxy disks.

Figure 2. Matched 1.5 kpc aperture measured q70 ratios for each sample galaxy plotted with
global q70 ratios estimated from the data presented by Yun et al. (2001). While the global q70

ratios are constant with 70 µm luminosity, the local sub-kpc q70 ratios are not.

3. Image-Smearing and Cosmic Ray Diffusion

To help understand the underlying physics of the correlation, we look to
see whether the image-smearing model works to improve the correlation be-
tween the infrared and radio morphologies of galaxies. Determining the func-
tional form of the best fit smearing kernel provides insight into the propagation
and diffusion characteristics of cosmic rays within galaxy disks. In this study
we examine the behavior for Gaussian and exponential kernels oriented in the
planes of the sky and each galaxy disk.

We define the residuals between the smeared 70 µm map (Ĩ(t, p, l): t =shape,
p = orientation, and l = scale-length) and the observed 22 cm map (R) by,

φ(Q, t, p, l) =

∑

[Q−1Ĩj(t, p, l) − Rj ]
2

∑

R2
j

, (1)
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where Q =
∑

Ĩj(r)
∑

Rj(r)
and j indexes each pixel. In Figure 3 we plot log(φ),

as a function of the scale-length (l), for each galaxy and find that the image-
smearing technique improves the overall correlation between the radio map
and the 70 µm image by an average of ∼0.2 dex. Unlike Marsh & Helou
(1998), we find exponential kernels are preferred, independent of projection,
over Gaussian kernels, suggesting that additional processes such as escape and
decay appear necessary to describe their evolution through the galaxy disks.

We find distinct behavior between our active and less active star-forming
galaxies. Figure 3 shows that scale-lengths <1 kpc work best to improve the
correlation for the more active star-forming galaxies (NGC5194 and NGC6946:
SFR≥4 M⊙/yr), while scale-lengths >1 kpc work best for the less active star-
forming galaxies (NGC 2403 and NGC 3031: SFR <1M⊙/yr). We also find
that by smearing the 70 µm images, we are able to reduce the slope of the ob-
served non-linearity in q70 with 70 µm surface brightness by >25% for each
galaxy. This suggests that the non-linearity may be due to the diffusion of

Figure 3. Residuals of observed radio maps with smeared 70 µm images, defined by
φ(Q, t, p, l), as a function of smearing scale-length shown for each kernel per galaxy. Residu-
als for the active star-forming galaxies are minimized by kernels having <1 kpc scale-lengths,
while the less active star-forming galaxies are better fit by those with scale-lengths >1 kpc.
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CRe−s and is not expected to be found in the global correlation when integrat-
ing the flux over entire galaxies.

4. Conclusion

In examining the behavior of q70 within the disks of our sample galaxies,
along with our image-smearing analysis, we find:

1 An empirical trend of q70 decreasing with declining 70 µm surface bright-
ness and increasing radius to be a general property within the galax-
ies. However, the dispersion measured in q70 at constant 70 µm surface
brightness is found to be smaller than at constant radius by ∼0.1 dex,
suggesting that star formation sites are more important in determining
the q70 disk appearance than the underlying exponential disks.

2 The dispersion in the global FIR-radio correlation is comparable to the
dispersion for q70 on sub-kpc scales within the galaxy disks. Also, the
trend of increasing q70 ratio with increasing 70 µm luminosity within
each galaxy is not observed in the global correlation.

3 The phenomenological modeling of cosmic ray electron (CRe−) dif-
fusion using an image-smearing technique is successful as it both de-
creases the measured dispersion in q70 and reduces the slope of the ob-
served non-linearity in q70 with 70 µm surface brightness. The latter
suggests that the non-linearity may be due to the diffusion of CRe−s
from star-forming regions.

4 Exponential kernels work marginally better to tighten the correlation
than Gaussian kernels, independent of projection. This result suggests
that CRe− evolution is not well described by a pure random-walk diffu-
sion and requires additional processes such as escape and decay.

5 Our two less active star-forming galaxies require kernels having larger
scale-lengths to improve the correlation, while our two more active galax-
ies require smaller scale-lengths. This difference may be due to time-
scale effects in which there has been a deficit of recent CRe− injection
into the ISM of the two less active star-forming galaxies, thus leaving
the underlying diffuse disk as the dominant structure in the morphology.
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Abstract Detailed knowledge of the initial distribution of stellar masses at birth (known
as the initial mass function or IMF) is necessary to predict and understand the
evolution of stellar systems, such as clusters and galaxies. Unfortunately, stellar
evolution theory cannot predict the form of this critical function and the origin
of the stellar IMF remains one of the major unsolved problems of modern astro-
physics. Stars form in the cold dense cores of interstellar molecular clouds and
the detailed knowledge of the spectrum of masses of such cores is clearly a key
for the understanding of the origin of the IMF. To date, observations have pre-
sented somewhat contradictory evidence relating to this issue. Here we present
a new and more robust determination of the dense core mass function. We find
the core mass function to be surprisingly similar to the stellar IMF, modified by
a uniform star formation efficiency of about 30%. This suggests that the distrib-
ution of stellar birth masses is a direct product of the fragmentation/coalescence
process in a molecular cloud.

Keywords: dust, extinction - ISM: structure - ISM: clouds

1. Introduction

Typically only about 10% of the mass of a star-forming molecular cloud is
in the form of dense (i.e., n(H2) ∼ 104 cm−3) gas, yet it is within such dense
gas that stars seem to exclusively form (Lada & Adams 1992). Knowledge of
the structure of the dense gas component of molecular clouds is clearly impor-
tant for understanding the formation of stars within it. Presumably the physical
conditions that characterize these cores correspond to the initial conditions for
star formation and must to some degree be responsible for the range of out-
comes (e.g., masses, angular momenta, magnetic content, multiplicity, etc.) of
the physical process of star formation. In particular the spectrum of masses of
individual star forming cores must be related to some degree to the birth masses
of the stars formed within them. Molecular spectral-line studies have long
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suggested that the mass spectrum of cloud cores is well described by a power-
law (Blitz 1993; Kramer et al. 1998), specifically, dN(m)/dm ∼ m−1.7. This
functional form differs from the form of the stellar IMF in two fundamental
ways. First, the stellar IMF cannot be described by a single power-law (scale-
free) function, instead it appears to consist of a series of power-law segments
that overall is qualitatively similar to a log-normal function (Miller & Scalo
1979; Kroupa 2001; Muench et al. 2001). The stellar IMF has an associated
scale or characteristic mass in the range between 0.20–0.50 solar masses. Sec-
ond, above about a solar mass the slope of the stellar IMF is steeper (i.e.,
dN(m)/dm ∼ m−2.35) than the cloud mass spectrum. This latter difference
implies a significant physical difference in the two distributions. For the stel-
lar IMF, the bulk of the (stellar) mass is tied up in low mass objects while for
clouds the bulk of the mass is tied up in the most massive objects. A conse-
quence of this difference is that in order to produce the stellar IMF from the
cloud mass spectrum, a transformation must take place during the process of
star formation. It has been suggested that outflows generated during the pro-
tostellar stages of star formation provide a natural feedback to collapse/infall
limiting the final mass of a protostellar object (Shu et al. 1987) and perhaps
provides the mechanism for transforming the cloud mass spectrum into the
stellar mass spectrum (Lada & Lada 2003). However it is not clear how such a
process could produce a characteristic scale for stellar masses.

A different picture has been suggested by recent observations of the struc-
ture of dust emission in a few nearby star forming complexes. These studies
have produced mass spectra of dense molecular cores that above about 0.5
solar masses have a relatively steep slope (-2.1 to -2.3) similar to the stellar
IMF (Motte et al. 1998; Testi & Sargent 1998; Johnstone et al. 2000; Johnstone
et al. 2001; Beuther & Schilke 2004). Moreover, in one example, the ρ Ophi-
uchi cloud, the core mass spectrum exhibited a flattening or break near a mass
of about 0.5 solar masses, also similar to the stellar IMF. In another cloud, mea-
surements of dust emission produced a core mass spectrum between 0.1 and
0.5 solar masses with a slope of approximately -1.4 (Sandell & Knee 2001),
consistent with the flatter slope suggested by the Ophiuchus observations for
core masses less than 0.5 solar masses, but also consistent with the apparently
universal functional form derived from molecular-line studies of cores, inde-
pendent of mass. Nevertheless these studies of the dust emission from cores
suggest that the individual cores are the direct precursors of new stars and that
the stellar IMF is completely specified by the fragmentation process in mole-
cular clouds. In addition these studies also suggest a high efficiency (about
100%) of star formation in dense gas. In this case the characteristic scale of
stellar mass is set by the fundamental physics of cloud fragmentation (Shu et al.
2004; Larson 2005). Which picture is correct? At present the question of the
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Figure 1. Dust extinction map of the Pipe nebula molecular complex. This map was con-
structed from near-infrared observations (1.25 µm, 1.65 µm, 2.2 µm) of about 4 millions stars
in the background of the complex. Approximately 170 individual cores were identified within
the cloud. Most of these cores appear as distinct, well separated entities facilitating the mea-
surements of their basic physical parameters. We find the peak extinctions of the cores to range
from 3.5 to 27 visual magnitudes with sizes (radii) between about 0.1 to 0.4 pc and masses
ranging between 0.5 to 28 M⊙.

distribution of core masses and its relation to the stellar IMF is uncertain with
somewhat contradictory observational results.

In order to bring new insight to this issue we used an independent method
of measuring cloud structure and masses that uses precise infrared measure-
ments of dust extinction toward stars background to a molecular cloud (the
Nice method (Lada et al. 1994; Alves et al. 1998; Alves et al. 2001)). Such
measurements are free from many of the complications and systematic uncer-
tainties that plague molecular-line or dust emission data and thus enable robust
maps of cloud structure to be constructed.

2. The Pipe Nebula

We applied a 3-band (1.25 µm, 1.65 µm, 2.2 µm) optimized version of
this method, the Nicer method (Lombardi & Alves 2001), to about 4 million
background stars to the Pipe nebula complex to construct a 6◦×8◦ dust column
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density map of this complex 1. The Pipe nebula is a virtually unstudied nearby
molecular cloud complex (Onishi et al. 1999; Lombardi et al. 2005), at a dis-
tance of about 120 pc and with a total mass of ∼ 104 M⊙. This molecular
complex was selected because 1) this is the closest to Earth complex of this
size and mass, which allowed us to achieve spatial resolutions of ∼ 0.03pc,
or about 3 times smaller the typical dense core size, and 2) it is particularly
well positioned along a relatively clean line of sight to the rich star field of
the Galactic bulge. The resulting extinction map is presented in Figure 1. Re-
garding the extraction of sources from this map, a dense core is defined as a
10σ contrast enhancement to its local surrounding background (σ ∼ 0.2 mag).
Because of the high dynamic range of column density achieved, traditional
automatic source extraction algorithms were found inadequate and a custom-
made semi-automatic procedure, with a better handling of large scale smooth
column density gradients, was used instead. Approximately 170 individual
cores were identified within the cloud. Most of these cores appear as distinct,
well separated entities facilitating the measurements of their basic physical pa-
rameters. We find the peak extinctions of the cores to range from 3.5 to 27
visual magnitudes with sizes (radii) between about 0.1 to 0.4 pc and masses
ranging between 0.5 to 28 M⊙.

The dense core mass function, presented in Figure 2, is surprisingly similar
in shape to the stellar IMF. Specifically, both distributions are characterized
by power-law (or Salpeter law, Salpeter 1955) functional forms that rise with
decreasing mass until they reach a distinct break point, this is then followed
by a broad peak, and finally a steady decline toward the lowest mass objects.
Although similar in shape, the stellar and core mass functions are however
significantly offset in mass, corresponding to a scale change (in mass) of about
a factor of 3: the break from the Salpeter slope occurs at around 2 M⊙ for the
cloud cores instead of the 0.6 M⊙ for the stellar case (Muench et al. 2002).
This offset, estimated for several data binnings, is physically quite significant
since it implies that a characteristic star formation efficiency of about 30%
(27±5%) exists for the dense gas, independent of stellar mass. This efficiency
is very similar to the maximum measured for young embedded clusters (Lada
& Lada 2003) and individual dense cores where it is also found to be relatively
independent of stellar mass (Jijina et al. 1999).

It is well known that the generation of a powerful outflow is a natural con-
sequence of the formation of a protostar in a dense core (Lada 1985). It has
been long suspected that such outflows could be very disruptive to surround-
ing material and could play an important role in limiting the mass which can
accrete onto a protostar (Shu et al. 1987; Shu et al. 1991). Matzner & McKee

1The near-infrared data used was taken from the 2MASS All Sky Survey (Kleinmann et al. 1994).
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Figure 2. Mass function of dense molecular cores (filled circles). The line on the left
represents the stellar IMF [with the form dN(m)/dm ∼ m−2.35 for masses above 0.6 M⊙,
dN(m)/dm ∼ m−1.15 for masses between 0.6 M⊙ and 0.12 M⊙, and dN(m)/dm ∼ m1.7

for masses below 0.12 M⊙ (Kroupa 2001; Muench et al. 2002)]. The line on the right repre-
sents the stellar IMF binned to the resolution of the data and shifted to higher masses by about
a factor of 3. The dense core mass function is essentially the same as the stellar IMF function,
apart from a uniform star formation efficiency factor. The lowest mass bin is estimated to be
90% complete.

2000 have theoretically investigated the disruption of dense cores by protostel-
lar outflows and have concluded that outflow disruption of individual cores can
produce star formation efficiencies in the range of 25–75%. They further ar-
gued that because this efficiency is independent of stellar mass, the stellar and
core mass functions should be of similar overall functional form. Recently,
Shu, Li & Allen 2004 have presented an outline for a self-consistent theory for
the origin of the stellar IMF. In this picture cores are formed from magnetized
turbulent gas and are also similarly disrupted by outflows with a resulting star
formation efficiency predicted to be ≈ 33%. Thus, the core mass spectrum we
derive for the Pipe Nebula may implicate outflows as the key mechanism for
core disruption and for setting the final masses of protostellar objects. Shu et
al. also predict both a slope for the power-law portion of the core mass function
and a location of the break from the power-law form that are very similar to the
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core mass function of the Pipe Nebula. Thus, apart from a uniform efficiency
factor, the birth mass of a star appears to be completely predetermined by the
mass of the dense core in which it is born.

The results of this paper suggest that the distribution of stellar birth masses
over essentially the entire range of stellar mass is a direct product of the frag-
mentation/coalescence process in a molecular cloud and a uniform star forma-
tion efficiency of about 30%.
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MODES OF STAR FORMATION ALONG THE

HUBBLE SEQUENCE AND BEYOND
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Abstract I assess the similarities and differences between the star-formation modes in qui-
escent spiral galaxies versus those in violent starburst regions. As opposed to the
quiescent star-formation mode in spiral galaxies, current empirical evidence on
the star-formation processes in the extreme, high-pressure environments induced
by galaxy encounters strongly suggests that star cluster formation is an impor-
tant and perhaps even the dominant mode of star formation in such starburst
events. The sizes, luminosities, and mass estimates of the young massive star
clusters (YMCs) are entirely consistent with what is expected for young Milky
Way-type globular clusters (GCs). Recent evidence lends support to the scenario
that GCs, which were once thought to be the oldest building blocks of galaxies,
are still forming today. One of the key unanswered questions in this field relates
to their possible survival chances for a Hubble time, and thus to the potential
evolutionary connection between YMCs and GCs.

Keywords: galaxies: star clusters - galaxies: starburst - galaxies: evolution

1. Quiescent Versus Violent Modes of Star Formation

Star formation plays a major role in the evolution of galaxies. However,
despite this, it is still rather poorly understood. In fact, on galaxy-wide scales,
we do not have much more than a few scaling relations – such as the Schmidt-
Kennicutt law (Schmidt 1959, Kennicutt 1998) – at our disposal. The process
of star formation itself, while central to galaxy astrophysics, is one of the re-
maining “dark corners of the evolutionary process” (e.g., O’Connell 2005).

The Schmidt-Kennicutt law, in one of its modern guises relating the (galac-
tic) star formation density to the gas surface density (e.g., Kennicutt 1998), is
remarkably successful in describing the star-formation properties of galaxies
ranging from quiescent spirals (such as the Milky Way), via circumnuclear and
localised star-forming environments (e.g., M83, NGC 6946), to major, galaxy-
wide bursts of star formation (e.g., M82, the “Antennae” system) and – in
the extreme – the ultraluminous infrared galaxies (ULIRGs) thought to be the
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remnants of major galaxy-galaxy interactions. The global star-formation rates
in these wide-ranging environments correlate very closely with the local gas
surface density over at least 5 orders of magnitude.

While this suggests very strongly that star formation is indeed driven by the
local gas surface density, I point out that in order to maintain the high star-
formation rates seen in starburst environments, the star-formation efficiency

needs to be maintained at moderate to high levels for a significant length of
time. Star-formation efficiencies, defined here as the total mass in stars with re-
spect to the total available gas mass in a given environment, range from 0.1−3
per cent for quiescent spiral and irregular galaxies, as well as for dwarf star-
bursts, to � 10 − 30 per cent in the more extreme environments of major
interactions and the most violently star-forming areas in ULIRGs (e.g., Gao &
Solomon 2004a,b).

2. Star Formation in Interacting Galaxies

Perhaps not surprisingly, the highest star-formation efficiencies are gener-
ally found in the context of gravitationally interacting galaxies. [For the pur-
pose of this discussion I ignore any possible connection between active galactic
nuclei and starbursts.] Many authors have pointed out that such major star-
forming episodes are difficult, if not impossible, to sustain for any cosmolog-
ically significant length of time, as the high star-formation efficiencies will
deplete the available gas reservoir on short time-scales (generally, � 107 yr),
quickly lead to massive supernova explosions, and thus quench the ongoing
starburst (e.g., Chevalier & Clegg 1985; Doane & Mathews 1993; see also,
e.g., Schweizer et al. 1996). The limitations on the duration of most starburst
events imposed by the available gas content imply that most ongoing starbursts
cannot have sustained their high levels of active star formation for significant
lengths of time. These considerations naturally suggest that galaxy interac-
tions (or equivalent events) and enhanced levels of active star formation are
intimately linked; conversely, starburst events are often (but not exclusively)
linked to ongoing or recent (generally within the last ∼ 108−9 yr) galaxy merg-
ers or interactions.

The importance of star cluster formation

It is becoming increasingly clear that a major fraction of the star forma-
tion in interacting galaxies likely takes place in the form of dense, massive
star clusters (e.g., de Grijs et al. 2001, 2003d, and references therein). In de
Grijs et al. (2003d) we analysed the Hubble Space Telescope (HST)/ACS Early
Release Observations of the “Mice” and the “Tadpole” interacting systems, us-
ing a pixel-by-pixel approach. In both systems we found more than 40 young
massive star-forming regions (possibly star clusters, although the distances to
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these galaxies of ∼ 100 Mpc precluded us from concluding so more robustly)
– we noted that these most likely represented the proverbial “tip of the iceberg”
because of observational selection effects. Overall, we found that more than
35 per cent of the active star formation in these galaxies occurred in the dense
star-forming regions; in the tidal tails and spiral arms, at least 75 per cent of
the blue (B-band) flux originated from these areas.

This preponderance of dense star-forming “clusters” can be understood eas-
ily in the context of the previous discussion. Elmegreen & Efremov (1997)
showed, for instance, that in order to produce a massive star “cluster” – for
a give ambient pressure – a high star-formation efficiency is required. Their
figure 4 clearly shows that the more massive progenitor molecular clouds, with
masses in excess of ∼ 107 M⊙, are more conducive to high star-formation ef-
ficiencies than their lower-mass counterparts. In the presence of significant ex-
ternal pressure (as in the case of interacting galaxies), and high star-formation
efficiencies (as found, once again, in interacting galaxies), the resulting star
formation through cloud collapse is therefore expected to occur predominantly
in the form of massive star-forming regions.

Decoupled star and cluster formation

This scenario is qualitatively supported by the detailed star and star cluster
formation histories that have been derived for a number of nearby galaxies.
In M82’s fossil starburst region “B”, for instance, we found a clear and dom-
inant peak in the star cluster formation history around 109 yr ago (de Grijs
et al. 2001, 2003a). However, star cluster formation declined rapidly (within
a few ×108 yr) after this burst episode, while quiescent star formation in the
galaxy’s disk continued until at least 20 to 30 Myr ago (de Grijs et al. 2001).
This indicates a physical decoupling between the star and star cluster formation
modes in M82 B, implying special conditions as prerequisite for star cluster
formation (see also Ashman & Zepf 1992; Elmegreen & Efremov 1997).

This situation is, in fact, similar to that in the Large Magellanic Cloud
(LMC), and also to that in the nearby starburst dwarf galaxy NGC 5253. In
the LMC, the star cluster population consists of a dozen old, globular cluster
(GC)-like objects with ages of ∼ 13 Gyr, and a large complement of “popu-
lous” clusters, all younger than ∼ 3 − 4 Gyr. With the exception of a single
object, ESO 121-SC03, there are no known populous clusters in the LMC with
robustly confirmed ages in the “age gap” between about 3 and 13 Gyr (see,
however, Rich et al. 2001, and references therein). The LMC’s field star pop-
ulation, on the other hand, does not show any such marked absence of star-
formation activity in this period, in neither the central bar region nor the outer
disk field (see, e.g., Holtzman et al. 1999).
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Tremonti et al. (2001) obtained high-resolution Hubble Space Telescope/
STIS spectroscopy of both a number of young massive star clusters (YMCs)
and the diffuse field population in the disk of NGC 5253. Their composite clus-
ter spectrum shows strong O-star signature (P Cygni profiles associated with
massive stellar winds) that are not seen in the composite field-star spectrum.
This raises the question, once again, whether star formation might operate dif-
ferently in the field than in the clusters. They concluded that a fair fraction of
the field star population might consist of dissolved star clusters. If this is the
correct interpretation, this would imply that most of the YMCs in NGC 5253
dissolve on time-scales of ∼ 10 Myr. It has recently been pointed out that this
type of “infant mortality” might be plausible in other interacting galaxies such
as the Antennae (Whitmore 2004) and M51 (Bastian et al. 2005) as well.

3. Fate of the Young Massive Star Clusters

Despite the infant mortality process observed in some of the nearest inter-
acting systems, significant fractions of star clusters induced by the interactions
survive to become bound objects. This is supported, e.g., by the existence of
∼ 1 Gyr-old clusters in M82 B (de Grijs et al. 2001, 2003a), thought to have
been triggered by its last tidal encounter with M81, and other galaxies contain-
ing star clusters older than a few ×107 yr.

In many cases, these clusters resemble young globular clusters based on
their current sizes, luminosities and photometric (and sometimes spectroscopic)
mass estimates. The question remains, however, whether at least a fraction of
these young objects will survive to ages of � 10 Gyr. GCs have long been
thought to be the oldest building blocks of galaxies, formed at or before the
time of galaxy formation. Yet, the discovery of YMCs resembling GC progen-
itors begs the question whether we are witnessing the formation of proto-GCs
in the most violent star-forming regions. If we can prove this conclusively,
one way or the other, the answer to this crucial question will have far-reaching
consequences for our understanding of a wide range of astrophysical issues,
with bearing on the key issues of the nature of star formation, galaxy assembly
and evolution.

There are a number of approaches to address this question. Here, I will focus
on the use of the cluster luminosity (or mass) function (CLF; i.e., the number of
clusters in a population within a given luminosity or mass range). The seminal
work by Elson & Fall (1985) on the young LMC cluster system (with ages �
2×109 yr) seems to imply that the CLF of YMCs is well described by a power
law of the form NYSC(L)dL ∝ LαdL, where NYSC(L)dL is the number of
YSCs with luminosities between L and L + dL, with −2 � α � −1.5 (see de
Grijs et al. 2003c for a review). On the other hand, for old GC systems with
ages � 1010 yr, the CLF shape is well established to be roughly Gaussian (or
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log-normal), characterized by a peak (turn-over) magnitude at M0
V ≃ −7.4

mag and a Gaussian FWHM of ∼ 3 mag (e.g., Whitmore et al. 1995; Harris
et al. 1998).

This type of observational evidence has led to the popular, but thus far
mostly speculative theoretical prediction that not only a power-law, but any

initial CLF (or cluster mass function; CMF) will be rapidly transformed into
a Gaussian (or log-normal) distribution because of (i) stellar evolutionary fad-
ing of the lowest-luminosity (and therefore lowest-mass) objects to below the
detection limit; and (ii) disruption of the low-mass clusters due both to inter-
actions with the gravitational field of the host galaxy, and to internal two-body
relaxation effects leading to enhanced cluster evaporation (e.g., Elmegreen &
Efremov 1997; Gnedin & Ostriker 1997; Ostriker & Gnedin 1997; Fall &
Zhang 2001).

The M82 B cluster population: initial conditions revealed?

In de Grijs et al. (2003a,b) we reported the discovery of an approximately
log-normal CLF (and CMF) for the roughly coeval star clusters at the interme-
diate age of ∼ 1 Gyr in M82 B. This provided the first deep CLF (CMF) for a
star cluster population at intermediate age, which thus serves as an important
benchmark for theories of the evolution of star cluster systems. Recently, we
further investigated whether the most likely initial CMF in M82 B was more
similar to either a log-normal or a power-law distribution (de Grijs et al. 2005),
by taking into account the dominant evolutionary processes (including stellar
evolution, and internal and external gravitational effects) affecting the mass
distributions of star cluster systems over time-scales of up to ∼ 1 Gyr in the
presence of a realistic underlying gravitational potential.

From our detailed analysis of the expected evolution of CMFs, we conclude
that our observations of the M82 B CMF are inconsistent with a scenario in
which the 1 Gyr-old cluster population originated from an initial power-law
mass distribution. This applies to a range of characteristic disruption time-
scales. Our conclusion is supported by arguments related to the initial density
in M82 B, which would be unphysically high if the present cluster population
were the remains of an initial power-law distribution.

In a static gravitational potential, which is a good approximation to the M82
B situation despite its recent encounter with M81 (see de Grijs et al. 2005), Ves-
perini (1998) shows conclusively that there exists a particular CMF of which
the initial mean mass, width and radial dependence remain unaltered during
the entire evolution over a Hubble time. In fact, the mean mass and width of
any initial log-normal CMF tends to evolve towards the values for this equi-
librium CMF, which is very close (within the 1σ uncertainties) to the current
parameterisation of the M82 B CMF. By extension, this may imply that we are
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indeed witnessing the formation of proto-globular clusters in M82 – provided
that a fraction of them survive for a Hubble time.
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Abstract We present numerical simulations of the passage of clumpy gas through a galac-
tic spiral shock and the subsequent formation of giant molecular clouds (GMCs)
and the triggering of star formation. The spiral shock forms dense clouds while
dissipating kinetic energy, producing regions that are locally gravitationally
bound and collapse to form stars. In addition to triggering the star formation
process, the clumpy gas passing through the shock naturally generates the ob-
served velocity dispersion size relation of molecular clouds. In this scenario, the
internal motions of GMCs need not be turbulent in nature. The coupling of the
clouds’ internal kinematics to their externally triggered formation removes the
need for the clouds to be self-gravitating. Globally unbound molecular clouds
provides a simple explanation of the low efficiency of star formation. While
dense regions in the shock become bound and collapse to form stars, the major-
ity of the gas disperses as it leaves the spiral arm.

Keywords: galaxies:spiral, hydrodynamic, ISM:clouds, ISM:molecules, stars:formation

Star formation has long been known to occur primarily in the spiral arms
of disc galaxies (Baade 1963). Spiral arms are denoted by the presence of
young stars, HII regions, dust and giant molecular clouds, all signatures of the
star formation process (Elmegreen & Elmegreen 1983; Ferguson et al. 1998).
What is still unclear is the exact role of the spiral arms in inducing the star
formation. Is it simply that the higher surface density due to the orbit crossing
is sufficient to initiate star formation, as in a Schmidt law, or do the spiral
arms play a more active role? Roberts (1969) first suggested that the spiral
shock that occurs as the gas flows through the potential minima triggers the
star formation process in spiral galaxies. Shock dissipation of excess kinetic
energy can result in the formation of bound structures which then collapse to
form stars.
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Giant molecular clouds (GMCs) are observed to contain highly supersonic
motions and a wealth of structure on all length scales (Larson 1981; Blitz &
Williams 1999). The supersonic motions are generally thought to be ’turbulent’
in nature and to be the cause of the density structure in GMCs (Mac Low &
Klessen 2004; Elmegreen & Scalo 2004). We propose an alternative scenario
whereby it is the passage of the clumpy interstellar medium through a galactic
spiral shock that not only produces the dense environment in which molecular
clouds form (Cowie 1981; Elmegreen 1991), but also gives rise at the same
time to their supersonic internal motions (Bonnell et al. 2005).

Simulations of Spiral Shocks

We use high resolution Smoothed Particle Hydrodynamics (SPH) (Mon-
aghan 1992) simulations to follow the passage of interstellar gas through a
spiral arm. The galactic potential is a combination of a two-armed spiral po-
tential and a logarithmic potential that provides a flat rotation curve (v = 200
km/s). The initial conditions, from a test particle simulation, are of 106 M⊙ of
isothermal, 100K gas with a surface density of 1M⊙ pc−2. The gas is chosen
such that it forms a dense cloud of 100 pc once in the spiral arm. Star formation
is modeled by the inclusion of sink-particles (Bate, Bonnell & Price 1995).

Triggering of Star Formation in the Spiral Shock

The evolution of the gas over 34 million years as it passes through the spiral
potential is shown in Figure 1. The initially clumpy, low density gas (ρ ≈ 0.01
M⊙pc−3) is compressed by the spiral shock as it leaves the minimum of the
potential. The shock forms some very dense (> 103 M⊙pc−3) regions, which
become gravitationally bound and thus collapse to form regions of star forma-
tion. Further accretion onto these regions, modeled with sink-particles, raises
their masses to that of typical stellar clusters (102 to 104 M⊙). Star formation
occurs within 2 × 106 years after molecular cloud densities are reached. The
total spiral arm passage lasts for ≈ 2 × 107 years. The gas remains globally
unbound throughout the simulation and re-expands in the post-shock region.
The star formation efficiency is of order 10 % and should be taken as an upper
limit in the absence of any form of stellar feedback.

The star forming clouds that form in the spiral shocks are generally unbound
and thus disperse once they leave the spiral arm. Numerical simulations of
unbound clouds (Clark & Bonnell 2004; Clark et al. 2005) have recently shown
that they can form local subregions which are gravitationally unstable and thus
form stars. In contrast, the bulk of the cloud does not become bound and thus
disperses without entering into the star formation process. The resultant star
formation efficiencies are of order 10 per cent, even without the presence of the

2.

3.
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Figure 1. The evolution of cold interstellar gas through a spiral arm is shown relative to the
spiral potential of the galaxy (upper left-panel). The minimum of the spiral potential is shown
as black and the overall galactic potential is not shown for clarity. The 3 additional panels,
arranged clockwise, show close-ups of the gas as it is compressed in the shock and subregions
become self-gravitating. Gravitational collapse and star formation occurs within 2 × 106 years
of the gas reaching molecular cloud densities. The cloud produces stars inefficiently as the gas
is not globally bound.

divergent flows of gas leaving a spiral arm. This then offers a simple physical
mechanism to explain the low star formation efficiency in our Galaxy.

In addition to forming dense clouds in which star formation occurs, the spi-
ral shock forms structures which resemble the observed structures in GMCs.
Detailed images of the GMCs formed in a spiral shock are shown in Figure 2.
The projections of the dense gas along a length of 50 pc, viewed from above
the disc of the galaxy, is taken just after star formation has been initiated. We
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Figure 2. The internal structure of a 50 pc molecular cloud is shown as projected onto the
plane of the galaxy. The gas has fragmented into many quasi-periodically-spaced dense regions
with on-going star formation.

Figure 3. The velocity dispersion is plotted as a function of size at 5 different times during
the passage of the gas through a spiral shock. The velocity dispersion is plotted at 4.2, 14, 18,
23, and 27×106 years after the start of the simulation. Star formation is initiated at ≈ 23×106

years. The dashed line indicates the Larson relation for molecular clouds where σ ∝ R−1/2

(Larson 1981; Heyer & Brunt 2004).

see significant amounts of substructure as the dense gas breaks up into many
components of several parsecs in size and separation. The dense regions have
column densities typical to GMCs. This structure can be understood as being
due to the combination of the clumpy nature of the pre-shock gas along with
Rayleigh-Taylor like instabilities which occur as gas continues to flow into the
shock.
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Figure 4. The formation of spurs and feathering from structure leaving the spiral arms is
shown in this global simulation.

The Generation of the Internal Velocity Dispersion

In addition to triggering star formation, we must be able to explain the ori-
gin of the internal velocity dispersion and how it depends on the size of the
region considered (Larson 1981; Heyer & Brunt 2004). The evolution of the
velocity dispersion as a function of the size of the region considered is shown
in Figure 3. The initially low velocity dispersion, of order the sound speed
vs ≈ 0.6 km/s, increases as the gas passes through the spiral shock. At the
same time, the velocity dispersion increases more on larger scales, producing
a vdisp ∝ R0.5 velocity dispersion size-scale relation. The basic idea is that
when structure exists in the pre-shocked gas, the stopping point of a particu-
lar clump depends on the density of gas with which it interacts. Thus, some
regions will penetrate further into the shock, broadening it and leaving it with
a remnant velocity dispersion in the shock direction. Smaller scale regions in
the shock are likely to have more correlated momentum injection as well as
mass loading and thus small velocity dispersions. Larger regions will have less
correlation in both the momentum injection and mass loading such that there
will be a larger dispersion in the post-shock velocity.

Global Simulations

Recent global simulations of gas dynamics in spiral galaxies (see Dobbs,
this proceedings) show that the spiral shocks can account for the formation of
molecular gas from cold atomic gas and generate the large scale distribution

4.

5.



434 ISLAND UNIVERSES

of molecular clouds in spiral arms. Structures in the spiral arms arise due to
the shocks that tend to gather material together on more similar orbits. Thus,
structures grow in time through multiple spiral arm passages. These structures
present in the spiral arms are also found to form the spurs and feathering in
the interarm region as they are sheared by the divergent orbits when leaving
the spiral arms. The velocity dispersion in the gas undergoes periodic bursts
during the spiral arm passage as the clumpy shock drives supersonic random
motions into the gas. Such bursts in the internal gas motions are likely to be
observable and would give support for a spiral shock origin of giant molecular
clouds and the triggering of star formation.

Conclusions

The triggering of star formation by the passage of clumpy gas through a
spiral arm can explain many of the observed properties of star forming re-
gions. The clumpy shock reproduces the observed kinematics of GMCs, the
so-called

’

Larson’ relation. There is no need for any internal driving of the
quasi-turbulent random motions. The shock forms dense structures in the gas
which become locally bound and collapse to form stars. The clouds are glob-
ally unbound and thus disperse on timescales of 107 years, resulting in rela-
tively low star formation efficiencies. Global simulations provide a mechanism
to study molecular cloud formation and the generation of the observed spurs
and feathering in spiral galaxies.
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Abstract We present results of our investigation into the metallicity history of disk galax-
ies between redshifts 0<z<3. Theory predicts that metallicity changes less rapidly
than star formation rate as a function of redshift, but until now, there has been no
observational foundation for the metallicity history of star-forming galaxies. Our
local comparison samples include the Nearby Field Galaxy Survey (NFGS) and
an objectively selected sample of galaxy pairs. We find that the central metal-
licities in close pairs are affected by gas flows triggered by an interaction. We
compare the metallicity properties of our local field galaxies with a large sample
of galaxies from the GOODS Field North and the Lyman Break Galaxies. In
our preliminary analysis, we observe metallicity evolution of 0.15 dex per unit
redshift.

Keywords: galaxies: starburst - galaxies: abundances - galaxies: high-redshift - galaxies:
evolution

Introduction

To learn how galaxies in the early universe evolved into those that we see
today requires a solid understanding of the chemical and star formation history
of galaxies. The star formation history of galaxies has been studied extensively,
but our understanding of the metallicity history of galaxies is still largely the-
oretical. Theory predicts that the mean stellar metallicity of galaxies rises as
the galaxies undergo chemical enrichment from generations of star formation
(e.g., Nagamine et al. 2001).

Observational investigations into the metallicity history of galaxies were
difficult in the past because most studies focused on absorption line systems
observed in quasar spectra. Obtaining an absolute representative galaxy
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metallicity by this method is difficult because only a single line of sight is
available through these systems. Fortunately, alternative metallicity estimates
are now possible for star-forming galaxies out to z ∼ 3 thanks to new efficient
spectrographs on 8-10m telescopes and emission-line diagnostics from state-
of-the-art stellar evolution and photoionization models (e.g., Kobulnicky &
Kewley 2004, Lilly, Carollo, & Stockton 2003, Kobulnicky et al. 2003, Shap-
ley et al. 2004). In this paper, we present results from our ongoing study into
the metallicity evolution of star-forming galaxies between redshifts 0 < z < 3.

1. Sample Selection and Metallicity Measurements

The aim of this project is to investigate the relative change in the mean
metallicity and the difference in the spread of metallicities between local galax-
ies and those at higher redshift in the same mass range. For this preliminary
study, we use B-band luminosity as a surrogate for mass.

We chose two local samples; the Nearby Field Galaxy Survey (NFGS) and
an objectively selected sample of galaxy pairs. A detailed discussion of the
NFGS sample selection is given in Jansen et al. (2000). The 198-galaxy NFGS
sample spans the full range of Hubble type and absolute magnitude present in
the CfA1 redshift catalog. The NFGS is the only objectively selected sample
for which integrated (global) long-slit spectra are available. The integrated
spectra cover ∼80% of the B-band galaxy light.

The galaxy pairs sample is based on the 502-galaxy sample of Barton, Geller,
& Kenyon (2000). Nuclear optical spectra were obtained by Barton et al. These
optical spectra cover ∼ 10% of the B-band galaxy light. A total of 212/502
pair members contain emission lines suitable for classification. We investigate
possible dynamical effects on the central metallicities of the pair members in
the following section.

AGN were removed from the sample using the theoretical optical classifica-
tion scheme of Kewley et al. (2001). We corrected the Balmer emission-lines
for underlying stellar absorption as described in Kewley et al. (2002). The
emission-line ratios were corrected for extinction using the Balmer decrement
and the Clayton, Cardelli & Mathis (1989) attenuation curve. We calculated
metallicities for the local samples following the prescription outlined in Kew-
ley & Dopita (2002).

Estimates of metallicities for intermediate-redshift (0 < z < 1) galaxies
have recently been made by Kobulnicky & Zaritsky (1999), Kobulnicky et
al. (2003), Lilly, Carollo, & Stockton (2003), Kewley & Kobulnicky (2004),
Maier et al. (2004), Maier et al. (2005) and Savaglio et al. (2005). In Kob-
ulnicky & Kewley (2004), we calculated metallicities for 204 0.3 < z < 1
galaxies in the GOODS-North field using spectra from the Team Keck Redshift
Survey (TKRS; Cowie et al. 2004, Wirth et al. 2004). We combined the TKRS
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metallicities with measurements from the DEEP Groth Strip Survey (Kobul-
nicky et al. 2003), and additional objects from the Canada-France Redshift
Survey (Lilly et al. 2003, Corollo & Lilly 2002). Note that metallicities for the
TKRS and DEEP galaxies are based on equivalent widths because the survey
spectra were not flux calibrated. For galaxies at redshifts between 0.4 < z < 1,
the red emission-lines are redshifted out of the optical regime. In this case,
metallicities must be obtained using [OII] λ3727, [OIII] λ5007 and Hβ using
the R23 diagnostic where R23=([OII] λ3727+[OIII] λλ5007, 4959)/Hβ (see
Kewley & Dopita 2000, for a review of R23). The major problem with the
R23 method for our study is that the ratio R23 is degenerate or double-valued
with metallicity, giving both a high and a low metallicity estimate. We assume
that the 0.4 < z < 1 galaxy metallicities are high, but further observations of
additional emission-lines are required for more reliable metallicity estimates.

Our high redshift sample consists of emission-line galaxies from Pettini et
al. (2001), Kobulnicky & Koo (2000), and Shapley et al. (2004). The metal-
licities from Shapley et al. were derived using the [NII]/Hα ratio, which is
sensitive to the (unconstrained) ionization parameter of the gas. Metallicities
for the remaining galaxies were calculated by Pettini et al. and Kobulnicky &
Koo using the R23 diagnostic.

2. Metallicity and Gas Flows in Galaxy Pairs

Before we use the local galaxy pair sample in our metallicity history study,
we must first check whether there are any dynamical effects on the central
metallicities which would complicate correction for aperture effects. In Fig-
ure 1 we show the luminosity-metallicity relation for our galaxy pairs (filled
circles) as a function of projected separation. Galaxy pairs with close projected
separations s < 20 kpc/h have systematically lower metallicities (∼ 0.2 dex)
than either the field galaxies (unfilled circles) or the more widely separated
pairs. There are 10 close pairs with metallicities lower than any field galaxy
at the same luminosity. The R-band luminosity-metallicity relation produces
almost identical results. In Kewley, Geller, & Barton (2005), we show that
there is a tight anti-correlation between nuclear metallicity and the strength
of the central starburst in the galaxy pairs, such that lower metallicity pairs
have greater central burst strengths. This anti-correlation is stronger than that
expected from the luminosity-metallicity relation alone. All five galaxies in
the pairs sample with extremely high central burst strengths have close com-
panions and lower metallicities than the field galaxies. This result provides
strong circumstantial evidence that gas infall has plays an important role in the
low metallicity galaxy pair members. This gas infall may carry more pristine
gas from the outskirts of the galaxy into the central regions, diluting the cen-
tral metallicity. Comparison with hydrodynamic merger models supports this
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Figure 1. (a) The least squares best-fit to the B-band luminosity metallicity relations for the
field galaxies (dot-dashed line), and the pair members with projected separations (s) between
4-20 kpc/h (dotted line), 20-40 kpc/h (solid line), and >40 kpc/h (dashed line), (b-d) compar-
ison between the luminosity-metallicity relation of the field galaxies (unfilled circles) and the
galaxy pairs (filled circles) for the three groups of projected separation. The close pairs have a
luminosity-metallicity relation shifted more towards lower metallicities than the field galaxies
and the more widely separated pairs.

scenario (see Kewley et al. 2005 for more details). Because gas infall appears
to affect the central metallicities of galaxy pairs, we cannot simply make an
aperture correction to convert our central metallicities into global metallicities
needed for our metallicity history study.

3. Metallicity History between 0 < z < 3

In Figure 2 we give preliminary results of our study into the metallicity his-
tory of star-forming galaxies between 0 < z < 3. The grey rectangle indicates
the maximum error range in the intermediate-redshift sample metallicities.
This error range is determined by the range in metallicities that could be
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Figure 2. Metallicity evolution for star-forming (emission-line) galaxies between 0 < z < 3.
Crosses, squares, asterixes and hexagons represent the local NFGS sample, the intermediate
redshift sample, the high redshift [NII]/Hα sample, and the high redshift R23 sample respec-
tively. The grey square indicates the potential error range of the metallicities in the intermediate
redshift sample.

derived using the degenerate R23 diagnostic. The metallicities for the high red-
shift sample are shown as asterixes and hexagons on Figure 2. The hexagons
indicate that the metallicities were calculated using the R23 method while the
asterixes indicate that the metallicities were calculated using the [NII]/Hα line
ratio.

Figure 2 shows that the mean metallicity decreases with redshift, as antici-
pated by chemical evolution models of stellar metallicities (e.g., Nagamine et
al. 2004, among many others). The line of best-fit to the data in Figure 2 gives
a mean change in metallicity of 0.15 dex/z. This estimate should be used with
caution: many of the intermediate-redshift galaxy metallicities require confir-
mation with upcoming observations of a larger number of emission-lines. In
our future investigations we will consider emission-line and photometric se-
lection effects which could potentially alter both the mean and spread of the
metallicities observed in the intermediate and high redshift samples.
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4. Summary

We find that the central metallicities in our close galaxy pairs are systemat-
ically lower than metallicities of field galaxies or more widely separated pairs
at the same luminosity. This result holds regardless of whether B or R-band
luminosities are used. These results support a merger scenario where galaxy
interactions cause gas flows towards the central regions, carrying less enriched
gas from the outskirts of the galaxy into the central regions, as described in
detail in Kewley et al. (2005).

We have provided an initial view of the metallicity history of star-forming
galaxies between 0 < z < 3. In future, we aim to obtain a solid observational
understanding of the metallicity history of star-forming galaxies as a function
stellar mass.
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Abstract We introduce 11HUGS (11Mpc Hα and Ultraviolet Galaxy Survey), an out-
growth of the recently completed 11MPC Survey, a ground-based Hα and R-
band imaging program of a volume-limited sample of 367 spiral and irregular
galaxies within a distance of 11 Mpc. As such, the 11HUGS galaxies are a
complete subset of the 11MPC Survey catalog which avoid the Galactic plane
(|b| > 30◦) and are observable by GALEX. The goal of 11HUGS is to charac-
terize the demographics and star formation properties of nearby galaxies, with
an emphasis on the dwarf galaxies which dominate the sample population. The
data also provide a foundation for follow-up studies of the HII region popu-
lations, star formation, chemical abundance, and ISM properties of the galaxy
sample. The combination of Hα imaging, which provides snapshots of the on-
going star formation, and UV imaging, which traces star formation over a much
longer timescale, will yield powerful constraints on the systematic errors in the
inferred star formation related quantities.

Keywords: stars: formation - galaxies: dwarf - galaxies: statistics - surveys

1. Introduction

Most of our present knowledge of the star formation properties of nearby
galaxies has been derived from imaging, photometry, and spectroscopy of
galaxies in the Hα emission line (e.g., Kennicutt 1998 and references therein).
However, datasets of complete samples with sufficient sensitivity to trace the
full population of star-forming galaxies are lacking and cannot be sewn to-
gether from the patchwork of existing Hα surveys. Most of the published
studies are biased toward bright, face-on, and/or high-surface brightness sys-
tems (Bongiovanni et al. 2005, Gallego et al. 1997, Salzer et al. 2001). A
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Figure 1. The 11 HUGS Sample. The top line shows the distribution of galaxy luminosi-
ties for the 11MPC parent sample. The filled histogram shows the coverage of this volume
by the GALEX PI team GANGS (GALEX Nearby Galaxies Survey) survey and illustrates the
roughly 5-fold under-representation of galaxies fainter than MB=-17 (note the logarithmic ver-
tical scale). The middle histogram shows the total GALEX coverage of the 11 Mpc local vol-
ume galaxy population when our new 11HUGS observations are combined with data from the
GANGS survey.

considerable fraction of spiral and irregular galaxies are not detected, and a
considerable fraction of star formation is missed.

To address the problem of incompleteness and sensitivity, we have under-
taken an Hα and R-band imaging program of the local 11Mpc volume (11MPC
Survey, Kennicutt et al., in preparation), with the goal of constructing a more
representative dataset for characterizing the distributions of absolute and mass-
normalized star formation rates, star formation distributions and intensities,
and HII region populations in the local volume.

11HUGS (the 11Mpc Hα and Ultraviolet Galaxy Survey) is an outgrowth of
the recently completed 11MPC Survey which will complement the Hα dataset
with GALEX UV imaging at 1500Å and 2300Å for a complete subsample
of the local 11 Mpc volume. The composite dataset provides a foundation
for follow-up studies of star formation, chemical abundance, and ISM proper-
ties of the galaxy sample. The combination of Hα imaging, which provides
snapshots of the ongoing star formation, and UV imaging, which traces star
formation over a much longer timescale (∼107 vs. ∼108 yr), will yield pow-
erful constraints on the systematic errors in the inferred star formation related
quantities.
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2. Sample and Observations

To construct a sample which most closely approximates a volume limited
sample, we selected all known spiral and irregular galaxies with d < 11Mpc,
|b| > 20◦, B < 15.0 and a flow-corrected velocity v < 820km/s from the
Tully Nearby Galaxies Catalog (Tully 1988, NBG), the Kraan-Korteweg cat-
alog (1986), and the NASA/IPAC Extragalactic Database (NED). After ex-
cluding probable Virgo Cluster and Coma Group members and collecting all
available direct distance estimates, our resulting catalog contains 367 galaxies
within 11 Mpc, where Ho = 75 km/s/Mpc has been adopted to convert flow-
corrected velocities to distances for galaxies without direct distance estimates.

Hα+[N II] and R-band imaging for the sample was obtained in 2001 - 2004
using direct imagers on the Steward Observatory Bok 2.3 m telescope on Kitt
Peak, the 1.8 m Vatican Advanced Technology Telescope (VATT), and 0.9 m
telescope at Cerro Tololo Interamerican Observatory (CTIO).

The galaxies for which GALEX UV imaging will be obtained are a complete
subset of the 11MPC Hα Survey catalog which avoid the Galactic plane (|b| >
30◦) and are observable by GALEX (Galaxy Evolution Explorer). GALEX
UV observations for approximately half of these objects have been taken by
GANGS (GALEX Nearby Galaxies Survey), but dwarf galaxies are under-
represented in the existing data. Our survey will remedy this by obtaining
comparably deep (1.5k sec) images for the remaining galaxies in the 11 Mpc
volume-limited sample as demonstrated in Fig. 1. The HUGS sample con-
sists of 123 galaxies and the majority of them (84 galaxies) are dwarfs with
MB ≥ −16. Thus our sample represents a full inventory of spiral and irregu-
lar galaxies in the local 11 Mpc volume.

3. A Complete Star-Formation Inventory of the Local
Universe

Since the equivalent width (EW) of the observed Hα+[N II] lines, is a mea-
sure of the star formation rate per unit (red) luminosity (Kennicutt 1998), the
histogram in Fig. 2 shows the range of observed star formation activities for
the 11 Mpc limited volume, spanning from EW(Hα+[N II]) ∼0 to 580 Å. The
distribution has a median of 28 Å.

The 11HUGS archive will provide the most complete dataset ever assembled
on the star formation properties of the local universe. All 11HUGS FUV, NUV,
Hα and R-band imaging data, as well as a integrated flux and EW catalog, will
be made publicly available.

The immediate goal of our program is to study the temporal and spatial
properties of starbursts in dwarf galaxies (Janice Lee’s PhD Thesis). A com-
plete set of star formation rates for a volume-limited sample can be used to
constrain the burst properties of the dwarf population. In addition, our 11MPC
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Figure 2. The distribution of observed EW(Hα+[N II]) in the 11MPC sample

and other Hα surveys can be used to explore the demographics of star-forming
galaxies and the contribution of starbursts to the cosmic star formation budget
(Kennicutt et al. 2005).

Finally, most determinations of the cosmic star formation rates and its evo-
lution with redshift are based on UV or emission-line selected surveys which
systematically exclude galaxies with relatively weak or spatially-extended star
formation. Our complete inventory will allow to quantify the incompleteness in
low-redshift surveys, and model the likely incompleteness at higher redshifts.
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Abstract We determined ages for 52 candidate star clusters with masses ≤ 106
M⊙ in

the low surface brightness spiral galaxy NGC 45. Four of these candidates are
old globular clusters located in the bulge. The remaining ones span a large age
range. The cluster ages suggest a continuous star/cluster formation history with-
out evidence for bursts, consistent with the galaxy being located in a relatively
unperturbed environment in the outskirts of the Sculptor group.

Keywords: galaxies: star clusters - galaxies: evolution - galaxies: starburst - galaxies: dwarf

1. Introduction

Star clusters are an ideal tool to study star formation histories in nearby
galaxies. Historically, star clusters have been studied in the Milky Way, Local
Group, ellipticals, mergers and starbursts. But there are only few studies in low
luminosity galaxies. The closest examples with similar luminosity to NGC 45
are LMC, SMC, and M33 (e.g., Côté et al. 1997). Star clusters in these galax-
ies show different star formation histories. The LMC shows 3 bursts of star
formation (Pietrzynski & Udalski 2000), while the SMC shows a more uni-
form star cluster formation history. M33 also shows a continuous star cluster
formation (Chandar et al. 1999). But beyond the Local Group, the properties
of cluster populations and star formation in general are poorly known in nor-
mal galaxies. NGC 45 is an interesting galaxy: it is an outlying member of the
Sculptor group with (m-M)=28.42 ±0.41 (Freedman et al. 1992), it is located
in an unperturbed environment, and it has a low luminosity of MB=-17.13
(Bottinelli et al. 1985). In the presented work in progress, we study the star
formation history of this spiral galaxy by looking at the NGC45 star cluster
system.
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2. Observations

In our study we used HST ACS and WFPC2 data. We acquired the images
using the filters F435W (∼B), F555W (∼V), F814W (∼I) and F336W (∼U).
The object detection was performed using SExtractor. The aperture photome-
try of 6 pixels radius was done using the IRAF/PHOT task. We selected our
cluster candidates by looking at the physical object sizes. For this purpose
we used two criteria. We selected cluster candidates as objects with extended
FWHM according to SExtractor and as well as with extended FWHM accord-
ing to BAOLAB ISHAPE (Larsen 1999). Fiftytwo “round”, extended objects
satisfied the criteria and were treated as star clusters.

3. Color Magnitude Diagram

The color-magnitude diagram (Figure 1) shows two main cluster popula-
tions: a red one around F435W−F555W∼0.7 (likely globular clusters) and an-
other, broader distribution around F435W−F555W∼0, which are likely young
cluster candidates.

-1 -0.5 0 0.5 1 1.5

24

22

20

F435W-F555W

Figure 1. NGC 45 color magnitude diagram. Here we plot objects with UBVI photometry.
Approximately 3400 stars are shown (black dots) and 52 star cluster candidates. Filled squares
correspond to a 1-10 Myr cluster population, filled triangles to cluster age 10-100 Myr and filled
circles to cluster age 100-1000 Myr (for age derivation see below). The dashed line is the TO
of the old MW globular cluster system MV TO ∼ −7.4.
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Figure 2. Left: color-color diagram of the cluster candidates . Filled circles are clusters with
ages 100 Myr -1 Gyr. Triangles are the clusters with intermediate ages: 10 to 100 Myr. And
the third group (filled squares) is younger than 10 Myr. The dashed line is the SPP GALEV
model for a Salpeter IMF and a solar metallicity (Z=0.02), for ages 1 Myr to 10 Gyr (The
crosses indicates the log of the age). Right: Mass distribution as a function of age. Each bin
corresponds to 0.5 Log M/M⊙.

4. Color-Color Diagram: Ages and Masses

One of the principle problems in deriving ages, metallicities and masses for
star clusters in spirals, is the fact that we do not know the extinction towards
the individual objects. Bik et al. (2003) proposed a method known as the 3D
fitting method to solve this problem. It consists in minimizing the extinction,
mass and age for each single cluster using a SSP model (in our case: GALEV,
Anders & Fritze-v. Alvensleben 2003) assuming a fixed metallicity. We apply
this method to our dataset assuming a solar metallicity for all clusters.

The color-color diagram in Figure 2 (left plot) shows all the star clusters
corrected for reddening. We use the same symbols as in Figure 1. The ar-
row indicates the reddening corresponding to a 1 magnitude extinction in V.
A theoretical SSP model track for ages between 1 Myr and 10 Gyr and a
solar metallicity is also shown in dashed line. The clusters are distributed
across the theoretical track and show an age distribution without signatures of
discrete bursts. The estimated masses of the clusters are shown in the right
part of Figure 2 for three age bins. The upper part shows 22 clusters be-
tween 1–10 Myr old, the middle part 8 clusters between 10–100 Myr and the
lower part shows 22 clusters between 100–1000 Myr. Before drawing con-
clusions about the mass distributions, it is necesary to take size-of-sample ef-
fects into account (Larsen 2002; Whitmore 2003). Due to the small number of
clusters in each age bin, the likelihood of sampling the cluster mass distribu-
tions to significantly higher masses than those observed is low. This makes it
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difficult to tell whether a physical upper mass limit exists. Furthermore, the
ages of the clusters in the oldest bin are particularly uncertain because of the
age-metallicity degeneracy in optical broad-band colors. This also translates
into an uncertainty on the derived masses. Here we have used solar-metallicity
SSP models, but the colors of the reddest clusters are also consistent with an
old, metal-poor GC population. A more detailed discussion of these issues
will be given in Mora et al. (in preparation). Considering this, we can say that
younger clusters are in general less massive than older ones and there are no
massive young clusters. There are more massive clusters at intermediate and
old ages when compared to the youngest bin. No clusters more masive than
106 M⊙ are observed.

5. Summary and Conclusions

The color magnitude diagram shows two main cluster populations, which
are in concordance with an old (≥ 1 Gyr) globular cluster-like population and
younger objects more similar to the open clusters in the Milky Way. Most of
the latter have young (≤ 100 Myr) ages. This age distribution is possibly due
to cluster disruption and fading.

The existence of intermediate-age clusters is deducted from the color-color
diagram. This shows that NGC 45 is a galaxy with continuous star formation
history.

The mass distribution as a function of age shows that more massive clusters
are in general older than the less massive. This is also observed in M33 and
both galaxies also show similar cluster mass ranges (between 102 M⊙ up to
105M⊙) (Chandar et al. 1999).

The role of size-of-sample effects needs to be further investigated.
Finally NGC 45 provides evidence that unperturbed low luminosity spiral

galaxies can show continuous cluster formation.
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Abstract Recent HST imaging surveys have revealed the presence of central star clus-
ters in a majority of spiral galaxies. These nuclear clusters (NCs) may provide
important clues to the central structure and secular evolution of disk galaxies.
However, their origin and nature are not entirely understood. We therefore per-
formed a spectroscopic survey with HST/STIS of NCs in 40 early- and late-type
spiral galaxies. To study the ages and physical properties of the clusters we per-
formed stellar population synthesis modeling using Bruzual-Charlot template
spectra. The luminosity-weighted NC ages are almost always less than a Hub-
ble time, indicating that star formation is an ongoing process in spiral galaxy
centers. We find that NCs in late-type spirals are younger and less massive than
those in early-type spirals.

Keywords: galaxies: spiral - galaxies: star clusters - galaxies: nuclei - galaxies: evolution

1. Introduction

Previous HST/WFPC2 imaging surveys have revealed that many spiral
galaxies harbor nuclear star clusters (NCs) in their central regions (Böker et
al. 2002; Carollo et al. 1998). These NCs have typical effective radii of 2.4 to
5 pc (Böker et al. 2004) with typical luminosities of 106 to 107 L⊙. NCs are
thought to form from gas inflows into galactic centers. Their origin and evolu-
tion thus must be tightly linked to phenomena of secular evolution (Kormendy
& Kennicutt, 2004) and to the growth of supermassive black holes. Therefore,
NCs provide an exciting new perspective in the study of galaxy centers.
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We present new results of a spectroscopic survey of NCs in both early- and
late-type spirals based on HST/STIS observations. We observed 40 galaxies of
Hubble T-type 1-9 (Sa to Sm) to determine the ages and masses of their NCs.
While previous ground-based spectroscopic observations with higher S/N have
already been applied in similar studies (Walcher et al. 2005b), HST’s spatial
resolution decreases the contamination from disk light compared to ground-
based studies. This is particularly important in early-type spirals with promi-
nent bulges.

2. Sample Selection and Observations

The spectroscopic sample comprises galaxies from previous HST/WFPC2
imaging surveys. Fifteen early-type spirals were selected from the survey
of Carollo e al. (1998), which used the following selection criteria: T=1-6,
v ≤ 2500 km s−1, i ≤ 75◦, and d ≤ 1′. In addition, 25 late-type spirals were
selected from the survey of Böker et al. (2002), which used the selection cri-
teria: T=6-9, v ≤ 2000 km s−1, i ≤ 51◦. We only observed those galaxies
with known NCs, and selected only those NCs believed to be bright enough
for useful spectroscopy.

Our observations were performed with the HST/STIS G430L grating, using
the 52′′ × 0.2′′ slit, and with a pixel scale of 0.05071′′. The covered wave-
length range is λλ2888.6-5703.2 Å. The pixel scale is 2.73 Å. The exposure
times varied from 900-2340 seconds. Some representative spectra are shown
in Figure 1.

3. Results and Conclusions

We performed stellar population synthesis by fitting a linear sum of single-
age population templates of Bruzual & Charlot (2003) to those NC spectra
with sufficiently high S/N ≥ 5 per pixel (see Figure 1). The fractions of NCs
which were fitted was 10/15 (early-type) and 9/25 (late-type). The fits yield
luminosity-weighted ages and M/L values. Combined with the observed lu-
minosity L, also calculated from the STIS spectra, we infer the cluster mass
M . The analysis also yields the best-fit metallicity (Z) and dust extinction
(AV ). Tests show that the derived ages are relatively insensitive to possible
systematic uncertainties in Z and AV .

The distributions of the inferred population ages and NC masses are shown
separately for the early- and late-type spirals in Figure 2. The mean luminosity-
weighted age of the NCs is 2.3 × 108 years for the late-type sample and
1.7 × 109 years for the early-type sample. This is younger than the galaxies
themselves, indicating that star formation is an ongoing process in the nuclei of
spiral galaxies, especially those of late-type. The NC differences as a function
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Figure 1. HST/STIS spectra of the NCs (black), overlaid with the best spectral-population synthe-
sis fits (red). The spectra are sorted (from left to right and from top to bottom) in order of increasing
luminosity-weighted age 〈log τ〉L (6.97, 7.74, 8.63, 9.83, respectively). The galaxy names are indicated in
the individual sub-panels.

of Hubble type are not unexpected, given that late-type spirals generally have
larger gas reservoirs and more star formation than early-type spirals.

The derived NC masses are consistent with those inferred dynamically from
VLT velocity dispersion measurements, for those four late-type galaxies in
common between our STIS sample and the Walcher et al. (2005a) VLT sample.
The mean mass of the NCs is 1.8× 106 M⊙ for our late-type sample and 4.3×
107 M⊙ for our early-type sample. The fact that NCs in early-type spirals
tend to be more massive than those in late-type spirals suggests a possible
correlation with bulge mass. This is intriguing, especially given the fact that
such a correlation is known to exist for black holes in galaxy centers.

We have also derived broadband magnitudes from our STIS spectra, and cal-
culated B−V colors. These allow us to gain some insight into the populations
of NCs that are too faint for population synthesis. We find that faint clusters
tend to be somewhat redder than bright clusters. This suggests that their popu-
lations may on average be older by up to 0.6 dex than the average ages inferred
from the histograms in Figure 2. However, combined analysis of both the lumi-
nosities and colors of NCs does not indicate that faint clusters are necessarily
less massive than bright clusters. Therefore, the mass distributions in Figure 2
are probably fairly representative for all NCs in spiral galaxies. More details
of our STIS investigations of NCs will be presented in Rossa et al. (2006).
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Figure 2. Histograms of the derived luminosity-weighted ages (left) and calculated masses (right). The
top panels represent the early-type sample, whereas the bottom panels show the late-type sample.
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Abstract Galaxies do not spend their whole lives in isolation. In fact, interactions and
merger events are very important in galaxy evolution, even more so at high red-
shift, where the number-density of galaxies was considerably higher than it is
today. These encounters often trigger a burst of star formation. We use high spa-
tial resolution mid-infrared observations of nearby starburst galaxies to develop
a detailed understanding of this starburst phenomenon and the resulting stellar
populations. The issues addressed are the properties of superstarclusters, the na-
ture of extreme star formation in (Ultra) Luminous Infrared Galaxies ((U)LIGs),
and the characteristics of nuclear starburst rings in barred galaxies. In this paper
we present the first mid-infrared imaging and spectroscopy obtained with VISIR
at the ESO Very Large Telescope.

Keywords: galaxies: starburst - infrared: galaxies - galaxies: star clusters - galaxies: indi-
vidual (NGC 4038/39)

1. Introduction

Starburst galaxies find themselves in a phase of rapid evolution. The rate
at which their gas reservoir is turned into stars cannot be maintained for long,
which makes the starburst phase per definition a transient one. The presence
of bright coeval stellar populations makes starbursts unique laboratories for
the study of star formation, stellar populations, and galaxy evolution, where it
concerns the buildup of its stellar content.

Starbursts are generally dusty, hiding the most intense star-forming regions
from view in the optical regime. For instance in the Antennae (NGC 4038/39),
the ISO satellite revealed that a region that is totally inconspicuous in the HST
images hosts spectacular star formation producing 15% of the 15 µm lumi-
nosity of the entire galaxy (Mirabel et al. 1998). The (mid-)infrared, in which
one is less hindered by extinction, is therefore a suitable wavelength range to
identify and study these obscured sites. We use the recently commissioned
VLT Imager and Spectrometer for mid Infrared (VISIR) to study a sample of
nearby starbursting systems. VISIR offers a large set of imaging filters and
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spectroscopic setups covering the N- and Q-band (8 – 13 and 16.5 – 24.5 µm
respectively) and by combining imaging in diverse filters with spectroscopy
we will be able to measure the properties of the star-forming regions in these
galaxies.

2. Some Results: Heavily Embedded Star Formation in
the Antennae

Most of the current massive star formation in NGC 4038/39 is known to
occur in the overlap region (Mirabel et al. 1998). Imaging of this region in
the [NeII] filter (see Fig. 1) directly shows the value of a ground-based mid-
infrared instrument mounted on a large telescope. The extended structure of
complex 1 (cluster 1a & 1b) has not been seen before. At shorter wavelengths
only one of the clusters is visible, the other is hidden from view by extinction,
and at longer wavelengths most instruments lack spatial resolution to separate
the two clusters. Relative astrometry strongly suggests that cluster 1a can be
associated with the bright south-eastern cluster in the overlap region seen in the
near-infrared (Mengel et al. 2005) and with the reddened source WS95-80 in
HST images (Whitmore & Schweizer 1995). Cluster 1b does not have a near-
infrared or optical counterpart. This previously unidentified, heavily extincted
cluster is probably responsible for a significant amount of the total infrared
luminosity of the overlap region. This could explain why previous attempts to
reconstruct the total infrared luminosity of this region based on near-infrared
data did not succeed (Mengel et al. 2005). Convolving the [NeII] image with
the VLA beam of the radio data by Neff (Neff & Ulvestad 2000) reproduces
the location of the brightest radio peak, suggesting that both clusters contribute
significantly to the radio emission.

The VISIR N-band spectra (see Fig. 1) look as one would expect for regions
of massive star formation: strong fine structure lines, a rising continuum char-
acteristic for thermal emission from hot dust, and silicate absorption indicating
the presence of obscuring matter. Near-infrared data suggest that these clus-
ters have ages younger than 6 Myr (Gilbert et al. 2000; Mengel et al. 2005).
The presence of strong [SIV] emission in the mid-infrared spectra confirms
that these clusters are young. An important question is whether the Hii regions
surrounding the clusters are hydrogen- or dust-bounded (i.e., a Hii region so
young and compact that dust absorbs most of the Lyman continuum). Assum-
ing the regions to be hydrogen-bounded, line ratio’s indicate an age of 6 Myr ±
1 Myr for cluster 1a and 5.5 ± 1 Myr for cluster 2 (assuming a standard IMF).
In the dust-bounded scenario it is less straightforward to interpret the observed
line ratio’s. The actual age of the clusters is even younger in this case.

Besides obvious similarities there are some remarkable differences from
previous observations of the same regions by ISO (Mirabel et al. 1998) and
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Figure 1. Images: left panel: SoFI Ks-band (2.16 µm); right panel: VISIR [NeII] 12.81 µm
of the overlap region, inserted panel: cluster 1a and 1b in [NeII] with the contours of PAH 11.25
µm emission overlayed. Spectra: upper panel: low resolution N-band spectrum of cluster 1a;
lower panel: idem cluster 2.
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Spitzer (Brandl, private communication). The most striking difference is the
strength of the PAH features. Where the ISO and Spitzer spectra of the region
around cluster complex 1 show a pronounced 11.3 µm PAH-feature, the VISIR
spectrum only shows a hint of it.

The absence of strong PAH emission is also confirmed by N-band imag-
ing in the PAH 11.25 µm filter. The spectral slope derived from flux densities
measured in the narrow-band PAH and [NeII] reference filters is consistent
with the slope in the VISIR spectrum. We extrapolate this slope to derive the
continuum flux level at the centre of the PAH filter. Subtraction of this contin-
uum flux level from the measured flux density in the PAH imaging filter gives
the contribution from PAH emission. Measured in an aperture with the same
size as the spectrum extraction aperture, the value is consistent with having
little to no PAH emission. Only in larger radii apertures some PAH emission
is measured: within a region with a 100 pc radius the PAH emission adds up
to 2.0 ± 0.7 · 10−13 erg/s/cm2. This is roughly half of the flux measured in
the Spitzer (5 arcsec) slit covering an area with a radius of 500 pc. Our pre-
liminary conclusion is that the PAH emission does not trace the most massive,
recent star formation, but the more diffuse material, illuminated by UV radia-
tion from a slightly more evolved, less massive and possibly more widespread
population of young stars. The preliminary results show that VISIR, due to the
unprecedented spatial resolution in the mid-infrared, is an excellent tool to use
in detailed studies of nearby star formation sites.

We will use our VISIR data combined with Spitzer mid- and far-infrared,
SCUBA submm, and high resolution radio data to model the characteristics
of the star-forming regions in these and other galaxies in detail and further
investigate the issues mentioned here.
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Abstract The properties of local star forming galaxies, in both clusters and the field, can
aid understanding of the environmental dependence of galaxy formation and
evolution. We present initial results from an Hα survey of all Sa-Sc CGCG
galaxies, with velocities within 3σ of the cluster mean, in six local Abell clus-
ters, down to a limiting magnitude of MB = -18.5. We also have a substantial
field sample taken from the recent Hα Galaxy Survey (HαGS, James et al. 2004).

We confirm the result of Koopmann & Kenney (2004) that, compared to the
field, cluster early-type spirals have a wider spread in bulge to disk ratio, with
many having smaller such values. We see both enhanced and reduced star for-
mation (SF) within our cluster sample; however, Hα emission is generally more
concentrated in cluster galaxies than the field. We suggest that a significant ef-
fect of the cluster environment is an enhancement of SF in inner galaxy regions.

Keywords: stars: formation – galaxies: clusters: general – galaxies: evolution – galaxies:
interactions – galaxies: spiral

1. Introduction

Comparison of the morphology-density relations at intermediate redshift
and in the local Universe (e.g., Dressler 1997) shows an overabundance of spi-
ral galaxies (by a factor of 2) and an underabundance of S0s (by a factor 2–3)
in clusters at z ∼> 0.4 compared to today. This suggests that a large number of
cluster spirals may have transformed into S0s in the past ∼5 Gyr.

A variety of possible physical mechanisms may be involved, which will
have different effects on SF in spirals as they enter the cluster environment.
For example, gas stripping (e.g., Gunn & Gott 1972), in particular ram-pressure
stripping, should be most effective in the centres of rich clusters, leading to a
rapid truncation of the star forming disk, but providing no obvious mechanism
to promote circumnuclear SF. Strangulation (e.g., Larson, Tinsley & Caldwell
1980), on the other hand, is a more gradual process, and simulations by Bekki
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et al. (2002) have shown that this leads to anemic spirals rather than truncation.
Tidal interactions with the cluster potential may induce SF across both bulge
and disk, whereas interactions between galaxies, particularly at low relative
velocities, may trigger SF in central regions (Kennicutt et al. 1998).

A study of the amount, distribution and morphological dependence of SF
in local field and cluster spirals can help to disentangle these processes and
provide a better insight into the influence of environment on galaxies today.

2. Data & Analysis

Our data consist of narrow-band Hα and broad R band CCD images for ∼
240 CGCG galaxies selected from an Hα prism survey by Moss & Whittle
(2000, 2005), to a limiting magnitude MB = -18.5, and with velocities within
3σ of the cluster mean. We also have considerable field data taken from HαGS,
covering the same range of galaxy morphologies as the cluster sample.

Here we present preliminary results from a complete sample of all Sa–Sc
galaxies in six clusters (A400, 426, 569, 779, 1367, 1656). We restrict cluster
galaxies to within 1 virial radius of the cluster centres, to reduce field con-
tamination, and avoid the large errors associated with observations of highly
inclined objects by restricting our sample to galaxies with a/b ≤ 4.0. We have
also excluded known AGN from our analysis, as Hα emission does not provide
a direct tracer of SF in these objects.

From our data we derive profiles of R band flux density, Hα flux and Hα
equivalent width (EW) vs. semi-major axis for each galaxy, in both the clus-
ter and field samples. Following the methods of Koopmann & Kenney (KK,
2004a,b), we define an outer isophotal radius, r24, at 24 mag arcsec−2 in the R
band, which allows us to normalise profiles of galaxies of different sizes and
distances. We use an R band concentration index, C30, defined as

C30 =
FR(0.3r24)

FR(r24)
(1)

which provides a quantitative measure of bulge to disk ratio, and an Hα con-
centration index, CHα, which is defined similarly as

CHα =
FHα(0.3r24)

FHα(r24)
(2)

We also use an effective radius, reff , which contains half of the R band flux
of the r24 isophote.

3. Amount & Distribution of Star Formation

In Fig. 1 we have plotted total EW vs. T-type for field (a) and cluster (b)
galaxies. Using a biweight estimator, we find the mean and standard deviation
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Figure 1. EWtot vs. T-type for full field (a) and cluster (b) samples. The solid lines show 2σ
error bars for the field sample, calculated using a biweight estimator. 30% of the cluster sample
lie beyond 2σ.

for the field sample and plot 2σ error bars. We would expect 5% of points to lie
beyond 2σ, and this is the case for the field data. However, 30% of the cluster
points lie beyond 2σ, suggesting different populations at the 4-5σ level.

The majority of the cluster points beyond 2σ have Hα EWs higher than
those seen in the field. This suggests that, although cluster galaxy SF appears
reduced in the median, the cluster environment is causing an enhancement of
SF activity in some galaxies.

Figure 2 shows CHα vs. C30 for field and cluster galaxies. We find some
evidence that SF may be more centrally concentrated in cluster galaxies than
in the field, as suggested by KK, particularly at low values of C30 (∼< 0.45).
39% of our cluster sample have more than half of their Hα emission within 0.3
r24, compared to only 20% of field galaxies. A KS test, however, suggests that
the CHα distributions are different at only the 2σ level.

We find that C30, and therefore bulge to disk ratio, does not correlate well
with T-type for our cluster sample, in agreement with the findings of KK, par-
ticularly for early type Sa-Sab galaxies, which span the full range of C30.

4. Cluster Galaxy Evolution

To try to understand how and where SF varies between field and cluster
galaxies, we take a field galaxy at random and match it by T-type and ab-
solute magnitude to a single cluster galaxy. We can then find the difference in
EWeff /EWtot, a measure of the concentration of SF, and EWtot, a measure of
overall SF activity.

Figure 3 shows the results for field matched to cluster galaxies, with the
dashed lines showing no change for each direction. Some 66% of the points
lie above the no concentration change line, suggesting that star formation may
generally be more concentrated in clusters. The majority of the field-cluster
points lie within the 2σ ellipse shown, however, there is also a significant (>4σ)
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Figure 2. CHα vs. C30 for field and cluster
galaxies. Dashed lines show 1

4
, 1

2
and 3

4
of Hα

emission within 0.3 r24.

Figure 3. Difference in EWeff /EWtot and
EWtot for matched field-cluster galaxy pairs.
Ellipse shows 2σ scatter for field-field sample.

population of cluster galaxies beyond 2σ, to the top right of the plot, which
appear to be experiencing enhanced SF in their central regions.

5. Conclusions

We have a complete sample of Sa-Sc galaxies in six low redshift clusters,
identified from an objective prism survey by Moss & Whittle, and a well
matched comparison sample from HαGS. From these data we find that:

C30, and therefore B/D, does not correlate well with T-type for cluster
galaxies, with many early type galaxies having small B/D.

Total EWs span a wider range for cluster galaxies, with both enhanced
and reduced SF seen within our sample.

Hα emission is generally more concentrated in cluster galaxies than the
field. This is likely due to an enhancement of SF in inner galaxy regions.
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DISKS AT HIGH REDSHIFTS

What we see and when do we see it? What don’t we see
and why not?

Roberto G. Abraham

Department of Astronomy & Astrophysics, University of Toronto, Canada

abraham@astro.utoronto.ca

Abstract I review the observational evidence for massive disks at high redshifts. In an at-
tempt to do something a little bit different, I will focus exclusively on galaxies at
redshifts z > 1, where much of the action seems to be happening, but where our
ignorance is particularly acute. To keep the discussion concrete, I pay particu-
lar emphasis to seven key papers (the ‘Magnificent Seven’) published in the last
three years. Taken collectively, these papers do a fairly good job of describing
what we see, and when we see it. I also use them as springboard to speculate
about what we don’t we see, and why not.

Keywords: galaxy formation - galaxy evolution - surveys

Buck: This could get ugly. And I do hate ugly.

Ezra: Well then, brace yourself, Buck. ’Cause here comes ugly.

— ‘The Magnificent Seven’ (1960, MGM Motion Pictures)

1. Introduction

‘Cosmic downsizing’ (Cowie 1996, Treu et al. 2005), the new dominant
paradigm for galaxy evolution, tells us that star formation activity (and, very
likely, black hole growth) shifts to lower and lower mass galaxies as the Uni-
verse evolves. We now know, from surveys like K20 (Cimatti et al. 2002),
FIRES (Franx et al. 2003) and GDDS (Abraham et al. 2004) that roughly
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half the stellar mass density at z = 1.8 is in massive galaxies (Glazebrook
et al. 2004; Fontana et al. 2004). Furthermore, as shown in Figure 1, the red-
shift range 1 < z < 3 is clearly the range over which the rate of stellar mass
growth in galaxies is changing most rapidly. Unfortunately, for technical rea-
sons the redshift range 1.3 < z < 2 has historically posed great challenges for
observers, so that discovering the epoch of massive disk galaxy formation by
observing the process occurring in situ has proven extraordinarily challenging.
But if one is interested in reasonably massive systems (say, half the mass of the
Milky Way) it is clear that the redshift range z > 1 is where the action is, and
this review will focus exclusively on the evidence for massive disk galaxies
over this redshift range.

GDDS redshift
      range

 39% of total
 galaxy mass 
 assembled

 44% of total
 galaxy mass 
 assembled

zform=20zform=5

Figure 1. Total stellar mass assembled in galaxies as a function of redshift assuming a star-
formation history Ψ(z) given by Ψ ∝ (1 + z)3 for z < 1 and a constant star-formation history
for z > 1. This is consistent with the star formation history (taken from Steidel et al. 1999)
shown as in inset in the top-right of the figure. Two possible epochs for initial galaxy formation
are shown (z = 5 and z = 20), and the redshift range probed by the GDDS (Abraham et
al. 2004) is indicated. Nearly half of all stars in the Universe form during the redshift interval
0.8 < z < 2.



Disks at High Redshifts 465

2. The Magnificent Seven

In preparing this review I tried to winnow the literature of z > 1 massive
disk galaxies down to a minimal subset of fairly recent ‘un-missable’ or ‘desert
island’ papers. Frankly, this process proved pretty dubious. In a number of
cases similar papers came to similar conclusions at similar times, and elevating
one paper above the rest seemed a bit invidious. But, in a spirit of making
at least some progress, I did it anyway, even if in certain cases I effectively
tossed a coin and chose a representative paper. (I will try to note such cases
below). Also, I felt compelled to include a couple of ‘ideas’ or ‘techniques’
papers, even if these did not report earth-shattering results, simply because
they seemed to me to be obvious harbingers of the future.

Here then (in alphabetical order) is the final outcome of this exercise, a set
of papers I will refer to as The Magnificent Seven:

Elmegreen & Elmegreen (2005):“Stellar Populations in Ten Clump-

Cluster Galaxies of the Ultra-Deep Field”

Erb et al. (2004): “The Kinematics of Morphologically Selected z ∼ 2
Galaxies in the GOODS-North Field”

Labbé et al. (2003): “Large disklike galaxies at high redshift”

Papovich et al. (2005):“The Assembly of Diversity in the Morphologies

and Stellar Populations of High-Redshift Galaxies”

Stockton, Canalizo & Maihara (2004): “A disk galaxy of old stars at

z ∼ 2.5”

Toft et al. (2005): “Distant Red Galaxies in the Hubble Ultra Deep

Field”

Trujillo et al. (2004): “The Luminosity-Size and Mass-Size Relations of

Galaxies out to z ∼ 3”

Three papers date from 2005, three are from 2004, and one is from 2003.
Three use data from the Ultra Deep Field (UDF) which is a bit of a relief (given
the number of HST orbits consumed by the UDF). Five are led by postdocs,
which confirms what we already knew about who is really doing all the work
in astrophysics (and tells us that the future is looking bright). As it turns out,
Trujillo et al. (2004) has as much to say about z < 1 as it does about z > 1, and
it is probably best reviewed in the context of lower redshift work by others, so I
will omit detailed discussion of that paper here. The central theme underlying
all the remaining papers is this: when do massive disk galaxies form?
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3. When do Massive Disk Galaxies Form?

As noted earlier, we now know that roughly half the stellar mass density at
z = 1.8 is in massive galaxies. But what fraction of these objects are disks?

Firstly, let me try to be a little more precise about what I mean by ‘these
objects’ in the preceding sentence. For almost two decades we have known of
the existence of a population of objects which appear redder than the expected
colors of actively star-forming high-redshift galaxies. These objects, known
as Extremely Red Objects (EROs), were first recognized as a distinct class on
their own by Elston, Rieke, & Rieke (1988), with important follow-up work
in papers by McCarthy, Persson, & West (1992), Graham et al. (1994), Hu &
Ridgeway (1994), Soifer et al. (1994), Dey & Spinrad (1995) and Djorgovski
et al. (1995). In the last decade, the field has basically exploded as the impor-
tance of this population has become clearer, and as instrumental sensitivities
have improved1. But the question remains, what are these galaxies? In their
early work, Elston, Rieke, & Rieke (1989) obtained spectra for some of the
brightest of the EROs and identified them as early-type galaxies at moderate
redshifts (z ∼ 0.8). McCarthy et al. (1992) found several red galaxies with
R − K ∼ 5 − 6 at z ∼ 2, and proposed that these red objects were evolved
cluster members. So most of this early work concluded that relatively few of
these red galaxies were massive evolved disks. However, beginning around
1998 a number of studies (e.g., Cimatti et al. 1998; Thompson et al. 1999; Dey
et al. 1999) concluded that many of these systems were massive, young and
dusty starburst galaxies or AGNs. Clearly spectroscopic and/or photometric
studies on their own are unable to distinguish unambiguously between the two
main possibilities (old early-type galaxies and dusty young galaxies, presum-
ably a combination of mergers and active star-formation in fair-sized disks).
Naturally, this set the stage for morphological work undertaken with the Hub-
ble Space Telescope (HST).

Stiavelli & Treu (2001) used HST/NICMOS imaging to study the morpholo-
gies of ERO’s, concluding that 60% of them are similar to E/S0 galaxies, 20%
are similar to disk galaxies, and 15% have irregular morphologies. A sample of
HST/WFPC2 and NICMOS images was used by Moriondo, Cimatti & Daddi
(2000) to examine the morphologies of R − K selected galaxies, and analo-
gous result were found, with 50–85% of the objects appearing to be ellipticals,

1A confusing taxonomy for these systems has also developed, as additional classes have been added various
authors to describe these red objects. These include: Hyper-Extreme Red Objects (HEROs) (Im et al. 2002)
which are defined to be objects with R−K > 7; Very Red Objects (VROs) were also introduced to refer to
objects with 5.3 < R −K < 6 and 4 < I −K < 5 (Alexander et al. 2002, Barger et al. 2003); Very Red
Galaxies (VRGs) and Faint Red Outlier Galaxies (FROGs) (Moustakas et al. 1997). It is not obvious that
there are bona-fide physical distinctions between these classes, and it is probably best (and certainly easiest)
to refer to EROs in general, using the prescription given in McCarthy (2004) which defines this population
as having R − K > 5.3 and I − K > 4 with z > 1.
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with the rest being a mixed bag of disks and irregular galaxies2. However,
Yan & Thompson (2003) took a similar approach (but complemented HST
imagery with observations from the ground) and found almost the opposite re-
sult, namely that the EROs were comprised of 10% irregulars, 60% disks, and
30% E/S0s. Most recent studies have obtained similar numbers. For exam-
ple, Cimatti et al. (2003) used HST/ACS imaging from the Great Observato-
ries Origins Deep Survey (GOODS) to find the following fractions: 30–37%
E/S0 galaxies, 24–46% disk galaxies, and 17–39% irregulars. Moustakas et
al. (2004), also using GOODS data, found an E/S0 fraction of about 30-40%,
a disky population of about the same fraction, and assigned the remaining 20-
30% to a mixed bag of irregular, faint, and hard to classify objects. Gilbank et
al. (2004) found similar results, reporting that about 30% of EROs are disks,
30% are early-type galaxies, 15% are irregulars, and the rest are unclassifi-
able. So, in summary, recent studies of ERO’s based on samples defined in the
near-infrared have converged upon a disk fraction of something like 30–40%.

So it seems there are surprisingly massive galaxies out there, and a lot of
them seem to be big disks. This brings us to Labbé et al. (2003), the first paper
in the Magnificent Seven collection. This paper is a head-on attempt to tackle
the abundance of evolved disk systems at z > 1.5. These authors report the
discovery of six systems that look a lot like big (scale sizes of order 10 kpc)
high-redshift disks at 1.5 < z < 3.0 in the Hubble Deep Field South. In spite
of the morphological work on EROs described in the previous paragraph, this
actually comes as quite a surprise, because over this redshift range no evolved
big disk candidates are seen in the Hubble Deep Field North! Cosmic variance
seems to be a significant factor in understanding these observations.

We now come face-to-face with the central problem plaguing all present in-
vestigations of high-redshift disks, and which we won’t be able to do anything
about soon. The problem is this: we now know that most of the action in terms
of mass-building is happening at z > 1, but until JWST flies or advances are
made in adaptive optics technology, one can only pick two out of the following
three characteristics when defining a survey:

(1) A survey with sufficient area to militate against cosmic variance at z > 1.

(2) A survey with sufficient depth to probe more than just the brightest parts of
galaxies at z > 1.

(3) A survey undertaken in the near-infrared, which is needed to probe more
than just the youngest stellar populations at z > 1.

2The 50–85% range brackets the E/S0 fraction, because about one third of the original sample could not be
classified due to low signal-to-noise in the HST images. If all of these uncounted objects are in fact disks or
irregulars, the fraction of E/S0 could be as low as 50%. On the other hand if they have E/S0 morphologies,
the total fraction would be 85%.
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Figure 2. Spectral synthesis predictions for signal-to-noise/pixel (the appropriate figure of
merit for work intended to probe resolved structures in galaxies) as a function of age for a 15ks
(∼ 5 orbit) exposure of a solar-neighborhood projected mass density seen at z=1 (left panel),
z=2 (middle panel), and z=3 (right panel). Grey regions in this plot are unobservable due to low
signal-to-noise. Another limit to accessible parameter space is the age of the Universe: curves
shown are limited to ages less than that of the Universe at each epoch of observation. Tracks
for various telescope/instrument combinations are shown. Dotted curves correspond to HST
F814W imaging with the WFPC2 camera, dashed curves correspond to HST z′ imaging with
the Advanced Camera for Surveys, and solid curves correspond to HST F160W imaging with
NICMOS. Calculations are based on a stellar population with an exponential star-formation
history with an e-folding timescale of 1 Gyr. A Miller-Scalo IMF and 30% solar metallicity is
assumed, as well as a common rebinned pixel scale of 0.1 arcsec/pixel for each instrument.

The discrepancy between what is seen in the HDF-N and what is reported
by Labbé et al. in the HDF-S clearly highlights the desirability of the first
of these characteristics. Figure 2 is an attempt to highlight the need for the
other two. This figure shows the signal-to-noise/pixel as a function of age and
redshift for HST observations of a projected stellar mass density corresponding
to that of the Milky Way at the solar radius. A fairly long 5-orbit integration
time is assumed. The region shown in gray is invisible even after a modest
amount of binning. Figure 2 shows that at z < 1, there is relatively little
bias in optical observations undertaken with HST. At this redshift, projected
mass densities corresponding the intermediate regions of large disk galaxies
are observable for around 70% of the maximum possible age for the galaxy
(defined as the age of the Universe at the epoch of observation). However, the
second panel in the figure shows that by z = 2 biases with optical HST imaging
are severe: structural information at optical wavelengths comes only from the
densest regions in galaxies (such as bulges), or from the youngest parts of
galaxies (such as bright star-formation complexes with ages of less 1 Gyr). By
z = 2 it is simply no longer possible to use optical data to compare fairly
fundamental characteristics, such as the size and morphology of galaxies, with
those of local objects, at least without much deeper imaging than is possible
with 5 orbits on HST (highlighting the need for observations that go as deep
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as the HDF). NICMOS allows mass densities comparable to those at the solar
neighborhood to be probed at z = 2, but this instrument has a small field of
view.

Given these problems, what is the best way forward? Of course, one ap-
proach is to simply wait a decade or so for JWST. Fortunately, there are good
prospects for making real headway from the ground in the next couple of years
using adaptive optics. The next paper in the Magnificent Seven collection,
Stockton et al. (2004), was included in my list for this reason. This paper re-
ports results from deep adaptive optics imaging of a single galaxy in the field of
a z = 2.48 QSO, and concludes that this system is an evolved disk. Although
AO imaging of a single object represents a fairly modest start, the conclusion of
this paper reinforces the basic premise of Labbé et al. (i.e. big evolved disks are
out there in reasonable abundance at z > 2). More importantly, the method-
ology is, I hope, a sign of things to come. Once Multi-Conjugate Adaptive
Optics systems come on-line (in about a year, as of this writing), areal cover-
age at high image quality should be even larger than that of NICMOS. I am
hoping that deep ground-based surveys of large numbers of putative disks at
z > 2 will become possible, at better than HST resolution, by the end of 2007.

The nicest exploitation of high-resolution infrared imaging in the Magnifi-
cent Seven series is the paper by Papovich et al. (2005). I like this paper very
much because the ethos it espouses is one I happen to share. Galaxies at high
redshift may not resemble those seen nearby, so why do we place so much em-
phasis on trying to shoehorn them into familiar classes? Shouldn’t we instead
focus more on simply trying to understand the nature of their diversity, with a
strong emphasis on their stellar populations, rather than on their transient mor-
phology? A powerful tool in this context is internal color dispersion, which
was first applied in this context by Abraham et al. (1999), but which is really
applied much more effectively in Papovich et al. (2005). These authors show
that at z ∼ 2 surprisingly few galaxies have a high internal color dispersion,
and those that do show signs of merging. Galaxies at z ∼ 1 seem to show more
diversity in their stellar populations. It is crucial to note that this analysis was
undertaken using NICMOS observations, which probe the rest-frame at visi-
ble wavelengths. Papovich et al. conclude that star formation at high redshifts
is ‘dominated by discrete, recurrent starbursts, which quickly homogenize the
galaxies’ stellar content’, and by comparing populations in two redshift bins
conclude that a different mode of star-formation is occurring at lower redshift.
The central conclusion is that there is a transition in the dominant mode of star
formation that occurs at z ∼ 1.5, which they associate with the emergence of
Hubble-sequence.

It seems to me that the picture painted in Papovich et al. (2005) can be made
to jibe very nicely with the cosmic downsizing, which also posits a transition
in the mode of star-formation for massive galaxies at similar redshifts (see,
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for example, Juneau et al. 2005). But on the other hand, it isn’t so obvious
that the picture of a non-diverse galaxy population at z > 2 is fully consistent
with what other observations are telling us. The next paper in the Magnificent
Seven collection, Toft et al. (2005), uses UDF observations to probe the rest-
frame optical and UV morphologies of a set of distant red galaxies. The surface
brightness distributions of the zphot > 2 galaxies are better fit by exponential
disks than by R1/4 laws, but the rest-frame optical morphology of these objects
is quite different from the rest-frame UV morphology. Generally speaking, all
the galaxies have red central components that dominate the NICMOS imagery,
coupled with off-center blue features that show up (and sometimes dominate)
the ACS imagery. The rest-frame optical and UV morphological properties of
the red galaxy population studied by Toft et al. seems rather diverse to me, and
they seem to be pointing to complex stellar populations already in place at z >
2. Toft et al. (2005) note that a complex star-formation history is also implied
by the broadband spectral energy distributions for these objects, which are
best modeled using extended star formation histories and contributions from
substantial quantities of dust.

While much of the work described so far supports the view that big disks
are already in place at z > 2, my faith in this conclusion is somewhat shaken
by the next Magnificent Seven paper, the dynamical study of Erb et al. (2004).
These authors present near-IR Keck spectra of Hα emission from 13 z ∼ 2
galaxies in the GOODS-N field, focusing primarily on very elongated systems
so that slits could be aligned along the bodies of the galaxies to probe velocity
shears most effectively. Because these galaxies are typically only a couple of
arcseconds long, these kinds of observations are clearly very challenging from
the ground in natural seeing. But Erb et al. (2004) focus only on the most
straightforward of questions about these objects: are they linear because they
are highly inclined disks, or because they are merging subunits? Amazingly,
and in spite of quite good seeing, it turns out that aligning a slit along the major
axis of one of these galaxies does not increase the probability of observing a
tilted emission line. Furthermore, Erb et al. also find that the elongated sub-
sample exhibits a significantly lower velocity dispersion than galaxies selected
at random from the parent Hα sample, the opposite of what one expects if
these linear objects were highly inclined disks. Erb et al. conclude that ‘it is
at least as likely that the galaxies’ elongated morphologies are due to merging
subunits’. So while earlier papers in the Magnificent Seven collection seem to
be telling us that big disks are fairly abundant at z ∼ 2, it seems that at least
some things we thought were big disks may turn out not to be disks after all. I
suspect that the Erb et al. (2004) paper is a first shot in what will probably be a
long campaign of dynamical analyses of these systems, now that AO-fed near-
infrared integral field units are on-line (e.g., OSIRIS on Keck, and SINFONI
on the VLT) or coming on-line (e.g., NIFS on Gemini).
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Figure 3. Ten clump clusters (figure taken from Elmegreen & Elmegreen 2005). The bar is
0.5 arcsec long, and the contour plots are in steps of 1σ sky noise, with the outermost contour
at 26.8 mag arcsec−2. Open question #1 is simple: what are these systems?



472 ISLAND UNIVERSES

The final paper in the Magnificent Seven collection is a beautiful paper by
Elmegreen & Elmegreen (2005) which, like Erb et al. (2004), seeks to deter-
mine whether or not a class of objects seen in HST data are (or are not) big
disks at high redshift3. Like Papovich et al. (2005), Elmegreen & Elmegreen
(2005) explore resolved colors, but the Elmegreens limit their focus to a set
of peculiar galaxies in the Ultra-Deep Field that are marked by an irregular
clumpy structure and no central bulge, referring to these objects as ‘clump clus-
ters’ (see Figure 3, taken from their paper). Using B-band, V -band, i-band,
and z-band images, these authors conclude clump clusters may well be related
to the so-called ‘chain galaxies’ seen at high redshifts (van den Bergh 1996;
Abraham et al. 1996), with both chains and clump clusters being early disks
viewed at random angles with intrinsic axial ratios less than 0.2. The disks ap-
pear to be ‘forming an early generation of stars in a small number of very large
star complexes. If these galaxies evolve into today’s disk galaxies, then we are
observing a stage in which accretion and star formation are extremely clumpy
and the resulting high velocity dispersions form thick disks.’ In essence, the
Elmegreens identify clump clusters with probable proto-disk systems4. Like
Erb et al. 2004, they do not come to a definitive conclusion, leaving open the
possibility that some of the clumps may merge into early-type systems. But
the paper represents the closest anybody has come (so far) to using UDF data
to try to take the bull by the horns and address the central question of whether
or not the peculiar high-redshift galaxy population really are big disks caught
in the process of forming.
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Abstract We present a brief discussion of the evolution of disk galaxy stellar masses,
sizes, rotation velocities, and star formation rates over the last eight billion years.
Recent observations have failed to detect significant evolution in the stellar mass
Tully-Fisher relation, stellar mass–size relation, and the stellar mass function of
disk galaxies. Yet, most z < 1 star formation is in disks, and this star formation
would be expected to drive a rapid growth of the total stellar mass (and therefore
mass function) of disks in the last eight billion years. Such a build-up is not seen;
instead, a rapid build-up in the total stellar mass in non-star-forming spheroid-
dominated galaxies is observed. Large numbers of disk-dominated galaxies are
systematically shutting off their star formation and building up a spheroid (or
losing a disk) in the epoch 0 < z < 1.

Keywords: galaxies: evolution - galaxies: fundamental parameters - infrared : galaxies

The evolution of disk galaxy scaling relations — e.g., the luminosity–line-
width (Tully-Fisher) relation, or the luminosity–size or stellar mass–size re-
lations — give insight into the evolution of the masses, stellar populations
and angular momentum contents of galaxy disks. Luminosity and stellar mass
functions give yet deeper insight, as they show how galaxies populate these
scaling relations. Here, we present a very brief overview of some recent in-
sights into the evolution of disk galaxy scaling relations, their stellar mass func-
tion, and to explore the interplay between star formation and the growth of stel-
lar mass. We will consider only z < 1, or the last eight billion years or so, given
a concordance cosmology (Ωm,0 = 0.3, ΩΛ,0 = 0.7, H0 = 70 km s−1 Mpc−1).
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1. (Non)-Evolution of Disk Galaxy Scaling Relations

The evolution of disk galaxy scaling relations has proven difficult to robustly
determine, and some issues remain contentious. In some cases (the Tully-
Fisher relation: Vogt et al. 1996 vs. e.g., Boehm et al. 2004) it is not clear
where the source of the discrepancies lie. In other cases (the luminosity/stellar
mass–size relations: e.g., Ravindranath et al. 2004 vs. Barden et al. 2005) the
source of the discrepant interpretations has been resolved (see the discussion
in Barden et al. 2005).

Barden et al. (2005) present an analysis of the evolution of the disk galaxy
luminosity–size, and stellar mass–size relation over the epoch 0 < z < 1 from
the HST/GEMS (Galaxy Evolution from Morphology and SEDs; Rix et al.
2004) survey of the Extended Chandra Deep Field South. They chart the evo-
lution of the distribution of disk sizes from z = 0 (using the SDSS) to grad-
ually higher and higher redshift, carefully quantifying the effects of surface
brightness dimming and incompleteness. At z > 1.1, the surface brightness
limit of GEMS starts to significantly eat into the disk galaxy population, there-
fore they limited their study to z < 1.1. Using this sample of galaxies with
well-understood and modest completeness corrections, they conclude that:

there has been significant evolution in the luminosity–size relation, such
that galaxies at z = 1 have roughly 1.5 mag arcsec−2 brighter rest-frame
B-band surface brightnesses than galaxies of equivalent luminosity to-
day; and

that most of this evolution is attributable to the fading and reddening of
stellar populations as they age from z = 1 to the present day, i.e., there
is no detectable evolution in the stellar mass–size relation for galaxies
with M∗ > 1010M⊙.

The evolution of the Tully–Fisher relation remains a contentious issue. None-
theless, important progress is still being made. A novel contribution was made
recently by Conselice et al. (2005), who presented a study of the z < 1 evolu-
tion of the near-IR and stellar mass Tully-Fisher relations using a new sample
of rotation velocities in conjunction with ground-based optical and near-IR
data (for constructing optical/near-IR broad-band SED masses). Their analysis
ruled out substantial evolution in the stellar mass Tully-Fisher relation1.

Also recently, a number of groups have studied the evolution of the stellar
mass function of galaxies split either by morphological type or color. These

1They then use this as an argument that the dark matter content and baryonic content of disks grow in
lockstep, arguing that the stars were a good probe of baryonic mass and the rotation velocity was a good
probe of dark mass. Yet, it is important to note that if the bulk of massive disks are maximum-disk (i.e.,
their baryonic content dominates their rotation velocity; e.g., Kassin et al. 2006, Kassin et al. this volume)
then one also expects no evolution in the stellar mass Tully-Fisher relation.
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cuts are, at a very general level, largely equivalent — most red galaxies are
morphologically early-type and the bulk of blue galaxies are morphologically
late-type out to z = 0.7 at least (Strateva et al. 2001; Bell et al. 2004). A
general conclusion is that the stellar mass function of blue/disk galaxies does
not evolve significantly since z = 1 (see Brinchmann & Ellis 2000 for first
indications of this result; Bundy et al. 2006; Borch et al. 2006)2.

It would appear that none of the scaling relations defining disk galaxy struc-
ture or dynamics, or indeed the space density of disk galaxies at a given mass,
significantly change in the last eight billion years. It is as if the disk galaxy

population resolved to do nothing for the last eight billion years except age.

Yet, there is one observational constraint that has not yet been brought to
bear on the problem, which seems to give interesting and incisive insight: the
evolution of disk galaxy star formation rates.

2. Eight Billion Years of Star Formation in Disks

With the advent of Spitzer, it has been possible to explore the star formation
rates of galaxies at z < 1 with unprecedented accuracy: fully 50% of the
z = 1 cosmic SFR has been resolved into individual galaxies with deep 24µm
surveys (Le Floc’h et al. 2005; Zheng et al. 2006). One key result is that the
bulk of z < 1 star formation is in disk galaxies: the order-of-magnitude decline

in cosmic SFR is the result of processes which are shaping the evolution of disk

galaxies (Bell et al. 2005; Melbourne et al. 2005; Wolf et al. 2005).
We explore this issue further in Fig. 1. Here, we show the contribution of

different types of galaxy to the cosmic SFR and stellar mass budget at z < 1:
such an analysis requires the assumption of a universally-applicable stellar
IMF, and we adopt the parameterization of Chabrier (2003) in what follows.
Full circles show the total SFR/stellar mass. Open diamonds show the esti-
mated contribution from early-type galaxies. These were selected to be on the
red sequence and have concentrated light profiles, with Sersic indices n > 2.5
derived from HST/ACS F850LP imaging data from GEMS. This selection is
analogous to that used by McIntosh et al. (2005) for their study of the early-
type galaxy stellar mass–size relation. Asterisks show the contribution all other
galaxies, dominated by n < 2.5 galaxies (i.e., less concentrated, typically disk-
dominated galaxies) with a small contribution from blue galaxies with n > 2.5
(which are often blue disks with significant bulges, or ongoing galaxy merg-
ers). Other ways of splitting the sample — e.g., a pure n = 2.5 split, a pure

2The oft-cited ∼ 1.5 magnitude fading of the characteristic luminosity L∗ of the disk galaxy population
from z = 1 to the present is more-or-less accounted for by the expected fading and reddening of the ageing
stellar populations in blue star-forming disks: thus, the characteristic stellar mass of disks does not appear
to evolve a large amount during the last 8 billion years (Lilly et al. 1995; Willmer et al. 2006; Borch et al.
2006; Blanton 2006)



478 ISLAND UNIVERSES

blue/red split, or splits by visual morphology — produce qualitatively similar
results to those shown in Fig. 1. The total stellar mass budget is derived from
three COMBO-17 photometric redshift survey fields (see Borch et al. 2006);
the type-split stellar mass and all SFR budgets used in the argument below were
derived from only one field, the extended Chandra Deep Field South for which
both HST/ACS data and Spitzer data were available. Uncertainties from cos-
mic variance have been estimated by exploring field-to-field variation in stellar
mass budget of the red and blue galaxy populations (from COMBO-17). The
z = 0 point is taken from the SDSS/2MASS (Bell et al. 2003).

In the upper panel of Fig. 1 we show the evolution of the cosmic star forma-
tion rate for all galaxies derived from Spitzer 24µm observations (solid circles;
Le Floc’h et al. 2005; Bell et al. in prep.; and grey error bars show the compi-
lation from Hopkins 2004). The asterisks show the evolution of the integrated
SFR density in blue/disk-dominated galaxies; the diamonds the contribution
from red, early-type galaxies. It is clear that the bulk of star formation is in
blue and disk galaxies at all z < 1.

What do these SFRs predict for the build-up of stellar mass in disks? This
is explored in the lower panels of Fig. 1, where we compare the evolution of
the integrated stellar mass density with the integral of the star formation rate
of different galaxy populations. The evolution of the integrated stellar mass
density in all galaxies (solid circles), blue and disk galaxies (asterisks) and red
spheroid-dominated galaxies (diamonds) is shown. The lines show the integral
of the cosmic SFR: clearly, the evolution of the total cosmic SFR (solid line)
is compatible with the observed build-up in cosmic stellar mass density from
z = 1 to the present day, with some 40% of stars being formed in this epoch.

Disk galaxies contain the bulk of the star formation. Thus if one assumes
that the disk galaxy population is a closed box (i.e., all stars ever formed in
disks stay there) then one can predict the growth in the total disk stellar mass
density. This result is shown by the dotted line. It is difficult to argue that this
mismatch is some kind of catastrophic failure of the stellar mass/SFR estima-
tion methodology: completely standard calibrations were used, and the integral
of the cosmic SFR indeed reproduces well the build-up of stellar mass at z < 1.
Instead, it is clear that the disk galaxy population is not a closed box. The key
to understanding this issue lies in exploring the stellar mass growth in spheroid-
dominated galaxies: the total stellar mass in spheroids increases significantly
from z = 1 to the present day, while almost no star formation happens in the
spheroid-dominated galaxy population. Large numbers of disk-dominated

galaxies are systematically shutting off their star formation and building

up a spheroid (or losing a disk) in the epoch 0 < z < 1. The physical
processes that are responsible for these transformations are as yet unclear, and
might include bar-induced instabilities, merging with satellites or companions,
or suppression of star formation by ram-pressure stripping or galactic winds.



Eight Billion Years of Disk Galaxy Evolution 479

Figure 1. The cosmic evolution of star formation rate and stellar mass (filled circles and solid
lines), split into contributions from the red, morphologically early-type galaxies (diamonds and
dashed lines) and all other galaxies (asterisks and dotted lines; dominated by disk galaxies).
In the uppermost panel, determinations of cosmic SFR are shown also in grey, adopted from
Hopkins (2004). In the lower panels, the data points show the observed evolution of stellar
mass as a function of redshift. The solid line shows the predicted build-up of stellar mass,
assuming the star formation history shown by the solid line in the upper panel (assuming for gas
recycling); it is clear that the integral of the cosmic star formation history predicts the cosmic
evolution of stellar mass at z < 1 reasonably accurately. The dotted line shows the predicted
evolution of total stellar mass assuming that all stars that form in blue/disk galaxies remain in
blue/disk galaxies (i.e., if the blue cloud evolves like a closed box). The dashed line shows the
corresponding evolution for early-type galaxies.
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3. Discussion

This has important implications for how one interprets the non-evolution of
disk galaxy scaling relations. Whereas one could have, without the measure-
ment of the disk galaxy SFRs, postulated that disks were a non- or slowly-
evolving population, the evolution of such (expected) rapid star formation-
driven build-up in mass makes this interpretation meaningless. Instead, as
low-mass disk galaxies are growing in mass (as they must, to replace the disks
sacrificed for the ever-growing spheroid-dominated galaxy population), they
must be growing also in rotation velocity (to preserve the non-evolving Tully-
Fisher relation) and size (to preserve the non-evolving mass–size relation) —
at least in an average sense. Furthermore, in this picture, the non-evolution of
the stellar mass function of disks is a vital constraint: any mechanism which is
transforming disks into spheroids must ‘take’ disks from the stellar mass func-
tions at such a rate that they can be approximately replaced by star formation-
related growth of lower-mass disks.
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Abstract We present the evolution of the luminosity–size and stellar mass–size relations
of luminous (LV >3.4×1010h70

−2L⊙) and of massive (M⋆>3×1010h70
−2M⊙)

galaxies in the last ∼11 Gyr. We use very deep near–infrared images of the
Hubble Deep Field–South and the MS1054-03 field in the Js, H and Ks bands
from FIRES to retrieve the sizes in the optical rest–frame for galaxies with z>1.
We combine our results with those from GEMS at 0.2<z<1 and SDSS at z∼0.1
to achieve a comprehensive picture of the optical rest–frame size evolution from
z=0 to z=3. For less concentrated or disk–like objects, the galaxies at a given
luminosity were typically ∼2.3±0.2 (±1 σ) times smaller at z∼2.5 than those
we see today. The stellar mass–size relation has evolved significantly less: the
mean size at a given stellar mass was ∼1.5±0.1 times smaller at z∼2.5. For disk
galaxies, the weak redshift–dependence of the stellar mass–size relation would
follow naturally if the individual galaxies grow inside–out, evolving “along” the
relation.

Keywords: galaxies: fundamental parameters - galaxies: evolution - galaxies: structure -
galaxies: high redshift
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1. Introduction

Over the last decades (starting with Fall & Efstathiou 1980 and Fall 1983)
there has been a substantial effort on understanding, theoretically and through
observations, how galaxies have reached their current sizes over cosmic time.
The evolution of individual galaxies is not directly observable. However, look–
back studies can provide extensive information on how the population proper-
ties of galaxies have changed with cosmic epoch.

As a result of the dearth of very deep near-infrared (NIR) images, most
of the studies using the rest-frame optical have been limited in redshift up
to z ∼1. To properly compare with local optically selected samples and to
trace the size evolution in a consistent fashion at z>1 one needs to use very
deep NIR data. On doing that any observed size evolution would then reflect
true evolutionary changes not subject to the changing appearance of galaxies
in different bandpasses. In addition to the use of rest-frame optical sizes, it
would be of great help to facilitate a direct comparison with the theoretical
expectations if the size evolution could be measured at a given mass rather
than a given luminosity. An approach is to estimate the stellar masses from the
rest-frame colors and spectral energy distributions (SEDs).

With the above ideas in mind we performed an exploratory work (Trujillo et
al. 2004) to probe the evolution of the luminosity–size and stellar mass–size re-
lations of the galaxies out to z∼3. That work used very deep NIR images of the
Hubble Deep Field–South (HDF–S) from the Faint Infrared Extragalactic Sur-
vey (FIRES; Franx et al. 2000). We found that the rest-frame V -band sizes of
luminous galaxies (<LV >∼4×1010 h70

−2L⊙) at 2<z<3 were 3 times smaller
than for equally luminous galaxies today. In contrast, the mass–size relation
had evolved relatively little: the size at mass (<M⋆>∼4×1010h70

−2M⊙), had
changed by 20% (±20%) since z∼2.5.

In the present work we add to the above data set the results from the analysis
of the ∼ 4 times larger MS1054–03 FIRES field. In addition, we make a
detailed comparison of our results with those found in the Sloan Digital Sky
Survey (SDSS; York et al. 2000) at z∼0.1 and in the Galaxy Evolution from
Morphology and SEDs (GEMS; Rix et al. 2004) survey at intermediate redshift
0.2<z<1. This allows us to follow in detail the evolution of the luminosity–
size and stellar mass-size relations of the luminous galaxies over the last ∼ 11
Gyr. All magnitudes in this work are given in the AB system unless otherwise
stated. Throughout, we will assume a flat Λ-dominated cosmology (ΩM =0.3,
ΩΛ=0.7 and H0=70 km s−1 Mpc−1).

2. FIRES: Data and Rest-frame Size Estimations

The data used were obtained as part of FIRES, a NIR survey of the HDF–S
and MS 1054–03 fields carried out at the VLT. The NIR images were obtained
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using ISAAC. The HDF–S was imaged for 33.6 hr in Js, 32.3 hr in H, and 35.6
hr in Ks in a single 2.′5 × 2.′5. The NIR data were complemented with deep
optical publicly available HST WFPC2 imaging. For the MS 1054–03 field, 77
hr of ISAAC integration time was obtained in a 5′ × 5′ mosaic of four point-
ings. Already existing mosaics in the WFPC2 V606 and I814 bands were used.
In addition, Bessel U, B, and V band imaging with the VLT FORS1 instrument
were collected. The depth (3 σ) reached was 26.8 mag in Js, 26.2 mag in H,
and 26.2 mag in Ks for point sources in the HDF–S. The MS 1054–03 field
surveys an area four times larger down to ∼ 0.7 mag brighter magnitudes. The
effective seeing in the reduced images is approximately 0.′′47 in all NIR bands
in the HDF–S and 0.′′49 in the MS 1054–03 field.

Photometric redshifts zph, as well as the rest-frame optical luminosities,
were estimated by fitting a linear combination of redshifted SEDs of galaxies of
various types (Rudnick et al. 2001, 2003). Comparison with available spectro-
scopic redshifts zsp implies an accuracy of δz≡< |zsp−zph|/(1+zsp) >=0.074
for both fields. To ensure sufficient signal-to-noise ratio for the subsequent
size determinations we selected only galaxies with Ks≤23.5 in the HDF–S
and Ks≤23 in the MS 1054–03 field.

The stellar mass-to-light (M/L) ratio and hence the stellar masses of the
objects are estimated using rest-frame (B–V ) color and SEDs similar to that
of Bell & de Jong (2001). The galaxy sizes used in this paper are measured
in the observed band that is closest to the rest-frame V -band at every redshift;
this means Js for galaxies with 1<z<1.5, H for galaxies with 1.5<z<2.6 and
Ks for galaxies with 2.6<z<3.2. The structural properties of the galaxies are
estimated from a Sérsic’s r1/n model, convolved with the image point-spread
function (PSF).

3. The Observed Luminosity/Stellar Mass vs Size
Relations at High–z

In Figure 1 our sample is split in three different redshift bins: 1<z<1.4,
1.4<z<2 and 2<z<3.2. This separation allows us to study the galaxies in
roughly equal time intervals of ∼1.2 Gyr.

Overplotted on our observed distributions are the mean and dispersion of
the distribution of the Sérsic half-light radii from the Sloan Digital Sky Survey
(Shen et al. 2003) galaxies. We use the “local” SDSS sample for reference.
The mean of the SDSS galaxies redshift distribution used for comparison is
0.1. We use the sizes and the shapes estimated in the observed r-band as this
closely matches the V -band rest-frame filter at z∼0.1.

In the first row, our sample is compared to the total population observed by
SDSS, whereas in the second row we compare with the galaxies classified by
Shen et al. as late-type and in the third row with those classified as early-type.
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Figure 1. Distribution of the rest-frame optical sizes vs. the rest-frame V -band luminosities
for all galaxies from FIRES. Galaxies from the HDF–S field are shown by open squares and
galaxies from the MS1054 field by filled circles. The different rows show the galaxies separated
according to their Sérsic index concentration parameter. Overplotted on the observed distribu-
tion of points are the mean and dispersion of the distribution of the Sérsic half-light radius of the
SDSS galaxies (in the “V -band”) as a function of the V -band luminosity. The second and third
row show the SDSS distributions separating into late and early type respectively. For clarity
individual error bars for the FIRES data are not shown; the mean size relative error is 30%.

Figure 1 shows that at a given luminosity, galaxies are progressively smaller at
higher z. Of course, this evolution of the luminosity–size relation can be inter-
preted differently: at a given size, galaxies were more luminous at higher z.

To quantify the evolution of these relations as a function of redshift, we
evaluate the ratio between the observed size and the expected size (at a given
luminosity) from the SDSS distribution versus z. Galaxies at z∼2.5 with
LV > 3.4×1010 h70

−2 L⊙ are ∼2.5 times smaller than for equally luminous
galaxies today. We have also explored the relation between stellar mass and
size for our sample (see Trujillo et al. 2005; Fig. 9). The stellar mass–size dis-
tribution evolves less than the luminosity–size relation at high-z. Galaxies with
M⋆>3×1010h70

−2M⊙ and z>1.5 have slightly smaller sizes than do equally
massive galaxies today.
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Figure 2. Redshift evolution of the ratio between the observed size and the present-day mean
size at a given luminosity (upper panels), and the analogous ratio at a given mass (lower panels).
The present-day values are derived from the SDSS sample (Shen et al. 2003). The comparison
is restricted to the luminous (LV >3.4×1010h70

−2L⊙) and to massive (M⋆ 3×1010h70
−2M⊙)

galaxies. Open squares correspond to the GEMS sample (McIntosh et al. 2005; Barden et al.
2005) for galaxies with z<1 and solid points indicate the results from FIRES. The star indicates
our local reference values from SDSS (mean z∼0.1). We present the dispersion (dashed error
bars) of the distribution and the uncertainty (2 σ) at the mean determination (solid error bars).
The open circles correspond to a 7% correction of the sizes to model the size bias found through
a comparison with NICMOS data (see Trujillo et al. 2005 for details). Left column: The
dashed lines illustrate the expected evolution (Mo et al. 1998) at a fixed at fixed halo mass
R∝H−2/3(z) normalized to be 1 at z=0.1. The predicted size evolution at a given luminosity
for Milky Way type objects (from the Bouwens & Silk 2002 infall model) is indicated with
a solid line in the upper left panel. In the lower left panel we show (dotted line) the Mo et
al. (1998) size evolution at a given halo mass corrected by the evolution of the stellar to halo
mass fM (z)=(Mhalo/M⋆)1/3(z). The solid line accounts for the transformation of the gas settled
in the disk into stars by multiplying the above correction for an extra factor fS(z)=R⋆/Rdisk(z).
Right column. The different lines illustrate the expected size evolution if the local luminosity–
size relation for early-type galaxies is evolved in luminosity as expected for single-age stellar
population models with different formation redshift [computed assuming a Salpeter (1955) IMF
using the PEGASE (Fioc & Rocca-Volmerange 1997) code].
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4. GEMS: Comparison of FIRES Data to the Evolution at
z<1

In order to make a consistent comparison at lower redshifts with FIRES, we
use the data from the largest sample currently available at intermediate red-
shift: the GEMS survey. The luminosity–size and stellar mass–size relations
of this survey are presented in Barden et al. (2005; late-type galaxies) and
McIntosh et al. (2005; early-type galaxies). Using their measurements of size,
luminosity, mass, redshift and completeness we have repeated the same analy-
sis as for the FIRES sample. To assure homogeneity with the FIRES sample
we have only selected GEMS galaxies with LV > 3.4×1010 h70

−2 L ⊙ (in the
case of the luminosity–size relation) and M⋆ > 3×1010 h70

−2 M⊙ (in the case
of the stellar mass–size relation). The resulting size evolution from both sur-
veys together are shown in Fig. 2. From this comparison we see that the z<1
evolution (GEMS) and z>1 evolution (FIRES) derived from two independent
analyses and data sets match very well. Comparison with different theoretical
expectations is done in Fig. 2.
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Abstract We present results from a study to determine how star formation contributes
to galaxy growth since redshift z = 1.5. Using galaxies from the MUnich
Near-Infrared Cluster Survey (MUNICS) and the FORS Deep Field (FDF), we
investigate the specific star formation rate (SSFR, star formation rate [SFR] per
unit galaxy stellar mass) as a function of galaxy stellar mass and redshift. We test
the compatibility of our results with a sample drawn from a larger volume using
the Sloan Digital Sky Survey. We find that the SSFR decreases as galaxy stellar
mass increases, suggesting that star formation contributes more to the growth
of low-mass galaxies than high-mass galaxies at all redshifts in this study. We
also find a ridge in the SSFR that runs parallel to lines of constant SFR and
decreases by a factor of 10 from z = 1 to today, matching the results of the
evolution in SFR density seen in the “Lilly-Madau” diagram. The ridge evolves
independently of galaxy stellar mass to a particular turnover mass at the high
mass end. Galaxies above the turnover mass show a sharp decrease in SSFR
compared to the average at that epoch, and the turnover mass increases with
redshift.

Keywords: galaxies: evolution - galaxies: stellar content - surveys

Introduction

In an effort to study galaxy assembly, we look at the contribution of star
formation (SF) to the growth of stellar mass in galaxies as a function of time.
Stellar mass functions reveal that 50% of the local stellar mass density was
in place by z = 1 (Drory et al. 2005). The stellar mass function describes
the build up of stellar mass over cosmic time, but does not identify possible
causes of growth for individual galaxies: mergers, tidal interactions, internal
star formation, etc.

The well known “Lilly-Madau” diagram shows the star formation rate (SFR)
density decreasing by a factor of 10 since z = 1 (Madau et al. 1996, Lilly
et al. 1996), a result similarly concluded by measurements from SFR indica-
tors covering nearly the full electromagnetic spectrum (e.g., Perez-Gonzalez
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et al. 2005). These results, however, give no indication of where the SF is
taking place. Do all galaxies experience a factor of ten decrease in SFR? Is
this trend dominated by high mass galaxies ending SF or by low mass galaxies
initiating large amount of efficient SF? How and where are half of the local
stars formed while the global SFR in decreasing by a factor of 10?

Cowie et al. (1996) used rest-frame K-band (2.2µm) luminosities and [OII]
λ3727 equivalent widths to show that galaxies with rapid SF decrease in K
luminosity, and therefore mass, with decreasing redshift. A more direct mea-
sure of this association is the the specific star formation rate (SSFR, Guzman et
al. 1997, Brinchmann & Ellis 2000), which measures the SFR per unit galaxy
stellar mass, to study explicitly how SF contributes to galaxy growth for galax-
ies of different masses at different times in the history of the universe.

We combine two complementary redshift surveys to broaden the mass and
redshift range that we can probe. The wide-area, medium deep MUNICS
(Drory et al. 2001, Feulner et al. 2003) spectroscopic dataset provides inter-
mediate to high mass galaxies typically in the mass range of M∗ ≥ 1010M⊙.
The FORS Deep Field (Heidt et al. 2003, Noll et al. 2004) covers a small
portion of the sky very deeply, contributing M∗ < 1010 M⊙ galaxies to the
sample.

We adopt an ΩM = 0.3, ΩΛ = 0.7, H0 = 72 km s−1Mpc−1 cosmology.

The Galaxy Data

The galaxies used in this study are gathered from the MUnich Near-Infrared
Cluster Survey (MUNICS; Drory et al. 2001; Feulner et al. 2003) and the
FORS Deep Field (FDF; Heidt et al. 2003; Noll et al. 2004). The MU-
NICS project is a wide-area, medium-deep, photometric and spectroscopic
survey selected in the K-band, reaching K ∼ 19.5, and including BVRIJK.
Spectroscopy is complete to K ∼ 17.5 over 0.25 square degrees and reaches
K = 19.5 for 100 square arcmins. The spectra cover a wide wavelength range
of 4000− 8500 Å at 13.2 Å (FWHM) resolution, sampling galaxies in the red-
shift range of 0.07 < z < 1. Our MUNICS sample contains 202 objects, which
are mostly massive (M∗ > 1010M⊙) field galaxies with detectable [OII]λ3727
emission.

The FORS Deep Field (FDF) spectroscopic survey provides low-resolution
spectra with detectable [OII]λ3727 in the spectral window (3300 − 10000 Å
at 23 Å (FWHM) resolution) to z = 1.5. The FDF survey is I-band selected
reaching IAB = 26.8 with spectroscopy to IAB = 24. The FDF covers 7′ x 7′

in eight bands: UBgRIzJK. Our FDF sample includes 152 galaxies with
detectable SF, and masses of mostly M∗ < 1010M⊙.

The trends seen among the FDF and MUNICS galaxy surveys exhibit sim-
ilar evolution in their overlapping mass range around M∗ = 1010M⊙ and
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are therefore suitable to analyze simultaneously to cover such a large range of
galaxy stellar mass.

We developed an automated spectral measurement routine to consistently
determine the fluxes of emission lines. We use the flux of the [OII] λ3727
emission feature, which remains in the spectral window to z = 1.5, as a SFR
indicator. We use the Kennicutt (1998, Equation 3) conversion from [OII] line
luminosity to SFR in units of solar masses per year.

Stellar masses are determined for each galaxy by fitting a grid of composite
stellar population models of varying age, star formation history, and dust ex-
tinction to multi-wavelength photometry to determine individual mass-to-light
(M/L) ratios. This process is described in detail in Drory et al. (2004a).

Specific Star Formation Rates

Redshift and SFR distributions for both samples can be found in Figure 1
of Bauer et al. (2005). The majority of galaxies in the full samples (52% for
MUNICS and 80% for FDF) have detectable SF, via the [OII]λ3727 emission
feature, and the closely matching redshift distributions indicating little redshift
bias in sample selection. The maximum SFR increases with redshift, and is
consistent between the two samples.

Figure 1 shows the SSFR versus galaxy stellar mass as a function of redshift,
to z = 1.5. The open squares show MUNICS galaxies, the closed squares are
FDF galaxies and the crosses in the lowest redshift bin are SDSS galaxies
to be discussed in more detail later. Galaxies of low to intermediate stellar
mass form a “ridge” in SSFR running parallel to lines of constant SFR in each
redshift bin. The ridge exists in all redshift bins until, at some high “turnover”
mass, the SSFRs drastically decrease, as expected for the higher mass, early-
type, redder galaxies which tend to form fewer stars after z = 1. The turnover
mass increases with redshift, showing higher SSFR for higher mass galaxies at
earlier times, a process termed “downsizing” by Cowie et al. (1996).

A correlation exists between SSFR and mass (e.g., Brinchmann & Ellis
2000). Here we show this correlation evolves with redshift up to z = 1.5
independently of galaxy stellar mass. The ridge in the SSFR shifts downward
as redshift decreases, indicating a steady decrease in the global SFR, from 10
M⊙yr−1 at z = 1.5 to 1 M⊙yr−1 at z = 0, agreeing with concurring trends in
the “Lilly-Madau” diagram (Madau et al. 1996, Lilly et al. 1996) determined
from a large variety of SFR indicators (see compilation by Hopkins 2004).
Similar trends are also identified in the large sample of Feulner et al. (2005).
While detecting the lowest SFRs at any epoch is affected by incompleteness,
the evolution of the upper envelop is independent of selection effects.

In the present study we apply no corrections for extinction to the [OII] emis-
sion line fluxes. For the 10% of the galaxies where we have the necessary
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Figure 1. Specific Star Formation Rates versus Galaxy Stellar Mass. The open squares
are MUNICS galaxies, filled squares represent FDF galaxies, the crosses show SDSS galaxies
chosen to match the photometric limits of the MUNICS sample, and the triangles show 1 σ
upper limits for SSFR. The solid diagonal line identifies a constant SFR = 1 M⊙yr−1. The
dotted lines show the mass limits (vertical) and detectable star formation limits for the MUNICS
survey while the dashed lines show the lower limits for detectable SSFR for FDF, derived from
the spectroscopic sensitivity limits. Estimated error bars, appropriate for the majority of galaxies
are shown in the 0.4 < z < 0.7 bin.

Balmer emission lines to perform a proper dust correction, we find an average
E(B − V ) = 0.2, assuming a case B recombination. We feel it necessary
to apply a unique dust correction to each galaxy (Maier et al. 2005) and con-
sider a flat correction determined from a small sample of low redshift galaxies
irrelevant to the differential SF studied here.

To ensure that the increase in SSFR at higher redshifts is not due to rarer
objects being seen as larger volumes are probed, we investigate the trends in
SSFR from the SDSS. We collected SDSS galaxies (Abazajian et al. 2004)
selected to match the MUNICS magnitude limits as described in (Drory et
al. 2004b), and determined stellar masses in the same way as the rest of our
sample. We used the reported [OII]λ3727 emission line flux from the SDSS
and followed the same Kennicutt (1998) conversion to SFR.

We chose a random sample of SDSS galaxies to match the number of galax-
ies in the lowest redshift bin from MUNICS and FDF and show them in Fig. 1
as crosses. The consistent SSFR between all galaxies samples, confirmed by
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choosing several sets of SDSS galaxies, shows that our results are not due to
volume effects in the low redshift bin.

Discussion

We present a study of the contribution of star formation (SF) to the growth
of stellar mass in galaxies since z = 1.5 showing the SSFR versus galaxy
stellar mass as a function of redshift over five decades in galaxy stellar mass.
At all redshifts, the SSFR decreases as stellar mass increases. This indicates a
higher contribution of SF to the growth of low mass galaxies since z = 1.5 and
suggests that high mass galaxies formed the bulk of their stellar content earlier
than z = 1.

Figure 1 shows evidence of a ridge in SSFR that runs parallel to lines of con-
stant SFR. The ridge exists for all galaxy stellar masses M∗ = 107 − 1011M⊙

and increases uniformly, independent of mass as redshift increases. The first
evidence for such a ridge and an upper bound in SSFR, moving to higher SFRs
with increasing redshift was noted by Brinchmann & Ellis (2000). Our work
moves beyond that study with spectroscopy of a mass limited sample at each
redshift bin, covering a wide range of masses (Bauer et al. 2005).

Galaxies exist on Fig. 1 only when the SF induces detectable amounts of
[OII] λ3727 emission. Our mass-selected galaxy samples, while not biased to-
wards identifying star-forming galaxies, still show detectable SF in a majority
(50 − 80%) of the galaxies at any epoch. Many studies focus on disentangling
different stages in the lifetimes of individual galaxies. While this remains a dif-
ficult task, common trends in evolutionary paths have identified stages where
detectable star formation occurs. One such stage is represented by a population
of highly star forming, dust enshrouded, luminous IR galaxies (LIRGs) which
are known to be much more common at z > 1 than they are today (e.g., Flores
et al. 1999, Perez-Gonzalez et al. 2005). It is most likely that LIRGs corre-
spond to short bursts of intense SF induced by recent merging or gas infall
(Hammer et al. 2005). These brief bursts represent only occasional phases and
not normal stages of SF in galaxy lifetimes, and we could possibly be detecting
the low mass galaxies during LIRG phases.

The first studies of the evolution of the SFR from Spitzer Space Telescope

24 µm data have recently been published (Bell et al. 2005, Perez-Gonzalez
et al. 2005). The SSFR evolution with stellar mass and redshift largely agrees
with the work presented here for the low to intermediate mass galaxies, but
show more scatter towards higher SSFRs in the high mass regime. While ther-
mal IR observations detect the highly dust obscured objects missed by optical-
and NIR-selected samples, a large uncertainty remains in converting the ob-
served light into the total IR flux. The amount of dust heated by old stars is
unknown. Since the most massive galaxies contain the largest populations of
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old stars locally (e.g., Kennicutt et al. 1994) and at high redshifts (Drory et
al. 2005), there is a possible tendency to overestimate the IR-derived SFR at
higher stellar masses.

Large new surveys greatly improve our working understanding of galaxy
evolution and stellar mass build up in the universe, but many uncertainties
persist while we seek to understand the contributing components of new data.
It remains important to continue multi-wavelength studies of galaxy evolution
in seeking concordance among various methodologies.
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DISK GALAXIES AT HIGH REDSHIFT?

Max Pettini

Institute of Astronomy, Madingley Road, Cambridge, CB3 0HA, England

pettini@ast.cam.ac.uk

Abstract While many of the characteristics of the star-forming galaxies now being sur-
veyed in large numbers at z = 2 − 3 are reminiscent of elliptical galaxies and
bulges, the progenitors of today’s spiral disks have proved more difficult to iden-
tify, probably because they were smaller and fainter at these early epochs. It will
be many years yet before we can probe interstellar Hi gas in 21 cm emission at
these redshifts, but the Hii regions of UV-bright galaxies will soon be mapped
on kpc-scale from the ground with new instrumentation designed to work with
laser-guided adaptive optics. This will be our best chance to measure disk-like
rotation at high redshift.

Keywords: galaxies: high-redshift - galaxies: spiral - galaxies: kinematics and dynamics -
galaxies: formation

1. Introduction

In the last few years the high redshift universe has spectacularly opened up
to direct observations. Galaxies have been discovered at redshift up to nearly
z = 7; large scale surveys have yielded thousands of galaxies with spectro-
scopic confirmation in well defined redshift intervals, including some which
only a few years ago were considered inaccessible, such as the ‘redshift desert’
at z ≃ 1.5 − 2.5; and deep imaging campaigns have measured their emission
over most of the electromagnetic spectrum from X-rays to radio wavelengths.

The main motivation common to all of these observational programmes is
the desire to link the properties of high redshift galaxies with those we see
around us today and thereby understand the physical processes at play in the
formation and evolution of structure in the universe. It is perhaps a surprise
to many of the participants of this meeting to realise that much of the effort
so far has focused on the identification of the progenitors of today’s elliptical
galaxies and massive bulges, and that comparatively little attention seems to
have been paid in direct imaging surveys to what might be the ancestors of
disk galaxies like the Milky Way.
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Figure 1. Left: Model spectral energy distributions (continuous line) which best fit the rest-
frame UV to near-IR photometry of Q1700-BX536, a typical star-forming galaxy at z≃2. The
bottom curve shows the result of fitting to the UGRK magnitudes only, excluding the Spitzer

IRAC data points. The parameters values which characterise the best-fitting model—e-folding
time scale of declining star formation, age, and assembled stellar mass—are given in the bottom
right-hand corner. Right: Histograms of assembled stellar masses for the 72 BX galaxies with
spectroscopic redshifts in the field of the zem=2.72 QSO HS1700+643. The median stellar
mass of z≃2 galaxies brighter than R≃25.5 is 2 × 1010M⊙. (From Shapley et al. 2005.)

2. Star-Forming Galaxies at z
∼
> 2: Ellipticals and Bulges

in the Making

Galaxies directly detected in imaging surveys at optical, infrared, and sub-
mm wavelengths all share many characteristics highly suggestive of an evo-
lutionary link with today’s spheroidal component of the galaxy population.
While the results which I am about to summarise are mostly those obtained
for the (rest-frame) UV-bright galaxies which constitute the ‘Lyman break’
(〈z〉 = 3.0 ± 0.3) and ‘BX’ (〈z〉 = 2.2 ± 0.3) samples of Steidel et al. (2003,
2004), the same considerations also apply to many of the objects uncovered by
most other surveys targeting galaxies at these redshifts.

Their emission properties at X-ray (Reddy & Steidel 2004) and mid-IR
(Reddy et al. 2006) wavelengths indicate star formation rates ∼> 10M⊙ yr−1

(for galaxies brighter than R = 25.5) and an average bolometric luminosity
〈Lbol〉 ≃ 3 × 1011L⊙. Their spectral energy distributions, which have now
been determined from the rest-frame UV to the near-IR thanks to the highly
successful Spitzer Space Telescope, indicate that these high star formation
rates typically persist for several hundred million years, leading to the rapid
assembly of stellar masses M∗ ∼> 1010M⊙ (see Figure 1) and to near-solar
metallicities in the gas (Figure 2). In models of galaxy formation which couple
cosmological simulations of dark matter halos with the physics and dynam-
ics of the baryons (e.g., Blaizot et al. 2004; Mori & Umemura 2005) objects
exhibiting these properties at z = 2 − 3 naturally evolve to become today’s
massive and metal-rich elliptical galaxies.
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Figure 2. Composite spectra of BX galaxies at z ≃ 2.2 from the survey by Erb et al. (2006).
Upper Panel: galaxies brighter than Ks = 20 have a mean ratio [N ii]/Hα = 0.25 which
indicates an oxygen abundance 12 + log (O/H) = 8.56, or ∼ 4/5 solar, if the local calibration
of the N2 index with (O/H) applies to these galaxies. Lower Panel: galaxies fainter than Ks =
20 have [N ii]/Hα = 0.13 and 12 + log (O/H) = 8.39, or ∼ 1/2 solar.

The closest, and best studied, spiral bulge is that of the Milky Way where the
properties of individual stars can be determined. Most models which have been
proposed to explain the distributions of stellar ages, metallicities, and element
ratios (e.g., Ferreras, Wyse, & Silk 2003) share the same basic ingredients: (a)
an early epoch of formation, at z ∼ 5; (b) short infall timescales, τ < 0.5 Gyr,
leading to a rapid enrichment to near-solar metallicity and enhanced [α/Fe]
ratios; and (c) significant outflow of gas and metals accompanying the collapse
and star formation process, resulting in a final stellar mass M∗ ∼ 1010M⊙.
These characteristics are very much in line with those determined for a typical
UV-selected (‘BX’) galaxy at z ∼ 2, although galaxies which end up with an
assembled stellar mass of only M∗ ∼ 1010M⊙ are probably near, or below, the
faint end of the observed luminosity distribution.

Perhaps the most compelling evidence linking the UV- and IR-bright galax-
ies at z = 2 − 3 with today’s elliptical galaxies is provided by their clus-
tering properties (see Figure 3). As shown by Adelberger et al. (2004), the
high redshift populations are highly clustered, with correlation lengths r0 =
4.0 − 4.5h−1 Mpc. In cosmological simulations, dark matter halos with these
values of r0 have masses MDM = 1011.2−1012.3M⊙; evolved forward in time
their clustering and number density are a much better match to those of ellip-
tical galaxies than spirals. There are also indications that in the largest galaxy
overdensities at z ≃ 2 star formation started earlier than in the field, as ex-
pected within the general framework of hierarchical clustering theories of the
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Figure 3. Left: Angular clustering on the sky of ‘BM’ (〈z〉 = 1.7), ‘BX’ (〈z〉 = 2.2), and
Lyman break (〈z〉 = 3.0) galaxies (data points) and of dark matter halos from cosmological
simulations (continuous lines). The simulations match the observations for halo masses in the
range MDM = 1011.2 − 1012.3M⊙. Right: The arrows show the evolution seen in the simu-
lations for halos within the mass ranges which match the observed galaxy clustering. The BM,
BX, and LBG samples seem to trace the same objects—or, more precisely, the same halo mass
range—through different evolutionary stages. When evolved to intermediate and low redshifts,
their clustering matches that of elliptical galaxies in the DEEP and 2dF surveys (the two upper
data points at z = 1 and 0.2), rather than that of galaxies which are still forming stars at these
later epochs (lower data points). Figures reproduced from Adelberger et al. (2004).

evolution of structure. As a consequence, galaxies within these overdensities
tend to have higher stellar masses and metallicities than the mean values for
the population as a whole (Steidel et al. 2005).

2.1 Does Star Formation Take Place in Disks at z = 2 − 3 ?

In the standard picture whereby galaxies form via dissipative cooling of
baryons within cold dark matter halos, star formation naturally takes place
within a rotationally supported disk. Observationally, however, it has so far
been difficult to prove conclusively that this in indeed the case. Occasionally,
the nebular emission lines (mostly Hα and [O iii]) from the Hii regions of
galaxies at z = 2 − 3 show spatially tilted profiles which are suggestive of
ordered motions on scales of 5–10 kpc (Pettini et al. 2001; Erb et al. 2003).
Some examples have been reproduced in Fig. 4. The interpretation of these
kinematics as rotation is, however, far from clear-cut. A major difficulty is the
inadequacy of the spatial resolution achieved so far, as evidenced by the find-
ing that the velocity extent measured is highly dependent on the seeing (Erb et
al. 2004). In no case has a flattening of these ‘rotation curves’ been detected
unambiguously, presumably because the light is dominated by the inner, high
surface brightness, regions. Of most concern is the lack of correlation between
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Figure 4. Examples of spatially resolved profiles of the Hα emission line in BX galaxies. Ve-
locities are plotted relative to the central wavelength of the integrated Hα emission line, assumed
to define the systemic redshift of the galaxy under consideration. Spatial offsets are measured
relative to the centre of the continuum emission when available, or the spatial centre of Hα
otherwise. The points shown are not independent, because the seeing was typically 0.5 arcsec
FWHM. The standard 737 cosmology (H0 = 70 km s−1 Mpc−1, ΩM = 0.3, ΩΛ = 0.7) was
adopted to convert from arcsec on the sky to kpc at the redshift of each galaxy. Interpreted
as rotation curves, the kinematics and linear extent of these galaxies imply dynamical masses
Mdyn = v2

cr/G = (0.5 − 7) × 1010M⊙. However, the apparently ordered velocities could
also be due to merging of protogalactic clumps.

the morphology of the galaxies and the incidence of ordered motions of their
Hii regions. Galaxies which in broad-band HST images have the appearance
of highly inclined disks are no more likely to exhibit rotation along their major
axes than galaxies with irregular or spheroidal morphology (Erb et al. 2004).
An origin in merging protogalactic clumps is thus at least as plausible an ex-
planation of the observed velocity patterns as rotating disks.

3. Damped Lyman alpha Systems: Early Stages in the
Formation of Spiral Galaxies?

While an evolutionary link between star-forming galaxies at z = 2 − 3 and
the spheroidal component of the local galaxy population is strongly suggested
by the available evidence, an analogous connection for DLAs is still a matter
for debate. The working hypothesis that in DLAs we see the progenitors of
today’s disk galaxies like the Milky Way (Wolfe et al. 1986), while consistent
with the kinematics of the associated metal absorption lines (Wolfe et al. 2005),
runs into some difficulties when confronted with the extensive set of metallicity
measurements now available for DLAs (see Figure 5). Current models (e.g.,
Naab & Ostriker 2005) envisage the Milky Way disk to have been significantly
smaller at z = 2 − 3 (that is, disk growth is from ‘inside out’), and this would
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Figure 5. Metallicity distributions of DLAs and Milky Way thick (left panel) and thin (right
panel) disk stars from the work by Akerman et al. (2005). The metallicity is measured from Zn
in DLAs and Fe in Galactic stars. Approximately one half of the DLA measurements of [Zn/H]
are upper limits; they have been included in the histograms as if they were detections.

indeed explain why direct detection of the stellar light from DLA host galaxies
at z > 1 has proved so elusive (Wolfe et al. 2005 and references therein).
However, even in the early stages of its evolution, the disk was already more
metal rich than most DLAs, with Z ≃ 1/3Z⊙; the flat age-metallicity relation
of disk stars implies that the epoch when the metallicity of the Milky Way was
below this value was brief (e.g., Akerman et al. 2004). Consequently, there
is little overlap between the metallicity distributions of the DLAs on the one
hand, and of stars in the thin and thick disks of the Galaxy on the other (Fig. 5).

The low metallicities of most DLAs may be reconciled with the proposed
origin in spiral galaxies if, during their assembly, disk galaxies were surrounded
by extended envelopes (a halo, or a thick disk) of neutral gas which was metal-
poor, or had a steep metallicity gradient. Such a scenario has been proposed
by Wolfe et al. (2003) and may be the explanation for the very extended stellar
disk structures recently found in galaxies such as M31 (Ibata et al. 2005). Sim-
ulations of the growth of disk galaxies through mergers of gas-rich subunits
(e.g., Navarro 2004; Governato et al. 2005) can reproduce many of the charac-
teristics of the Local Group of galaxies—it will be of considerable interest to
examine in more detail the properties of the gaseous components of such merg-
ers during this early build-up epoch with an eye to their possible interpretation
as DLAs.

One of the most significant advances towards answering the long-standing
question of which galaxies give rise to damped Lyα systems is the recent work
by Zwaan et al. (2006) who tackled the problem ‘from the other end’, as it
were, by considering the Hi properties of local galaxies. Based on 21 cm maps
of nearly 400 galaxies, obtained as part of the Westerbork Hi survey of spiral
and irregular galaxies (WHISP) and covering all Hubble types and a wide range
in luminosity, the analysis by Zwaan et al. has shown that the distribution of
luminosities of the galaxies producing DLAs is nearly flat from MB = −21 to
MB = −15. Thus, at z = 0, galaxies spanning over two orders of magnitude
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in luminosity evidently make roughly comparable contributions to the overall
cross-section on the sky for DLA absorption. If this is also the case at high z,
the heterogeneous nature of DLA absorbers provides a plausible explanation
for the wide dispersion in their physical properties, including metallicity.

4. Summary and Outlook

In conclusion, it is certainly encouraging to reflect on the advances made
over the last few years in charting the high redshift universe and in determin-
ing some important physical characteristics of the galaxies which inhabit it.
Galaxies which are sufficiently bright to be detected in deep imaging surveys
exhibit high star formation rates, of the order of tens of solar masses per year;
rapid timescales of chemical enrichment and stellar mass assembly, of the or-
der of a few hundred Myr; and the strong clustering appropriate to the most
massive dark matter halos. These characteristics are broadly consistent with
our ideas of how elliptical galaxies and the bulges of massive spirals may have
formed when the universe was 1–2 Gyr old.

Contrasting these positive results, we have yet to find unequivocal evidence
of disks at high redshifts, either in the kinematic properties of the Hii regions
of star-forming galaxies, or in the more general characteristics of damped Lyα
systems, although there is mounting evidence that the latter are a varied popu-
lation which may well include the progenitors of today’s spirals like the Milky
Way, as well as lower mass systems. But it would be overly pessimistic to end
on a negative note. Admittedly, we are still many years away from developing
the capability to trace at high redshifts the Hi 21 cm rotation curves familiar to
many of the participants of this meeting. However, recent advances in adaptive
optics on 8-10 m telescopes have now turned into reality our long-held dream
of overcoming the blurring effects of the Earth’s atmosphere with large aper-
ture, ground-based telescopes. Coupled to integral field near-IR spectrographs
such as SINFONI on the ESO VLT and OSIRIS on the Keck II telescope, this
state-of-the art technology should allow us to probe on kpc-scales the kine-
matics of the ionised gas in star-forming galaxies at z = 2 − 3. Exploratory
tests suggest that such spatial resolution should be sufficient to distinguish be-
tween pure rotation and merging (see Figure 6). Even though the real situation
is likely to be less black-and-white than the examples illustrated in Figure 6,
exciting new findings in this area are undoubtedly just around the corner.
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Figure 6. (a) HST-ACS B-band image of the z=2.2136 galaxy BX 1332 in the GOOD-N
field. The other panels show maps of the S/N ratio (b), and velocity differences in the alternative
cases of (c) a rotating disk, and (d) a bimodal velocity structure, expected after a four-hour
integration with the laser-guided adaptive optics-fed near-IR spectrograph OSIRIS soon to come
into routine operation on the Keck II telescope. (Reproduced from Law, Steidel,& Erb 2005).
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Abstract We calculate in detail the expected properties of low redshift DLAs under the
assumption that they arise in the gaseous disks of galaxies like those in the z≈0
population. A sample of 355 nearby galaxies is analysed, for which high qual-
ity Hi 21-cm emission line maps are available as part of an extensive survey
with the Westerbork telescope (WHISP). We find that expected luminosities, im-
pact parameters between quasars and DLA host galaxies, and metal abundances
are in good agreement with the observed properties of DLAs and DLA galax-
ies. The measured redshift number density of z=0 gas above the DLA limit is
dN/Sdz = 0.045 ± 0.006, which compared to higher z measurements implies
that there is no evolution in the comoving density of DLAs along a line of sight
between z∼1.5 and z=0, and a decrease of only a factor of two from z∼4 to
the present time. We conclude that the local galaxy population can explain all
properties of low redshift DLAs.

Keywords: galaxies: ISM - quasars: absorption lines - galaxies: evolution

1. Introduction

The range of Hi column densities typically seen in routine 21-cm emis-
sion line observations of the neutral gas disks in nearby galaxies is very sim-
ilar to those that characterise the Damped Lyman-α Systems or DLAs with
NHI > 2×1020 cm−2. An attractive experiment would therefore be to map the
Hi gas of DLA absorbing systems in 21-cm emission, and measure the DLAs’
total gas mass, the extent of the gas disks and their dynamics. This would pro-
vide a direct observational link between DLAs and local galaxies, but unfortu-
nately such studies are impossible with present technology (see e.g., Kanekar
et al. 2001). The transition probability of the hyperfine splitting that causes
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the 21-cm line is extremely small, resulting in a weak line that can only be
observed in emission in the very local (z<0.2) universe, with present technol-
ogy. On the other hand, the identification of DLAs as absorbers in background
QSO spectra is, to first order, not distance dependent because the detection
efficiency depends mostly on the brightness of the background source, not on
the redshift of the absorber itself. In fact, the lowest redshift (z<1.7) Lyman-α
absorbers cannot be observed from the ground because the Earth’s atmosphere
is opaque to the UV wavelength range in which these are to be found. Fur-
thermore, due to the expansion of the universe the redshift number density
of DLAs decreases rapidly toward lower redshifts. Consequently, there are
not many DLAs known whose 21-cm emission would be within the reach of
present-day radio telescopes.

So, we are left with a wealth of information on the cold gas properties in
local galaxies, which has been collected over the last half century, and several
hundreds DLA absorption profiles at intermediate and high redshift, but little
possibility to bridge these two sets of information. Obviously, most observers
resort to the optical wavelengths to study DLAs but attempts to directly image
their host galaxies have been notably unsuccessful (see e.g., Warren et al. 2001
and Møller et al. 2002 for reviews). A few positive identifications do exist,
mostly the result of HST imaging.

Although the absolute number of DLAs at low z is small, the success rate for
finding low-z host galaxies is better for obvious reasons: the host galaxies are
expected to be brighter and the separation on the sky between the bright QSO
and the DLA galaxy is likely larger. Early surveys for low-z DLA host galax-
ies consisted of broad band imaging and lacked spectroscopic follow-up (e.g.,
Le Brun et al.1997). Later studies aimed at measuring redshifts to determine
the association of optically identified galaxies with DLAs, either spectroscop-
ically (e.g., Rao et al. 2003), or using photometric redshifts (Chen & Lanzetta
2003). All together, there are now ∼20 DLA galaxies known at z<1. The
galaxies span a wide range in galaxy properties, ranging from inconspicuous
LSB dwarfs to giant spirals and even early type galaxies. Obviously, it is not
just the luminous, high surface brightness spiral galaxies that contribute to the
Hi cross section above the DLA threshold. As explained above, we cannot
study these galaxies in the 21-cm line on a case-by-case basis, but we can do a
study of a statistical nature to see if the properties of DLAs and DLA galaxies
agree with our knowledge of Hi in the local universe.

2. 140,000 “DLAs” at z=0

Blind 21-cm emission line surveys in the local universe with single dish ra-
dio telescopes such as Parkes or Arecibo have resulted in an accurate measure-
ment of ΩHI(z=0), which can be used as a reference point for higher redshift
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DLA studies. ΩHI is simply calculated by integrating over the Hi mass func-
tion of galaxies, which is measured with surveys such as HIPASS (Zwaan et
al. 2005a). However, due to the large beam widths of the singe dish instru-
ments, these surveys at best only barely resolve the detected galaxies and are
therefore not very useful in constraining the column density distribution func-
tion of z ≈ 0 Hi. Hence, for this purpose we use the high resolution 21-cm
maps of a large sample of local galaxies that have been observed with the West-
erbork Synthesis Radio Telescope. This sample is known as WHISP (van der
Hulst et al. 2001) and consists of 355 galaxies spanning a large range in Hi
mass and optical luminosity. The total number of independent column density
measurements above the DLA limit is ∼140,000, which implies that the data
volume of our present study is the equivalent of ∼140,000 DLAs at z=0!

Each galaxy in the sample is weighted according to the Hi mass function
of galaxies. We can now calculate the column density distribution function
f(NHI),

f(NHI) =
c

H0

∫

Φ(MHI)Σ(NHI, MHI) dMHI

dNHI
, (1)

where Σ(NHI, MHI) is the area function that describes for galaxies with Hi
mass MHI the area in Mpc−2 corresponding to a column density in the range
NHI to NHI + dNHI, and Φ(MHI) is the Hi mass function. c/H0 converts the
number of systems per Mpc to that per unit redshift.

Figure 1 shows the resulting f(NHI) on the left, and the derived Hi mass
density per decade of NHI on the right. For comparison with higher redshift
observations, we also plot the results from two other studies. The Péroux
(2005) measurements of f(NHI) below the DLA limit are the result of their
new UVES survey for “sub-DLAs”. The intermediate redshift points from
Rao et al. (2005) are based on Mg ii-selected DLA systems. The surprising
result from this figure is that there appears to be only very mild evolution in
the intersection cross section of Hi from redshift z∼5 to the present. From this
figure we can determine the redshift number density of log NHI > 20.3 gas and
find that dN/dz = 0.045±0.006, in good agreement with earlier measurements
at z=0. Compared to the most recent measurements of dN/dz at intermedi-
ate and high z, this implies that the comoving number density (or the “space
density times cross section”) of DLAs does not evolve after z∼1.5. In other
words, the local galaxy population explains the incidence rate of low and in-
termediate z DLAs and there is no need for a population of hidden very low
surface brightness (LSB) galaxies or isolated Hi clouds (dark galaxies).

The right hand panel shows that at z=0 most of the Hi atoms are in col-
umn densities around NHI = 1021 cm−2. This also seems to be the case at
higher redshifts, although the distribution might flatten somewhat. The one
point that clearly deviates is the highest NHI point from Rao et al. (2005) at
log NHI = 21.65. The figure very clearly demonstrates that this point dominates
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Figure 1. Left: The Hi column density distribution function f(NHI). The solid dots are from
our analysis of 21-cm maps of local galaxies, the other points are from various surveys at higher
redshifts as indicated in the legend. All calculations are based on a Ωm = 0.3, ΩΛ = 0.7
cosmology. Right: The contribution of different column densities (per decade) to the integral
Hi mass density. Note the very weak evolution in ΩHI from high z to the present.

the ΩHI measurement at intermediate redshifts. It is therefore important to
understand whether the Mg ii-based results really indicate that high column
densities (log NHI ∼ 21.65) are rare at high and low redshift, but much more
ubiquitous at intermediate redshifts, or whether the Mg ii selection introduces
currently unidentified biases.

3. Expected Properties of Low-z DLAs

Now that we have accurate cross section measurement of all galaxies in our
sample, and know what the space density of our galaxies is, we can calculate
the cross-section weighted probability distribution functions of various galaxy
parameters. Figure 2 shows two examples. The left panel shows the B-band
absolute magnitude distribution of cross-section selected galaxies above four
different Hi column density cut-offs. 87% of the DLA cross-section appears to
be in galaxies that are fainter than L∗, and 45% is in galaxies with L < L∗/10.
These numbers agree very well with the luminosity distribution of z<1 DLA
host galaxies. Taking into account the non-detections of DLA host galaxies and
assuming that these are ≪ L∗, we find that 80% of the z<1 DLA galaxies are
sub-L∗. The median absolute magnitude of a z=0 DLA galaxy is expected to
be MB =−18.1 (∼L∗/7). The conclusion to draw from this is that we should
not be surprised to find that identifying DLA host galaxies is difficult. Most of
them (some 87%) are expected to be sub-L∗ and many are dwarfs.
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Figure 2. Left: The expected distribution of B-band absolute magnitudes of z=0 high Hi
column density systems. The lines plus errorbars show the product of cross sectional area and
space density, which translates to the number of expected absorbers per Mpc per magnitude.
The right axis shows the corresponding number of absorbers per unit redshift dN/dz. The
different lines correspond to different column density limits, as indicated by the labels. The
thick line corresponds to the classical DLA limit of log NHI > 20.3. Right: The probability
distribution of oxygen abundance [O/H] of Hi absorbers. The solid lines refer to the approach
of assuming fixed [O/H] gradients and the the dashed lines refer to varying gradients (see text).

Using similar techniques, we find that the expected median impact parame-
ter of log NHI > 20.3 systems is 7.8 kpc, whereas the median impact parameter
of identified z<1 DLA galaxies is 8.3 kpc. Assuming no evolution in the prop-
erties of galaxies’ gas disks, these numbers imply that 37% of the impact pa-
rameters are expected to be less than 1′′ for systems at z=0.5. This illustrates
that very high spatial resolution imaging programs are required to successfully
identify a typical DLA galaxy at intermediate redshifts.

The right panel in Figure 2 shows the probability distribution of oxygen
abundance in z=0 DLAs. We constructed this diagram by assigning to every
Hi pixel in our 21-cm maps an oxygen abundance, based on the assumption
that the galaxies in our sample follow the local metallicity–luminosity (Z −L)
relation (e.g., Garnett 2002), and that each disk shows an abundance gradi-
ent of [O/H] of −0.09 dex kpc−1 (e.g., Ferguson et al. 1998) along the major
axis. The solid lines correspond to these assumptions, the dotted lines are
for varying metallicity gradients in disks of different absolute brightness. The
main conclusion is that the metallicity distribution for Hi column densities
log NHI > 20.3 peaks around [O/H]=−1 to −0.7, much lower than the mean
value of an L∗ galaxy of [O/H]≈ 0. The reason for this being that 1) much
of the DLA cross section is in sub-L∗ galaxies, which mostly have sub-solar
metallicities, and 2) for the more luminous, larger galaxies, the highest inter-
ception probability is at larger impact parameters from the centre, where the
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metallicity is lower. Interestingly, this number is very close to the z=0 extrap-
olations of metallicity measurements in DLAs at higher z from Prochaska et
al. (2003) and Kulkarni et al. (2005). For the mean mass-weighted metallicity
of Hi gas with log NHI > 20.3 at z=0 we find the value of log Z =−0.35±0.2,
also consistent with the z=0 extrapolation of NHI-weighted metallicities in
DLAs, although we note this extrapolation has large uncertainties given the
poor statistics from DLAs at z<1.5. These results are in good agreement with
the hypothesis that DLAs arise in the Hi disks of galaxies.

4. Conclusions

The local galaxy population can explain the incidence rate and metallicities
of DLAs, the luminosities of their host galaxies, and the impact parameters
between centres of host galaxies and the background QSOs.

This work is presented in much more detail in a forthcoming paper (Zwaan
et al. 2005b).
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Abstract We review the status of current observations of the fundamental parameters of
intermediate redshift (0.2 < z < 1.2) spiral galaxies. Advances in instrumenta-
tion of 8–10m class telescopes have made possible detailed measurements of
galaxy luminosity, morphology, kinematics and mass, in both the optical and
the infrared passbands. By studying such well known star formation indicators
as [OII]3727Å (in the optical) and Hα (redshifted to the infrared), the internal
velocity structure and star formation rates of galaxies can be traced through this
entire redshift regime. The combination of throughput and optimum seeing con-
ditions yields spectra which can be combined with high resolution multiband
imaging to explore the evolution of galaxies of various morphologies, and to
place constraints on current models of galaxy formation and star formation his-
tories.

Out to redshifts of z = 1, these data form a high redshift Tully-Fisher rela-
tion that spans four magnitudes and extends to well below L∗, with no obvious
change in shape or slope with respect to the local relation. A comparison of
disk surface brightness between local and high redshift samples yields an off-
set in accordance with distance-dependent surface brightness selection effects,
as can the apparent change in disk size with redshift for disks of a given mass.
These results support low Ω0 models of formation, and provide further evidence
for modest increases in luminosity with lookback time for the bulk of the field
spiral galaxy population, given the limits imposed by the parent HST+WFPC2
imaging catalog.

Keywords: cosmology: observations — galaxies: formation — galaxies: distances and red-
shifts — galaxies: evolution — galaxies: structure

Distant galaxies can be characterized observationally in terms of number
counts, luminosity, color, size, and morphology from images, to which spectra
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add redshifts, line strengths, and, most critically, internal velocities. Poten-
tial changes from local populations include variations in counts, in the relative
densities of various populations, and the apparent inclusion of “new” mor-
phological types, as well as scaling changes in structural parameters for local
galaxy morphological types (e.g., galaxy mass, luminosity, or size). Current
disk galaxy studies call for anywhere from zero to three magnitudes of lumi-
nosity or surface brightness evolution (brightening) and factors of one or two
decrease in disk size by redshifts of order one.

Sample Characteristics

The sample we discuss herein is comprised of 130 field galaxies at redshifts
between 0.1 and 1.3, defined by moderate resolution Keck+LRIS spectroscopy
at R∼ 5, 000. Individual slitlets were placed upon each object to align with
the galaxy major axes, as determined from previously acquired HST+WFPC2
V (V606) and I (I814) images. The target galaxies form a subset of the first
phase of the Deep Extragalactic Exploratory Probe (DEEP) project survey, be-
ing drawn from a general redshift survey of 821 objects in the Groth Survey
Strip (Weiner et al. 2005). HST optical imaging has been enhanced with NIC-
MOS H-band imaging and STIS spectroscopy, with K-band imaging from
Keck, UKIRT, and Subaru, and with ground-based BVRIJHK for a portion of
the kinematic subsample.

Three features distinguish the parent redshift survey. First, the survey field
forms a continuous band extending over 40×3 arcminutes on the sky (covering
a range of 38 co-moving Mpc by redshift z=1). Second, the complete HST
imaging in both V and I allows for the measurement of a uniform set of rest-
frame colors and structural parameters out to redshifts z∼1. Third, the spectral
resolution of 3–4Å (versus, for example, 10Å for the CFGRS and 40Å for the
CFRS) enables both resolution of the [O ii] λ3727 doublet feature (2.7 Å rest-
frame split) and that detailed internal kinematic measurements be made for
individual objects.

The key selection criteria for these objects are the general selection criterion
of the parent redshift survey (namely V + I ≤ 48), and an object elongation
on the sky equivalent to an inclination angle of 30◦ for a disk galaxy. We
emphasize that these objects were not chosen for large angular or physical
size, nor for any particular morphology. The parent sample was chosen from
an underlying HST imaging catalog to match the distribution of half light radii,
bulge fractions, and morphological asymmetry (Vogt et al. 2005). The single
variable with a clear selection bias is the position angle of target major axes on
the sky, as all spectroscopic masks were laid out at the same angle on the sky
and elongated objects were prioritized to have a position angle within 30◦ of
this angle (to which individual slitlets could be aligned).

2.
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Figure 1. The modeled distribution of local disk galaxies in three fundamental parameter
spaces; the top row shows a random selection of disk galaxies, while the bottom row incorpo-
rates the survey selection effects (fairly mild for nearby objects). For this and the next three
figures, the yellow central line and dashed outlying lines (±2σ) show the distribution of local
galaxies, while the blue dotted line shows a fit to the zeropoint offset for the galaxies selected
within each bin.

Data Analysis

The technique of deriving velocity profiles from the two-dimensional spec-
tra is discussed in Vogt et al. (2005b). Briefly, profiles were fit to spatially
resolved spectra of the emission lines [OII]3727, Hβ, [OIII]5007, and Hα. A
grid of model velocity profiles for exponential disks was then fit to the two-
dimensional spectra, allowing a best fit value to be determined for the key
variable, the intrinsic velocity amplitude of the profile.

We then model the distribution of local disk galaxies in three fundamental
planes, examining the Tully-Fisher relation (velocity vs. luminosity), the sur-
face brightness relation (luminosity vs. size), and the velocity vs. size relation.
We begin with a local luminosity function, and use local relations and their
scatter to distribute galaxies throughout the relevant parameter space. We then
apply an observational selection function as shown in Figures 1 and 2, which
models the redshift-dependent change in sensitivity to galaxies for a survey
which requires the acquisition of spatially resolved spectra.

3.
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Figure 2. The modeled distribution of disk galaxies at a redshift of unity in three funda-
mental parameter spaces; the top row shows a random selection of objects drawn from the
distribution of local galaxies, while the bottom row incorporates the survey selection effects in
surface brightness, magnitude, and size. We observe a linear increase in zeropoint in the sur-
face brightness and the size-velocity planes, driven strongly by the change in observable surface
brightness, while the Tully-Fisher relation is relatively unchanged.

The observational selection function can be divided into three parts. First,
we consider the modeled surface brightness sensitivity) of the HST+WFPC2
images (Simard et al. 1999), which is linear with redshift and imposes an in-
crease in central surface brightness of 1.3 magnitudes by a redshift of one.
Second, there is a magnitude limit for all objects imposed by the parent red-
shift survey of 24 magnitudes or brighter in V + I . Third, we take into account
the size limitations which are a function of the additional need to obtain spa-
tially resolved spectra. In order to analyze data, we require that the spectral
flux of at least one emission line in each spectrum extend to 1′′ or more across
the slitlet. We also require that the spectral flux extend out to two or more disk
scale lengths along the galaxy major axes.

The angular and linear size requirements imposed to obtain spatially re-
solved profiles (e.g., rotation curves) act as a function of the radius to which
star formation extends along the galaxy disks (a “gas radius”), rather than cor-
relating directly with the more familiar model parameter of disk scale length.
The relationship between the critical gas radius and the disk scale lengths is
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Figure 3. The observed and modeled distribution of disk galaxies around a redshift of 0.2 in
three fundamental parameter spaces; the top row shows the actual galaxies observed within the
survey, while the bottom row incorporates the redshift-dependent survey selection effects on a
catalog of representative local galaxies (selecting as many galaxies as were observed, as they
would appear at equivalent redshifts given no evolution in intrinsic properties). We are able to
reproduce the offset from local relations in all planes purely by means of selection effects.

scattered locally as well as in the distant Universe, and also worth evaluat-
ing for redshift-dependent evolution. Because of the interaction between the
angular and linear criteria, both galaxies with intrinsically small disk scales
and galaxies with intrinsically large disk scale lengths can be affected by this
selection effect. The combined effect can produced an artificially tight size
distribution, and thus promote an underestimate of the intrinsic spread, partic-
ularly at high redshifts. Because the survey sensitivity at the faint end of the
luminosity function decreases with redshift, the two types of constraints can
be as important at low redshifts (z ∼ 0.3) as at redshifts near to unity.

Figures 3 and 4 compare the distribution of our surveyed galaxies with
galaxies drawn from the model local catalog to which our selection effects
have been applied. We are able to account for the bulk of the apparent offsets
in the surface brightness and size-velocity planes with these functions, while
our Tully-Fisher relation does not show strong changes with redshift (also in
agreement with the modeled distributions).



512 ISLAND UNIVERSES

Figure 4. The modeled and observed distribution of disk galaxies around a redshift of unity
in three fundamental parameter spaces; the top row shows actual galaxies observed within the
survey, while the bottom row incorporates the redshift-dependent survey selection effects on a
catalog of representative local galaxies (selecting as many galaxies as were observed, as they
would appear at equivalent redshifts given no evolution in intrinsic properties). We are again
able to reproduce the offset from local relations in all planes purely by means of selection
effects.

In conjunction with these effects, we are required to invoke a modest de-
crease in disk scale lengths of 20 ± 10% by a redshift of one. We emphasize,
however, that additional evolution may be hidden within the selection criteria,
beyond the limits at which we can observe it.
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Abstract We decompose the rotation curves of 34 local bright spiral galaxies into bary-
onic and dark matter components. Analysis of the resulting dark-to-luminous
matter distributions shows that they are self-similar once scaled to an appro-
priate radius. In addition, the radius where the dark matter contribution to the
rotation curves equals that of the baryons correlates with galaxy properties such
that galaxies with greater values are larger, brighter, faster rotators, more mas-
sive, and of earlier Hubble type. In comparing our data to a model for the dark
matter distribution in galaxies, we find that fits are generally poor in the inner
parts, and all but 2 galaxies are better fit if adiabatic contraction of the halos is
performed.

We compare the integrated and detailed distribution of specific angular mo-
mentum, j, of these galaxies to that of dark matter halos from N-body simula-
tions. The distribution of integrated j among galaxies is a factor of ∼2–3 less
than that of the halos, and is consistent with the j of their inner 30%. The halos
have excess j compared to the galaxies at radii beyond the inner few kiloparsecs.

Keywords: galaxies: fundamental parameters - dark matter - galaxies: kinematics and dy-
namics – galaxies: spiral – galaxies: stellar content

1. Introduction

The flatness of rotation curves has long been the most direct evidence for the
existence of a dominant component of dark matter in spiral galaxies (Sofue &
Rubin, 2001). However, the distribution of dark matter is poorly constrained,
even in galaxies where the presence of dark matter is dominant (e.g., Verhei-
jen, 1997). Interestingly, the main uncertainty in the distribution of dark matter
stems from the poorly known stellar mass distribution (e.g., Verheijen, 1997).
We use color-mass-to-light ratio (M/L) (Bell & de Jong 2001; Bell et al. 2003)
relations to derive stellar mass profiles of galaxies. These color-M/L relations
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Figure 1. Relations between RX/hIR, RX and galaxy properties. Error bars are due to the
0.1 dex uncertainty in the color-M/L relations. Fractions with values < 1 are added to the
integer Hubble T-types.

were determined from the analysis of spectro-photometric spiral galaxy evo-
lution models and give an upper limit to the baryonic mass present. With the
distributions of stellar mass in galaxies reasonably well determined, given ro-
tation curves, we can begin to investigate those of the dark matter.

Given this information, we can also investigate the specific angular momen-
tum, j, content of galaxies. It has long been assumed in theories of galaxy for-
mation that the total amount and radial distribution of j is conserved as baryons
decouple from the dark matter and form into a disk. Here, we re-examine these
assumptions.

2. Dark Matter in Bright Spiral Galaxies

For 34 local bright (B < 12.5 mag) spiral galaxies that have rotation curves
in the literature, we derive their stellar mass distributions by applying color-
M/L relations to radial B −R color and K-band luminosity. When available,
gas masses are included, otherwise we assume that the gas component is neg-
ligible. At those radii where the observed rotation speed of a galaxy is greater
than that of its baryons, the additional gravitational component is assumed to
be due to dark matter. The radial contribution of dark matter to the rotation
curves is derived.

Dark Matter Scaling Relations

The quantities R10 and RX are defined to be the radii where dark matter
contributes 10% and 50% (the “cross-over radius”) to the rotation curve of
a galaxy. In Figure 1, RX/hIR, where hIR is the near-infrared disk scale-
length, and RX are plotted versus galaxy properties. There are less points
in these plots than galaxies in our sample since not all galaxies have an RX
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Figure 2. β(r) ≡ Mb(r)/Mtot(r) and its inverse for galaxies with an appreciable dark matter
contribution. The baryonic model over-predicts the observed rotation curve when β(r) > 1.

measurement. Galaxies with larger values of RX are observed to rotate faster,
be brighter, of earlier morphological type, more massive, larger, and have
larger values of R10. Two of the outliers in Figure 1, NGC 2841 and NGC
4138, are found to have signatures of kinematic disturbance. The third outlier,
NGC 3319, is discussed in Kassin, de Jong & Weiner (2006).

Radial Behavior of Dark Matter

In Figure 2, the dimensionless parameter β(r) ≡ Mb(r)/Mtot(r), where
Mb is the baryonic mass and Mtot is the total mass, and its inverse, are plotted
for galaxies with an appreciable dark matter contribution. In Figure 2b, β(r) is
plotted versus radius in units of RX which causes the curves to overlap at r =
RX . The regularity that is observed can be explained in terms of exponential
disks and flat rotation curves. The rotation curve of a galaxy is nearly flat
beyond r ∼ 2hIR. Much of the baryonic mass is also enclosed at r ∼ 2hIR,
causing the baryonic rotation curves to be roughly Keplerian (Vb(r) ∝ 1/r)
beyond this radius. Therefore, beyond ∼ 2hIR, it should be the case that
β(r) ∝ 1/r, which is what we observe. The β(r) curves overlap nicely when
plotted versus radius normalized to RX because RX is located beyond 2hIR.
We parameterize the trend of β−1 with r/RX in a simple universal manner:
β−1 = 1.71(r/RX) + 0.021.

Comparison with NFW Model for Halo Density Distributions

We compare the dark matter distributions with the Navarro, Frenk & White
(1996; NFW) analytical function designed to fit numerical N-body simulations
of dark matter halos. To do this, for each galaxy, we fit its observed rotation
curve with a total mass rotation curve created from the addition of its baryonic
rotation curve to a grid of halo models. We repeat the fits for halos that are
adiabatically contracted according to the distributions of baryons in the galax-
ies (Blumenthal et al. 1986). The majority of the fits have poor χ2 values, and
all but 2 galaxies are better fit if adiabatic contraction is not performed. The
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Figure 3. Best-fit halo parameters for
different normalizations of the color-M/L
relations (±0.1, -0.3 dex). Filled symbols
are those fits with adiabatic contraction.
Curves are the expected range of halo pa-
rameters from simulations.

Figure 4. Dark matter rotation curves for
different normalizations of the color-M/L
relations (solid lines) and NFW halos for
c200 = 10 and V200 = 100, 300, 500 km/s
(dotted lines).

NFW has 2 free parameters that we fit for: concentration (c200) and velocity
(V200). In Figure 3, we plot these values for the the best-fit halos along with
the range of these parameters found in numerical simulations (Bullock et al.,
2001). Even without adiabatic contraction, the best-fit concentrations are low
compared to those in simulations. This can also be concluded from Figure 4
where dark matter rotation curves and NFW halo models for c200 = 10 are
plotted. Even though the NFW models are too concentrated to match the inner
parts of galaxies, they fare quite well in the middle to outer parts. In order for
the NFW models with the predicted concentrations to better match the dark
matter distributions, a normalization of the color-M/L relations even lower
than -0.3 dex, where baryons contribute very little to the total mass in the inner
parts of galaxies, would have to be implemented. This, however, cannot be the
case for all galaxies (Kassin, de Jong & Weiner (2006); de Jong & Bell 2006).

3. Specific Angular Momentum in Bright Spiral Galaxies

Integrated Specific Angular Momentum, jtot

We derive “minimum” and “maximum” jtot measurements for the 34 galax-
ies. For jtot,min, the last radius used in the J calculation is the last measured
rotation curve radius. For jtot,max, it is where the baryonic mass of a galaxy
is ≈ 0; the rotation curve is extended with Vflat (the velocity of the flat region
of the rotation curve) to this radius. These two jtot measurements do not differ
very much for our data (Figure 6). In Figure 5, they are plotted versus Vflat
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Figure 5. Integrated j versus Vflat for
galaxies and halos. Galaxies are plotted in
black, and halos in grey. Halos with V =
Vmax and V = Vvirial are in the upper
and lower plots, respectively. Averages are
plotted as large open circles.

Figure 6. Distributions of jtot among
galaxies and fractions of halos. Histograms
for the halos are clear; those for jtot,min

and jtot,max are shaded and striped, re-
spectively. K-S statistics are in the up-
per left corners for comparison of the halos
with jtot,min (top) and jtot,max (bottom).

and are compared to the jtot and V of dark matter halos. The dark matter halos
are from a numerical N-body simulation of B. Allgood for ΛCDM, σ8 = 0.8,
h = 0.7, Lbox = 80h−1 Mpc, and fres = 1.2h−1 kpc. Galaxies tend to have
less jtot at a given V ; the difference is a factor of 2.4 at 200 km/s if Vmax of
the halos is used, and a factor of 3.4 if Vvirial is used. In Figure 6, we plot the
distributions of jtot,min and jtot,max among galaxies. They are compared to
the jtot within different fractions of the virial radius of dark matter halos in the
mass range 1012 < Mhalo < 1013M⊙. The jtot distributions of the galaxies
follow that of the inner 30% of dark matter halos.

Detailed Distribution of Specific Angular Momentum

N-body numerical simulations predict a universal functional form for the
cumulative mass distribution of j in dark matter halos, M(< j) (Bullock et
al., 2001). We assume that baryons initially had this distribution, and later col-
lapsed into a disk while conserving j(r). The surface mass density of the re-
sulting disk is compared with observations. To calculate the predicted surface
mass density, Σp(r), consider a mass element dM , then dM = Σp(r) 2πrdr =
M(< j) dj. Solving for Σp(r), we obtain:

Σp(r) =
Mvirialfbµv(r)

2πr

[

1

jo + rv(r)
− rv(r)

(jo + rv(r))2

]

(1)
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Figure 7. Observed (solid line) and predicted surface mass density distributions under the
assumption of detailed j conservation for 2 representative galaxies. The predictions are for µ
values of 1.1 (dotted line) and 2 (dashed line), which span its 90% range. The normalization of
the predictions is arbitrary. R25 is marked with a bar on the x-axis.

where v(r) is the rotation curve of the disk, jmax the maximum j, jo =
jmax(µ − 1), Mvirial the virial mass, fb the fraction of baryons that form
the disk, and µ a shape parameter. We examine the shape of Σp(r) which is
determined by µ. The parameters Mvirial and fb only affect the normalization,
and jmax affects the radial extent of the disk. Given the rotation curve of a
galaxy, we calculate its Σp(r) with Equation 1 and compare it to the galaxy’s
observed surface mass density. Two representative galaxies are plotted in Fig-
ure 7. While the slopes of the Σp(r)’s generally match the observations in the
inner few kpc of the galaxies, they are too steep in the outer parts.
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Abstract We describe our project to examine the evolution of distant disk galaxies, and
present the results of our work based on the Tully-Fisher relation. Comparing
matched cluster and field samples we find evidence that the cluster galaxies are
on average 0.7 ± 0.2 mag brighter than those in the field. Considering the field
sample alone we find a brightening with redshift amounting to 1.0± 0.5 mag by
z = 1, which is likely to be an upper limit, considering the selection effects. We
also give brief details of the ESO Distant Clusters Survey (EDisCS) and describe
our plans for expanding our studies using data from this survey.

Keywords: galaxies: evolution - galaxies: clusters - galaxies: kinematics and dynamics

1. Our Project

The broad aim of this project is to investigate disk galaxy evolution, as a
function of both redshift and environment, using rotation velocity as a base-
line for the comparison of various galaxy properties. To achieve this we have
obtained VLT/FORS2 multi-slit spectroscopy for a large number of bright
emission-line galaxies in the fields of six clusters with redshifts 0.2 � zcl �
0.8. Rotation velocities were measured by fitting the [OII] emission line using
a synthetic rotation curve method called ELFIT2PY, which is based on the
algorithms of ELFIT2D by Simard & Pritchet (1999). The results of these fits
have been thoroughly examined to determine their quality, and to reject mea-
surements which are deemed unreliable. Photometry and structural parameters
are measured on imaging from a range of sources, primarily FORS2 and HST.
Full details of the sample selection and data analysis are given in Bamford et
al. (2005a) and Milvang-Jensen et al. (2003). Our final sample consists of 111
emission-line galaxies with secure rotation velocity measurements, and covers
the redshift range 0.1 � z � 1.
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Figure 1. The TFR for our matched
samples of field (open points) and clus-
ter (filled points) galaxies. The thin dot-
dashed line indicates the fiducial local rela-
tion of PT92, with its 3σ scatter delimited
by thin dotted lines. Fits to the matched
field sample (solid line) and cluster sample
(constrained to the field slope: dashed line,
free slope: dotted line) are marked. The
two sets of error bars indicate the 10th-,
50th- and 90th-percentile errors for field
(top) and cluster (bottom) points.

Figure 2. The residuals from the fidu-
cial TFR of PT92 for our matched TFR
samples of field (open points) and cluster
(filled points) galaxies. The thin lines cor-
respond to those in Fig. 1. Thick lines
show fits to the full field TFR sample (solid
line) and the cluster sample, constrained to
the field slope (dashed line). The two sets
of error bars indicate the 10th-, 50th- and
90th-percentile errors for field (left) and
cluster (right) points.

2. Cluster Study

There is now much evidence indicating a transformation of star-forming
spirals into passive S0 galaxies in cluster environments. However, the detailed
form of this evolution and the mechanisms responsible are still far from certain.
An interesting possibility is that the interaction causes an enhancement of the
star-formation rate prior to its eventual truncation. To examine this question,
we have compared the B-band Tully-Fisher (MB – log Vrot) relation (TFR) for
‘matched’ samples of field and cluster spirals (Bamford et al. 2005a).

Figure 1 shows our TFR for 58 field and 22 cluster galaxies covering similar
ranges in redshift (0.25 ≤ z ≤ 1.0) and luminosity (MB ≤ −19.5 mag).
The cluster galaxies show an offset from the field sample, such that they are
0.7 ± 0.2 mag brighter for a given rotation velocity. Figure 2 presents this
in terms of residuals from the local fiducial relation of Pierce & Tully (1992;
hereafter PT92), versus redshift. The offset persists, at a 3σ significance level,
even when evolution in the field sample is accounted for, as shown by Fig. 3.

This result implies a phase of enhanced luminosity (and hence star-forma-
tion) in the early stages of a spiral’s interaction with the cluster environment.
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Figure 3. Histogram of the residuals of our field (open histogram) and cluster (hatched his-
togram) data from the fiducial TFR of PT92, with field evolution subtracted (i.e., the residuals
from the solid line in Fig. 2). Note that the cluster distribution is clearly offset from that of the
field.

3. Field Study

Studies examining the evolution of the global star formation rate (SFR) den-
sity of the universe find a substantial increase of a factor of ≥ 10 from z = 0–1
(e.g., Heavens et al. 2004). Is this trend simply due to an evolution in the star-
formation rates of individual giant spirals, or is some other process or popula-
tion responsible? Does the evolution depend on galaxy mass?

To investigate this we have again used the TFR, to look for changes in the
relation between MB (a proxy for SFR) and Vrot (a proxy for total mass), as
described fully in Bamford et al. (2005b).

Our TFR for 89 field spirals with 0.1 ≤ z ≤ 1 is shown in Fig. 4. The
slope is not significantly different to that measured locally, i.e., no evidence
for mass-dependent evolution. Examining the TFR residuals versus z (Fig. 2),
or fitting the TFR intercept in several redshift bins (Fig. 5), we find a B-band
brightening of 1.0 ± 0.5 mag, for a given Vrot, by z ∼ 1. Due to selection
effects this is an upper limit to the true evolution, but still implies slower SFR
evolution than measured globally.

This suggests that the global SFR evolution of the universe is not driven by
the SFR decline in giant spirals.

4. Future Work with EDisCS

The ESO Distant Cluster Survey (EDisCS) is a study of galaxies in and
around ∼20 clusters at 0.4 ≤ zcl ≤ 1.0. These clusters were optically selected
using the Las Campanas Distant Cluster Survey Gonzalez et al. 2001, and thus
have a wide range of properties.

For each cluster we have a wealth of imaging and spectroscopy data. Many
projects are underway using these data, including studies of morphology,
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Figure 4. The TFR for our full field TFR
sample. The thin lines indicate the local
fiducial TFR of PT92, as in Fig. 1. A fit
to the points is marked by the thick solid
line. The error bars give the 10th-, 50th-
and 90th-percentile errors on the points.

Figure 5. The intercept of TFR fits to
subsamples of our field sample in five red-
shift bins. The fits were performed with
constant slope, equal to the PT92 value.
Horizontal error bars indicate the width of
each redshift bin, with the point at the me-
dian redshift. Vertical error bars give the
uncertainty on the fitted intercepts. The
solid line is a fit to the points.

luminosity functions, colour-magnitude diagrams, cluster substructure, veloc-
ity distributions, lensing masses and stellar populations.

From the spectra we are now measuring reliable rotation velocities, in order
to perform detailed investigations into the evolution of various galaxy prop-
erties with respect to this useful baseline. With more than 5 times as many
galaxies, we will have the statistical power to vastly improve upon the stud-
ies shown above. The addition of HST morphologies, homogeneous colours,
spectral indices and a variety of clusters with well characterised properties,
will allow unprecedented studies of disk galaxy evolution with environment
and redshift.
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INVESTIGATION OF AGE AND METALLICITY

GRADIENTS AND DUST EXTINCTION IN DISC
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Abstract Using HST data, disc scalelengths in the UV, optical and NIR wavelength re-
gions are used to study age and metallicity gradients and dust extinction in disc
galaxies of intermediate redshifts in the Hubble Deep Field North. The observed
colour gradients are compared to model calculations of dusty disc galaxies. First
results indicate that the age and metallicity gradients in the HDF galaxies differ
from the age and metallicity gradients found in local spiral galaxies.

Keywords: galaxies: abundances – galaxies: dust extinction – galaxies: stellar content –
galaxies: structure

1. Introduction

It has been known for a long time that the discs of local spiral galaxies tend
to become bluer with increasing radius. Such colour gradients can be caused
by stellar population gradients and by dust extinction. Studies have indicated
that the stars in the outer regions of the disc are younger and/or less metal-rich
than the stars in the inner regions, and that dust extinction also contributes to
the observed colour gradients. During the last years, a number of investigations
of the colours of intermediate and high-redshift galaxies have been done (e.g.,
Abraham et al. 1999, Moth & Elston 2002). However, it is not clear yet in
general, what age and metallicity gradients are present and how large the dust
extinction is. In this work, the colour gradients in disc galaxies of the Hubble
Deep Field North (HDF-N) are investigated.

The method used here is the one applied in Cunow (2004), where colour
gradients in the discs of local spiral galaxies were measured as a function of
the inclination angle. The comparison between the colour gradients of face-
on galaxies with those of edge-on galaxies allows to separate between colour
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gradients caused by age and metallicity gradients and colour gradients due to
dust extinction.

2. Colour Gradients of the HDF Galaxies

The sample consists of 32 disc galaxies in the HDF-N, chosen from the list
of van den Bergh et al. (2000). 23 galaxies have redshifts 0.3 < z < 0.6 and
are referred to as Sample HDF 1, and the other 9 galaxies have 0.8 < z < 1.1
and are referred to as Sample HDF 2. The morphological types cover the
interval from Sa to Scd, the absolute magnitudes in the B rest frame lie in the
range −22.2 ≤ MB ≤ −17.3, and the whole range from face-on to edge-on
view is covered. The sample properties are similar to those of the local spiral
galaxies studied in Cunow (2004).

The data are the U300, B450, V606, I814 HDF images and the J110 and H160

NICMOS images of the HDF field (HST GO program 7818). For each galaxy
and filter, the disc scalelength rD is determined by fitting an exponential law
to the outer part of the surface brightness profile, and the apparent ellipticity
ǫ of the disc region is measured. rD and ǫ are corrected for the PSF by using
model exponential discs and smoothing them with the PSF.

The colour gradients in the disc are represented by the scalelength ratios
rD(F1)/rD(F2), where F1 and F2 are two different wavelength regions with
F1 being bluer than F2. It is found that the colour gradients of most HDF
galaxies are small. For Sample HDF 1, the scalelength ratios increase slightly
from face-on to edge-on view. For ǫ < 0.5 we have rD(F1)/rD(F2) ≈ 1,
and for ǫ > 0.5 one measures rD(F1)/rD(F2) > 1. For Sample HDF 2,
rD(F1)/rD(F2) ≈ 1 for all inclination angles.

3. Model Calculations

Images of model galaxies in the B450, V606, I814, J110 and H160 bands
(U300 was excluded because of the red leak of the filter) were calculated using
the procedures described in Cunow (2004). Each model galaxy consists of a
luminous stellar disc and a dust disc, and the radial colour gradients in the
stellar disc are obtained from the radial age and metallicity gradient in the disc
and models of stellar evolution. The images are calculated for the average
redshift of each HDF sample, and rD and ǫ are measured for each image.

The age and metallicity gradient is given by the variation of the average
age <A> and metallicity Z with radius R. The colour gradients are obtained
as follows. For each R, the star formation history (SFH) is calculated. It is
assumed that the SFH has an exponential shape with a star formation time
scale u which is determined by <A> and the age of the oldest stars in the
galaxy t0. The colours at R are obtained from the SFH at R and the colours
of a single stellar population (SSP) with metallicity Z(R). The SSP colours
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Figure 1. Disc scalelength ratios plotted against apparent ellipticity ǫ(H160) for Samples
HDF 1 and HDF 2, and for the models with no age or metallicity gradient. The data points are
denoted by ⋆. Central face-on optical depth in the rest frame B band, τB

0 , for the models: + for
τB
0 = 0, × for τB
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are determined from SSP model spectra which are redshifted to the average
redshift of the sample, and the HDF and NICMOS filter curves.

The models were calculated for various age and metallicity gradients. For
the dust properties, the average values for the Milky Way Galaxy were used.
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In addition, younger versions of the models A−10M0 and A0M−30 of
Cunow (2004) which represent the local non-active galaxies best, were cal-
culated. They were obtained by determining <A>(R) for t0 of the HDF sam-
ples from <A>(R) and t0 for the local galaxies using the assumption that
u(R) does not change with time.

4. Results

The HDF data can be reproduced by (i) the models with no age or metallicity
gradient and no or little dust, (ii) the models with a positive age or metallicity
gradient, i.e. with stars that are older or more metal-rich with increasing dis-
tance from the centre, and any amount of dust, and (iii) the models with a small
negative age or metallicity gradient and no dust. The models with a large neg-
ative age or metallicity gradient, and the younger versions of the best-fitting
models for the local non-active galaxies do not reproduce the data, because the
scalelength ratios of the models are systematically too large.

Figure 1 shows the comparison between the data and the models with no age
or metallicity gradient. The scalelength ratios of the models with optically thin
discs are in agreement with the data points, but for the models with optically
thick discs the model points lie above the data.

These results indicate that the discs of the HDF galaxies have small age and
metallicity gradients and small amounts of dust, or positive age and metallicity
gradients and any amount of dust. This differs from what is found in Cunow
(2004) for the local non-active spiral galaxies, and indicates that the disc galax-
ies in the HDF have age and metallicity gradients in the stellar disc which are
different from those in local spiral galaxies.

Acknowledgements I thank the South African National Research Foundation
NRF and the University of South Africa for financial support. The HDF im-
ages were obtained by the Hubble Deep Field Team, STScI, NASA, and the
NICMOS images were taken for the HST GO program 7818.
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Debra Meloy Elmegreen

Department of Physics & Astronomy, Vassar College, Poughkeepsie, NY, USA

elmegreen@vassar.edu

Abstract Galaxies in the Hubble Ultra Deep Field (UDF) larger than 10 pixels (0.3 arcsec)
have been classified according to morphology. There are 884 galaxies, includ-
ing spirals, ellipticals, chains, clump-clusters, doubles, and tadpoles; 399 disk
galaxies in the Tadpole field were also measured. Linear structures dominate at
faint magnitudes. Distributions of axial ratios are compared to nearby samples.
30% of ellipticals are clumpy, and 10-30% of spirals are barred. Radial profiles
and clump properties are measured for disk galaxies. Spiral and clump-cluster
galaxies are dominated by giant clumps of 109 Mo. Galaxy redshifts, star for-
mation histories, and masses are modeled for 10 clump clusters by comparing
photometric colors and magnitudes with redshifted stellar population models.

Keywords: galaxies: high-redshift - galaxies: evolution - galaxies: structure

1. Introduction

Understanding the properties of galaxies at high redshift is critical for un-
derstanding galaxy evolution that led to the local universe. The advent of high
resolution deep imaging surveys is revolutionizing our exploration of galaxies
in the early universe. Here we present photometric properties of clumpy galax-
ies observed in the Hubble Ultra Deep Field for comparison with nearby galax-
ies. Following previous efforts at classifying galaxy morphology in the Hub-
ble Deep Field (HDF)-North (Abraham et al. 1996a,b) and South (WIlliams et
al. 1996; Volonteri et al. 2000) and the Hawaiian Deep Field (Cowie, Hu, &
Songaila 1995), we divided UDF galaxies according to 6 different morpholog-
ical classes: spiral, elliptical, chain, double, clump-cluster, and tadpole.
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Figure 1. Galaxy morphologies in the Ultra Deep Field: chain, clump cluster, double, tadpole,

2. Data and Photometry

Images of the Ultra Deep Field were made with the Hubble Advanced Cam-
era for Surveys in four passbands, B, V, i, z in over 400 orbits (Beckwith
et al. 2004). These reach about 1.5 mag deeper than the HDFs and pro-
vide 0.03 arcsec px−1 resolution. We selected all 884 galaxies with major
axes greater than 10 pixels in i775 band in order to have sufficient detail for
classification. We also measured 399 galaxies in the HST ACS field of the
Tadpole galaxy, (UGC10214; Tran et al. 2004). Photometry was done in
all bands for the integrated galaxies out to the 2-σ contour limit of 26 mag
arcsec−2. Color-color and color-magnitude diagrams were constructed for
each type (Elmegreen et al. 2004a,b; 2005a). Substructure within each galaxy
was identified by eye and photometry was done on each clump, amounting to
about 1500 individual regions.

Barred Galaxies

We find that 10 to 30% of disk galaxies are barred in the UDF and Tadpole
fields (Elmegreen et al. 2004), which is consistent with the local fraction and
with the GOODS/GEMS results out to redshift 1 (Jogee et al. 2004). Some of
the higher redshift galaxies have poorly formed spiral structure. Bars are also
present in some clump cluster galaxies.

spiral, elliptical.
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Clumpy Ellipticals

Out of 100 ellipticals in the UDF, 30 have clumps indicating mergers. The
clumps have masses of about 108 Mo and ages of about 1 Gyr. The axial ratios
of the elliptical sample are the same as for local ellipticals, indicating that el-
lipticals very quickly relaxed to their present shapes (Elmegreen et al. 2005b).

Lyman Break Galaxies

In the UDF, 30 galaxies were V-band dropouts and 13 were i-band dropouts.
These Lyman Break Galaxies therefore have redshifts of 4 or 5, respectively.
Star formation rates were estimated from Madau et al. (1998) relations, and
ranged from 6 to 20 Mo yr−1 for V-band dropouts, to 23 to 190 Mo yr−1 for
i-band dropouts (Elmegreen et al. 2005a).

Clump Clusters

Color evolution models were made using the stellar templates of Bruzual
& Charlot (2003) in order to compare with the color-color and color magni-
tudes of 10 clump cluster galaxies and their embedded clumps (Elmegreen &
Elmegreen 2005). We find that the clumps have masses of about 109 Mo and
ages of <1 Gyr, with sizes of 1-2 kpc. These are much more massive than the
largest clumps in current-day galaxies.

Radial Profiles

The scale lengths were determined for all low inclination spiral galaxies
(Elmegreen et al. 2005c). They averaged about 2.4 kpc, which is smaller than
for local galaxies (van der Kruit 1987). This indicates that galaxies must grow
with time. Clump cluster galaxies do not have exponential light distributions
along their major axes. However, ellipse fits show that some have exponential
profiles when azimuthally averaged. The individual clump magnitudes and
positions were measured in each spiral and clump cluster galaxy, and show an
exponential distribution for both galaxy types. This result suggests that clumps
dissolve with time to form the exponential disks.

3. Conclusions

Linear structures dominate at faint magnitudes. Chain galaxies appear to
be edge-on clump cluster galaxies. Face-on spiral galaxies, if present, are lost
due to surface brightness dimming effects. Axial ratios for chain and clump
cluster galaxies as well as distant spiral galaxies, compared to local values for
disk galaxies, suggest the presence of thick disks. Axial ratios for high redshift
elliptical galaxies suggest that they relaxed early, to the present distributions.
The fraction of barred spiral galaxies is approximately the same as the local



530 ISLAND UNIVERSES

value for strong bars, 10-30%, out to about redshift z=1. Star-forming clumps
appear to be much larger and more massive than the biggest clumps in lo-
cal galaxies; they are typically 109 Mo with ages <1 Gyr and sizes of 1 kpc.
Lyman Break Galaxies are mostly peculiar galaxies, and have star formation
rates from 10-100 Mo yr−1 compared with a few Mo yr−1 for normal nearby
galaxies.

Acknowledgements The author thanks collaborators Bruce Elmegreen and un-
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fer, and David Vollbach, and acknowledges support from the Vassar College
Research Fund.
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Abstract Using the results of a bulge-disk decomposition of 10 000 galaxies with B <
20 mag from the Millennium Galaxy Catalogue, we recover the space-density of
galaxy disks as a joint function of luminosity and effective surface brightness.
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1. Introduction

The bivariate brightness distribution (BBD) quantifies the space density of
galaxies as a joint function of luminosity and surface brightness (SB) and is
hence an extension of the luminosity function. The BBD is linked to the mass
and angular momentum distributions of galaxies and the different formation
processes of different galaxy types or components are predicted to be encoded
in their BBDs (e.g., Dalcanton et al. 1997; Mo et al. 1998; de Jong & Lacey
2000). Hence the BBD is a useful test-bed for galaxy formation models. Con-
structing the BBDs of disks and bulges separately is of particular interest in
this respect. However, at z=0 this requires high-quality, wide-field imaging
data with well known selection limits, and a corresponding redshift survey to
high completeness.

2. Data: The Millennium Galaxy Catalogue

The Millennium Galaxy Catalogue (MGC; Liske et al. 2003; Driver et al.
2005) is a deep, wide-field B-band imaging survey conducted with the Wide
Field Camera on the INT, covering 37.5 deg2 in ∼1.25 arcsec seeing to a lim-
iting isophote of 26 mag arcsec−2. The galaxy sample used here is defined as
the 10 095 MGC galaxies that have B < 20 mag.

Public datasets (such as SDSS and 2dFGRS) together with our own redshift
survey, mainly using 2dF, have yielded redshifts for 96.05% of this sample.
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Figure 1. The MGC’s overall redshift incompleteness is 96.05%. The left panel shows
the incompleteness as a function of magnitude and surface brightness. Despite our single-slit
observations some magnitude and SB-dependent bias still remains. We account for this in the
analysis. The right panel shows the incompleteness as a function of limiting magnitude and SB.
From the top sub-panel we can see that for B < 19.2 mag the incompleteness is only 0.21%.

This also includes a single-slit campaign on Gemini, the NTT and the ANU
2.3m in an attempt to mitigate the severity of the SB bias in the redshift com-
pleteness, which is inevitably introduced by using a fibre-fed MOS such as 2dF
(see Fig. 1). The median redshift of our sample is 0.12.

The excellent MGC image quality enables us to decompose all galaxies with
B < 20 mag into bulges and disks using GIM2D (Simard 1998). The MGC
is currently one of the largest samples for which quantitative morphology is
available. The 2D surface brightness profile is modelled as the sum of a Sersic
bulge and an exponential disk, convolved with the seeing (see P. Allen’s con-
tribution to these proceedings for details). We have confirmed the reliability of
this process using independent duplicate observations of ∼ 700 objects in the
overlap regions of neighbouring MGC fields.

3. Preliminary Results

We use the bivariate stepwise maximum likelihood method of Driver et
al. (2005) to construct the BBD of the disk components of galaxies. A full
analysis of all relevant selection limits is still pending, but here we conser-
vatively set the low-SB and maximum size limits to the same values as in
Driver et al.’s analysis of the total-galaxy BBD, i.e. µlim = 25.25 mag arcsec−2

and rmax = 15 arcsec. These are not absolute detection limits but rather the
limits to which accurate photometry is possible. The minimum size limit is
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Figure 2. The contours and image in the left panel both show the bivariate brightness dis-
tribution of galaxy disks as derived from the MGC. The thick solid line encloses that part of
parameter space which is probed by at least 100 objects and represents our selection limit. Inte-
grating the BBD over surface brightness yields the disk luminosity function in the right panel.
The solid line shows the best-fit Schechter function with parameters indicated. The dashed line
shows the total MGC luminosity function for comparison.

determined by GIM2D’s capability of recovering a component half-light ra-
dius, and we set it to 0.7 times the FWHM of the seeing. Within these limits
we have a complete sample of 5721 disks with 0.013 < z < 0.18.

The resulting BBD of galaxy disks is shown in Fig. 2 (left panel). It exhibits
a well defined shape: at a given luminosity the distribution of surface bright-
ness is Gaussian, i.e. the size distribution of disks is log-normal. The peak of
the surface brightness distribution shifts to fainter values at lower luminosi-
ties. This SB-luminosity relation is described by µ∗ = 21.78 + 0.5(MB +
20) mag arcsec−2. Clearly, the next step is to perform a detailed comparison
of these and other features of the disk BBD with the predictions of galaxy
formation models.
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AN ANALYTICAL PERSPECTIVE ON

GALAXY FORMATION
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Abstract Galaxy formation theory is a mysterious art. It is driven by phenomenology
and by numerical simulations of dark matter clustering under gravity. Once the
complications of star formation are incorporated, the theory becomes so complex
that the brute force approach of numerical simulations needs to be supplemented
by physical insights into the nature of such processes as feedback. I present
here a few analytical perspectives that may shed some light on the nature and
implications of global star formation for galaxy formation.
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1. Introduction

Fundamental questions in galaxy formation theory remain unresolved. Why
do massive galaxies assemble early? And how can their stars form rapidly, as
inferred from the α/Fe abundance ratios? Where are the baryons? And if,
as observations suggest, they are in the intergalactic medium, both the photo-
ionised Lyman α forest and the collisionally ionised warm-hot intergalactic
medium (WHIM), how and when is the intergalactic medium (IGM) enriched
to 0.1 of the solar value? Can the galaxy luminosity function be reconciled with
the dark matter halo mass function? Does the predicted dark matter concen-
tration allow a simultaneous explanation of both the Tully-Fisher relation and
the luminosity function? And for that matter, is the dark matter consistent with
barred galaxy and low surface brightness dwarf galaxy rotation curves? The
observational data that motivates many of these questions can be traced back
to the colour constraints on the interpretation of galaxy SEDs by population
synthesis modelling (Sandage 1986; Larson 1986).

The galaxy distribution is bimodal in colour, and this can be seen very
clearly in studying galaxy clusters. The presence of a red envelope in dis-
tant clusters of galaxies testifies to the early formation of massive ellipticals.
A major recent breakthrough has been the realisation from UV observations
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with GALEX that many ellipticals, despite being red, have an ongoing trickle
of star formation. Most field galaxies, and galaxies on the outskirts of clusters,
are blue and are actively forming stars.

The general conclusion is that there must be two modes of global star for-
mation: quiescent and starburst. The inefficient, long-lived, quiescent mode is
motivated by cold gas accretion and global disk instability. The low efficiency
is due to negative feedback. The disk mode is relatively quiescent and contin-
ues to form stars for a Hubble time. The starburst mode is necessarily efficient.
It is motivated by mergers, including observations and simulations, as well as
by CDM theory. The high efficiency is due to positive feedback, but how is the
feedback provided?

2. Open Issues in Galaxy Formation

Consider first the baryon fraction in the universe. There is a universal pre-
diction from high z. In fact four methods, involving primordial nucleosyn-
thesis, the cosmic microwave background temperature fluctuations, the Lyα
forest component of the IGM, and the gas fraction in massive galaxy clusters,
all conspire to give a baryon fraction of 15 ± 3%.

In contrast, both in our own galaxy and in M31, two of the best studied
galaxies, we find a baryon fraction of 6 − 8%. Formation of galactic disks
requires a baryon fraction of 10% or more for effective dissipation. These
baryons seem not to be present, at least in the inner parts of galaxies, today. A
clue comes from studies of the low redshift IGM which contains around half
of the baryon content of the universe. The IGM is enriched today to about
[Z] ∼ −1. In massive clusters, where the intracluster medium (ICM) amounts
to several times the mass in stars, it is enriched to about 30% of the solar value,
and this is true to z ∼ 1.

The simplest explanation is that a mass in baryons roughly equal to that in
stars was enriched and ejected in early winds from forming galaxies. In clus-
ters, the enrichment and ejection efficiency was larger than in the field. This is
reminiscent of the two modes of star formation. The disk mode is inefficient
and not responsible for substantial winds, at least from massive disks. The star-
burst mode drove the winds, and was responsible for much of the enrichment.
In the clusters, which are dominated by elliptical and S0 galaxies, these winds
occurred earlier and more widely than in the field.

Serious questions remain. How did the winds occur? Is there indeed a clean
distinction between the two modes of star formation, or is there a continuum,
from mini-starbursts to ultraluminous starbursts? Can the powerful starbursts
account for early spheroid assembly? And what is the role of SMBHs in star-
bursts? Why do quiescent star forming and starbursting galaxies fit on the same
law that relates star formation rate per unit area to gas surface density?
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In the following, I will develop some tentative answers. The quiescent mode
is motivated by cold gas accretion and global disk instability, and this naturally
leads to a series of ministarbursts. The low efficiency due to negative feed-
back is induced by supernova heating of the multiphase interstellar medium.
The powerful starburst mode is motivated by mergers of gas-rich galaxies, that
effectively concentrate the gas reservoir in the merged systems. The high effi-
ciency is due to positive feedback from AGN-driven outflows. These outflows
trigger further star formation and supernovae, so that ultraluminous starbursts
are a synergetic combination of SMBHs and spheroid formation that culmi-
nates in the formation of spheroids whose stellar masses and chemical evolu-
tion are coupled to the masses of the SMBHs.

3. Nature of the Feedback: Disks

In the quiescent mode, the clumpy nature of accretion suggests that mini-
starbursts might occur. In fact, what is more pertinent is the runaway nature of
supernova feedback in a cold gas-rich disk. Initially, exploding stars compress
cold gas and stimulate more star formation. Negative feedback is eventually
guaranteed in part as the cold gas supply is exhausted and also as the cold gas
is ejected in plumes and fountains from the disk.

Global simulations have inadequate dynamical range to follow the multi-
phase interstellar medium, supernova heating and star formation. The follow-
ing toy model provides an analytical description of disk star formation. I as-
sume that self-regulation applies to the hot gas filling factor 1− e−Q, where Q
is the porosity and is defined by

( SN bubble rate) × (maximum bubble 4-volume )

∝ (star formation rate) (turbulent pressure)−1.4 .

One can now write the star formation rate as (Silk 2003) αS rotation rate ×
gas density with αS ≡ Qǫ. Here ǫ = (σgas/σf )2.7, where the fiducial veloc-
ity dispersion

σf ≈ 20kms−1
(

ESN/1051
)0.6

(200M⊙/mSN)0.4 .

The star formation efficiency Qǫ is

0.02
( σgas

10 kms−1

)( vc

400 kms−1

)

(

mSN

200M⊙

)(

1051ergs

ESN

)

.

The observed mean value is 0.017 (Kennicutt 1998).
To extract the wind, one might expect that the outflow rate equals the prod-

uct of the star formation rate, the hot gas volume filling factor, and the mass
loading factor. This reduces to ∼ Q2ǫṀ∗, or Ṁoutflow ≈ fLα2

Sǫ−1MgasΩ. If
Q is of order 50%, then the outflow rate is of order the star formation rate, but
this evidently only is the case for dwarf galaxies.
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Ejection

Ejection via early winds is inferred to account for both the enriched intra-
cluster gas, the warm/hot intergalactic medium and the nearby Lyman α forest.
For the case of the intergalactic medium in low density environments at z ∼ 0,
the observations, most notably of OVI and CIII in the Lyman α forest (Dan-
forth et al. 2005) and OVII and OVIII absorption in the WHIM (Nicastro et
al. 2005), require that the metallicity [Z] >∼ 0.1. The IGM results require con-
siderable heavy element ejection from typical field galaxies since roughly half
of the cosmic baryons are involved, or more than 3 times the baryons in stars.

Observations of Lyman break galaxies find offsets to the blue of the gas
absorption relative to the stellar absorption features, and also broad gas ab-
sorption line widths (Adelberger et al. 2003). This suggests that early winds
from L∗ galaxies are a common phenomenon in the early universe. Since these
galaxies seem to be strongly clustered, their mass loss is most likely to be rel-
evant to ICM enrichment.

At least phenomenologically, the “missing” baryons could be in the WHIM.
Typical field galaxies almost certainly are responsible for IGM enrichment.
Indeed, the Milky Way and several nearby galaxies provide case studies for
a history of minor mergers and galactic fountains. The gas which is expelled
from the disks is most likely still trapped in the halos. Dwarf galaxy starbursts
are supernova energy-driven outflows. However, there is a severe theoretical
difficulty, in that ejection from L∗ galaxies is not supported by hydrodynamical
simulations with SN feedback (Springel & Hernquist 2003). Some additional
input is required, and this most likely is provided by AGNs.

4. Nature of the Feedback: Spheroids

Spheroids are assembled early, and massive spheroids are assembled rapidly.
Why is star formation so efficient and what physics provides the high efficiency
that distinguishes massive from low mass spheroids that results in the enhance-
ment of [α/Fe] ?

I argue that the ultraluminous starburst mode is most likely the culprit. Ul-
traluminous infrared galaxies (ULIRGs), with luminosities of order 1013L⊙

and star formation rates of order 1000M⊙ yr−1 are known to be triggered by
major mergers between gas-rich galaxies. Tidal torques drive much of the
gas into a dense core via angular momentum loss associated with shocks and
strong dissipation. The star formation is highly efficient, as measured from
the gas content. An extended stellar spheroid forms in the core: evidence for
this comes from the distribution of the young star clusters that tracks the V -
band light as well as the de Vaucouleurs profile seen in the near-infrared that
develops within 100 Myr in the merging systems (Schweizer 2005).
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In fact, this is far from the complete story. One has now to pose the question:
why is star formation so efficient in the ultraluminous starburst mode? The
answer is far from obvious. Supernovae result in inefficient star formation, in
disks. This is confirmed by theory and observation. The same is true in low
mass spheroids. The feedback is negative: gas is heated and ejected. However,
in massive protospheroids, theoretical multiphase simulations demonstrate that
winds are quenched by cooling. The analytical discussion of porosity shows
that feedback is suppressed. So if supernovae cannot do the job, what else can?

The SMBH connection

The best evidence that points towards a distinct mechanism for spheroid
star formation comes from the correlation between SMBH and spheroid veloc-
ity dispersion. The spheroid stars are old and formed when the galaxy formed.
Hence the SMBHs, which accounts via the empirical correlation for approxi-
mately 0.001 of the spheroid mass, must have formed in the protogalaxy more
or less contemporaneously with the spheroid. Supermassive black hole growth
is certainly favoured in the gas-rich protogalactic environment.

SMBHs provide an intriguing possibility for stimulating a new and power-
ful mode of star formation. Accretion onto the SMBH occurs via a disk. The
accretion disk fuels the growing SMBH, and twin relativistic jets are accel-
erated from the vicinity of the SMBH along the minor axis of the accretion
disk. These jets are the fundamental power source for the high non-thermal lu-
minosities and the huge turbulent velocities measured in the nuclear emission
line regions in active galactic nuclei and quasars. The jets drive hot spots at a
velocity of order 0.1c that impact the protogalactic gas. These are probably dis-
ruptive, but the jets are surrounded by hot cocoons that engulf and overpressure
ambient protogalactic clouds (Saxton 2005). These clouds collapse and form
stars. The speed of the cocoon as it overtakes the ambient gas clouds greatly
exceeds the local gravitational velocity. In this way, a coherent and positive
feedback is provided via triggering of massive star formation and supernovae
on a short time-scale (Silk 2005).

If this is correct, the ULIRG phenomenon involves both spheroid forma-
tion and SMBH growth associated with the gas-rich proto-spheroid phase. The
ULIRG winds are AGN momentum-driven and are self-limiting, with the rate
of mass ejected inevitably being of order the star formation rate. The SMBH-
triggered associated outflow generates the MSMBH ≈ 106σ4

7M⊙ relation,
where σ7 denotes the spheroid velocity dispersion in units of 100 km/s (Silk &
Rees 1998).
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Another toy model

To make these arguments less qualitative, consider the following toy model.
A jet of luminosity LJ drives a hot spot at speed vJ into the multiphase proto-
galactic gas core. Following Begelman & Cioffi (1989), one can describe this
situation by momentum balance: LJ/vJ = ρaR

2
hv2

w, where Rh is the hot spot
width, ρa is the ambient gas density, and vw is the wind velocity. Now there is
a critical momentum flux above which the protogalactic gas is expelled from
the protogalaxy. This condition is

Lcr/vJ = GMMg/r = fgσ
4
g/G.

If we identify the jet luminosity with the Eddington luminosity, we obtain
Lcr/vJ = LEdd/c = 4πGκ−1MBH , where κ is the electron-scattering opac-
ity. It follows that MSMBH = fgσ

4
gκ/4πG2. This is in fact the observed

correlation between MSMBH and σg in both slope and normalisation.
There is no good reason to believe that the jet outflow is Eddington-limited.

In fact the accretion, presumably for a brief phase, almost certainly is not.
Empirically, we know this because one has to form SMBHs in excess of 3 ×
109M⊙ by z ∼ 6. We indeed may reasonably expect that the jet-driven flow is
super-Eddington:

LJ

Lcr
= fc

(

vw

σg

)2 (

Rh

Rc

)2

,

where fc is the baryon compression factor in the core and Rc is the cocoon
width. Eventually, perhaps after only 107 yr, the outflow is Eddington-limited,
and

MSMBH =
κ

4πG2
σ4

(

Mg

M

) (

1 − fLαS(
σf

σgas
)2.7(vw/σg)

)

.

Supernova-triggered galactic outflows are prevalent until

σgas ≈ (fLαSvw)1/4σ−0.7
f ∼ 100km s−1;

at larger gas turbulence velocities, black hole outflow-initiated outflows must
dominate. Self-regulation of jet outflow (positive) and SN (negative) feedback
means that ṀE

∗ ∼ LJ/cvw ∝ v2
wσ2

g . This expression explicitly provides the
ingredient missing in earlier formulations of starbursts, and yields the needed
boost in star formation efficiency.

Anti-hierarchical formation

One of the greatest challenges in galaxy formation theory is to account for
the systematically earlier and more rapid formation of the massive galaxies.
This is precisely the opposite of what is found for the evolution of the mass
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function and for chemical evolution. Hierarchical galaxy formation predicts
that massive halos form later and more slowly. The star formation prescriptions
hitherto used in numerical and semi-analytical modeling similarly predict that
chemical evolution is slower in the more massive systems.

SMBH-triggered star formation provides a means of circumventing this
problem. The novel feature is that the SMBHs themselves form anti-hierar-
chically, as indeed is observed (Hasinger et al. 2005). One arrives at a theoret-
ical explanation by considering the Compton-cooled wind core. This provides
the mass reservoir out of which the disk accretes and the SMBH can continue to
grow. One finds that the mass reservoir scales as the 2/3 power of SMBH mass.
Hence the most massive SMBHs have the largest reservoir per unit mass for
growth, and one may plausibly imagine that they will achieve run-away growth
by accretion before the lower mass SMBHs have formed. If the SMBHs grow
anti-hierarchically, and trigger star formation, then so should the spheroids.

5. Conclusions

Starbursts are ubiquitous. The star formation rate is limited by the local gas
supply. This favours a series of (mini)-bursts if the gas supply is stochastic. In
disks, the star formation efficiency is low because of negative SN-driven feed-
back. Both spheroids and disks form inside-out. However, the star formation

The self-regulation hypothesis yields the star formation rate. Winds lead
to saturation of the global star formation rate and the supermassive black hole
mass, and provide an explanation for the observed correlation between SMBH
and spheroid. In ultraluminous starbursts, the maximum luminosity from star
formation ∼ 1000L⊙yr−1, and this is of order the Eddington luminosity. The
spheroid mass saturates at MBH ∼ 0.001Mspheroid. The supermassive black
hole correlation with σg is a consequence of gas accretion, SMBH growth and
AGN feedback-triggered star formation in the protospheroid.

That the gas ejected is of order the mass in stars is a plausible outcome of
starbursts. However, the mechanism differs between small spheroids and disks,
and for massive spheroids. In the former case, the outflows are energy-driven,
by the porosity of the hot SN-heated bubbles. In the latter case, the flows are
momentum-driven by the AGN outflow pushing on the dense, cooled interface
with the protogalaxy. The momentum-driven ouflows from ULIRGs scale as
vw ∝ L

1/2
J ∝ (ṀE

∗ )1/2. This is similar to the observed envelope for ULIRG
superwinds. The Compton-cooled outflows provide a dense gas reservoir for
forming spheroid cores. The outflow cores control downsizing of MBH and
consequently M∗ in the spheroid.

Acknowledgement I thank C. Maraston and D. Thomas for discussions of
many of the issues covered here.

in massive spheroids is efficient because of positive AGN-driven feedback.
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X-RAYS FROM DISK GALAXY HALOS,
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Abstract Extended, soft X-ray emission from the halo of a very large disk galaxy has
been detected. The luminosity and surface brightness distribution is in excellent
agreement with predictions by recent, cosmological galaxy formation models.
Predicted Lyα emission, associated with “cold” accretion of filamentary gas onto
galaxies, is discussed in relation to Lyα “blobs”. Finally, the predicted evolution
of the Tully-Fisher relation, going from z=0 to 1, is discussed in relation to
recent observations.

Keywords: cosmology: theory - galaxies: formation - X-rays: galaxies - methods: numeri-
cal - galaxies: kinematics and dynamics

1. X-ray Emission from Disk Galaxy Haloes

Disk galaxies continue forming to the present day, as evidenced by, e.g.,
infall of high-velocity clouds and satellite galaxies. Self-consistent models of
disk galaxy formation predict that, at present, part of the inflowing gas origi-
nates as hot and dilute, low-metallicity halo gas, slowly cooling out and ac-
creting onto the disk (e.g., Abadi et al. 2003, Sommer-Larsen et al. 2003,
Governato et al. 2004, Robertson et al. 2004). The X-ray luminosity of the
hot halo is predicted to increase strongly with the mass of the galaxy, and the
haloes of the most massive galaxies should be detectable with current X-ray
instruments (Toft et al. 2002, Rasmussen et al. 2004). Searches for this hot
halo gas have so far failed to detect such soft X-rays, challenging our current
understanding of galaxy formation. Moreover, it has been suggested that disk
galaxies of total mass less than a few times 1011M⊙ form primarily through
accretion of cold gas, resulting in reduced halo X-ray emission (e.g., Birnboim
& Dekel 2003; Keres et al. 2005 – see also next section). On the other hand,
the recent detection of a warm-hot phase of the intergalactic medium shows
the presence of a reservoir of hot and dilute gas at galactic distances (Nicastro
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Figure 1. Left: Predicted and observed 0.3-1.5 keV luminosities of X-ray haloes as a function
of disc circular velocity. All X-ray luminosities have been calculated within the same physical
aperture as used for NGC 5746. The filled circles are from the observations of NGC 5746 and
NGC 5170 (1-σ upper limit of LX < 2.9 1039 erg/s, 0.3-2 keV), while other symbols are
the predictions from simulations with a range of different resolutions and circular velocities:
Triangles are for simulations with low-metallicity chemical composition while squares are for
simulations with self-consistent chemical evolution run at 8, 64, and 512 times the original
resolution (Sommer-Larsen, Gotz & Portinari 2003) corresponding to gas particle masses of
7.5 105, 9.4 104 and 1.2 104 M⊙, respectively. Results from simulations re-run at higher
resolution are connected with lines. Open squares, except the simulated galaxy with a circular
velocity of ∼225 km/s, are for simulations run with a universal baryon fraction of 0.15. All
other simulations were run with a baryon fraction of 0.1. Right: Predicted and observed surface
brightness profile of X-ray haloes as function of the distance to the disc mid-plane. Filled circles
are NGC 5746 data while other symbols mark simulations with different resolutions and circular
velocities. The vertical dashed line indicates D25 of NGC 5746.

et al. 2005). Furthermore, absorption of the OVI line in quasar spectra (Wakker
et al. 2004), and the head-tail structure of some high-velocity clouds in the halo
of the Milky Way (Bruns et al. 2000) provide circumstantial evidence that the
Milky Way is surrounded by an extended hot halo.

As a test of current disk galaxy formation models we used the Chandra X-
ray telescope to study the most promising candidate spiral galaxy for detecting
halo X-ray emission, NGC 5746. We also studied a similar, but less massive
galaxy, NGC 5170, as a test of our procedure. The galaxies are massive and
nearby (NGC 5746 is an SBb galaxy at d=29.4 Mpc and has Vc=307±5 km/s;
NGC 5170 is an Sc galaxy at d=24.0 Mpc and has Vc=250±5 km/s). Both
galaxies are quiescent, showing no signs of either starburst activity, interaction
with other galaxies, or an active galactic nucleus. The disks of the galaxies are
viewed almost perfectly edge-on.

Diffuse, soft X-ray emission extending more than 20 kpc from the stellar
disc was detected around NGC 5746. A total of about 200 net counts in the
0.3-2 keV band were detected from the halo of NGC 5746, corresponding to a
4.0-σ detection. The same observing technique and data analysis revealed no
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diffuse emission around the less massive galaxy NGC 5170. Moreover, from
Fig. 1 it follows that the agreement between observations and models is very
good. Full discussions of the results will be presented in Pedersen et al. (2005),
and Rasmussen et al. (2005).

2. “Cold” Accretion, and Lyα Properties of Forming
Galaxies

Most of the Lyα photons produced in young galaxies originate from photo-
ionized HII regions around young, massive stars. In recent years, however,
it has been realized that not all gas, which ends up as cold and star-forming
in galaxies, has been shock-heated to temperatures T ∼ 106 K, before it is
accreted onto the galaxy. Rather, the gas is accreted at densities and rates,
such that gas remains at T ∼ 104 K during the accretion, cooling mainly by
abundant Lyα emission (e.g., Birnboim & Dekel 2003; Keres et al. 2005). So
a fraction of the Lyα photons produced in and around young galaxies origi-
nate from cooling, almost neutral gas – we find this fraction to be typically of
order 10%. In Fig. 2 (left) is shown, for a high-resolution galaxy formation
simulation, the temperature distribution of gas before it is accreted onto the

Figure 2. Left: Temperature distribution of gas particles, prior to accretion onto a number of
starforming proto-disks in a M31 like proto-galaxy. Shown is (at a time 200 Myr before the z=4
frame) temperatures of gas particles, which at z=4 are located in the starforming proto-disks
at densities nH > 10 cm−3, and which 200 Myr prior to this have not been accreted onto the
proto-disks yet. Right: Lyα surface brightness of “cooling” radiation from the region around
a M31 like proto-galaxy at z ∼3, versus time. Top curve shows the peak surface brightness;
second and third averages over circular regions of radii 10 and 20 kpc, respectively, centered at
the position of the peak Lyα surface brightness.
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proto-disks of a M31 like proto-galaxy, at z=4. As can be seen, at this redshift,
the majority of the gas is, in fact, accreted “cold”.

Can Lyα emission associated with “cold” accretion be observed? In re-
cent years a number of so-called Lyα “blobs” have been detected (Keel et
al. 1999, Steidel et al. 2000, Francis et al. 2001, Matasuda et al. 2004, Palunas
et al. 2004, Dey et al. 2005). These are systems with spatial extents of up to
100 kpc, and Lyα luminosities of up to 5 1043 erg/s. In all cases, but one (see
below), counterparts (like optical, IR, X-ray or radio) have been detected. Var-
ious mechanisms have been proposed, like i) QSO illumination (e.g., Haiman
& Rees 2001; Weidinger et al. 2004), ii) galactic super-winds (e.g., Mori et
al. 2004; Wilman et al. 2005), or iii) cold accretion. In the case of a z=3.15
blob, discovered by Nilsson et al. (2005), there are no other sources associated
with the object going from X-rays (Chandra) to 8 µm emission (Spitzer). The
blob has a linear extent of about 50 kpc and a typical surface brightness of
4 10−4 erg/s/cm2, at the source. Moreover, a galaxy of photometric redshift
3.0 is situated at a projected distance of about 40 kpc from the blob, and may,
given the uncertainty in the photometric redshift, be physically associated with
the blob.

To test whether this blob can be filamentary gas being accreted “cold” onto
a companion galaxy, we conducted the following experiment: for a M31 like
proto-galaxy we calculated the Lyα surface brightness, in a 100x100 kpc (pro-
jected) region centered on the proto-galaxy, of “cooling” radiation only (so all
contributions from regions with young stars were removed, as well as all emis-
sion, in general, from gas closer than 10 kpc to any star-forming region). The
result is shown in Fig. 2 (right), at z ∼3, for a period of about 1 Gyr, with time
resolution of just 2.5 Myr. As can be seen from the figure, we can get to within
about an order of magnitude of the observed surface brightness level. This is
interesting, and may point to a cold accretion origin of the blob Lyα emission,
just on a larger scale, such as filamentary gas accretion onto a galaxy group –
this option is currently being investigated. Given that in a search volume of
about 40000 comoving Mpc3, only one such blob has been detected, it is actu-
ally comforting, that we could not reproduce the blob characteristics, by cold
accretion onto this, randomly selected, M31 like galaxy.

3. The z ∼ 1 Tully-Fisher Relation

Considerable effort has been spent in recent years to determine the evolution
of the zero-point and slope of the disk galaxy Tully-Fisher relation going from
z=0 to z ∼ 1 (e.g., Vogt 1999; Barden et al. 2003, Milvang-Jensen et al. 2003;
Bohm et al. 2004; Bamford et al. 2005). The observational results span a
range from almost no evolution to about 1.1 mag fading in the B-band. Such
observational information provides important constraints on models of galaxy
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Figure 3. Tully-Fisher relations from observations, as well as, simulations. Solid line: B-
band z=0 TF relation of Pierce & Tully (1992) for Sc galaxies (B–V ∼0.55), shifted downwards
by 0.6 mag to enable a comparison to the model disk galaxies which have B–V =0.6-0.75 (∼Sb
type). Other lines show the differential evolution of the zero-point of the B-band TF going to
z ∼ 1, reported by various authors (the slopes have been forced to be as for the z=0 TF rela-
tion). Results of models, invoking feedback, self-consistent treatment of chemical evolution and
metal-dependent radiative cooling, and assuming a universal baryon fraction of 0.15 (Portinari
& Sommer-Larsen 2005) are shown by various symbols. Filled symbols correspond to z=0, 0.7
and 1. Open symbols refer to disk galaxies, which were too disturbed at z=1 to enable deter-
mination of the TF quantities; hence these were determined at z=0.8 instead. Smallest symbols
correspond to the original resolution of Sommer-Larsen et al. (2003), medium sized and large
to 8 and 64 times higher mass resolution, respectively.

formation and evolution, in particular no or only very mild evolution points to
scenarios with considerable, continuing disk growth, going from z=1 to 0.

Given this, it is clearly of interest to compare to what fully cosmologi-
cal galaxy formation simulations, incorporating feedback, non-instantaneous
chemical evolution, metal-dependent radiative cooling etc. predict. We have
recently engaged in such a study, and show the first results in Fig. 3; the full
results will be presented in Portinari & Sommer-Larsen 2005. The preliminary
conclusion based on the results shown in Fig. 3 is that our results for z=0.7 and
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1.0, relative to the z=0 results are nicely bracketed by the various observational
determinations at z ∼ 1. Moreover, we find that the stellar mass TF relation
shows essentially no evolution going from z=1 to 0, since an increase in stellar
mass leads to an increase in Vc as well. This is in agreement with the findings
of Conselice et al. (2005).

Acknowledgements I thank my collaborators on the various projects for provid-
ing material to this contribution.
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GAS RICH MERGERS IN DISK FORMATION
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Abstract In order to explain disk galaxy formation within the hierarchical structure for-
mation, it seems that gas rich mergers must play an important role. We review
here our previous studies which have shown the importance of mergers at high
redshift being gas rich, in the formation of both the stellar halo and thick disk
components of disk galaxies. Regulation of star formation in the building blocks
of our galaxy is required to form a low mass low metallicity stellar halo. This
regulation results in high redshift, gas rich mergers during which the thick disk
forms. In these proceedings, we categorise stars from our simulated disk galaxy
into thin and thick disk components by using the Toomre diagram. Rotation
velocity, metallicity and age histograms of the two populations are presented,
along with alpha element abundances (oxygen, silicone, magnesium), age-height
above the plane, age-radius, metallicity-height, and metalicity-radius gradients.

Keywords: galaxies: formation - methods: N-body simulations - galaxies: abundances -
galaxies: interactions

1. Introduction

The overcooling problem (White & Rees 1978), coupled with the inef-
fectiveness of implemented feedback algorithms in regulating star formation
(Katz & Gunn 1991) have been central to the difficulties of simulating disk
galaxies in a cold dark matter (CDM) Universe. Without sufficient feedback,
stars form rapidly in the earliest collapsing dark matter halos, which subse-
quently merge; angular momentum is transferred to the dark matter halo, and
the resultant disk is significantly smaller (in scalelength), and has less angular
momentum, than those observed. Feedback from supernovae, stellar winds,
quasars etc, has proven to be difficult to simulate, yet the effects of feedback
are essential in the formation of disk galaxies. Recent models incorporate these
processes without attempting to detail the complex multiphase gas physics in-
volved. This has highlighted the importance of regulating star formation in
the “building blocks” of galaxies. (note: We use the term “building blocks”
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when refering to early forming small galaxies which will have merged or been
accreted to the final galaxy at redshift 0. By contrast, the term “satellites” is
reserved for those small galaxies which are found orbiting the central galaxy
at z=0).

To tackle these problems, Thacker & Couchman (2000) turned off cooling
for a fixed time in gas within the Smooth Patricle Hydrodynamical smoothing
kernel of a supernova event, resulting in increased angular momentum in the
simulated disk galaxy. Brook et al. 2004a (see section 2) examined constraints
on such feedback models provided by the Milky Way’s stellar halo. Sommer-
Larsen and collaborators have examined other implementations of feedback,
and also shown the importance of regulating cooling at early epochs (Sommer-
Larsen, Götz, & Portinari 2003). Governato et al. (2004) highlights the im-
portance of resolution in simulating disk galaxies. Implementing these find-
ings has allowed models such as those presented in this conference by Jesper
Sommer-Larsen and Fabio Governato to make progress in reproducing disk
galaxies with properties approaching those of observed disks. Although feed-
back recipes differ, a crucial ingredient in these improved models is the reg-
ulation of star formation in galactic building blocks. The implications is that
early mergers are gas rich...

2. Gas Rich Mergers and the Stellar Halo

In Brook et al. (2004a) we simulated disk galaxy formation using identical

initial conditions with two different feedback methods. Using thermal feed-
back following Katz & Gunn (1991), star formation is rapid when the building
blocks collapse (figure 1), with the stars rapidly reaching relatively high metal-
licities, and accreting preferentially to the halo meaning a massive, metal rich
stellar halo is formed. In the adiabatic feedback model, which follows Thacker
& Couchman (2000), star formation is regulated in low mass building blocks,
which remain gas rich when accreted at high redshift, and galaxies form with
a low mass, low metallicity stellar halo. The dissipative gas accretes on to the
forming (thick) disk.

Star formation his-
tories of a galactic build-
ing block in the Adiabatic
and Thermal Feedback Mod-
els. The ability of the AFM
to regulate star formation in
galactic building blocks is a
crucial ingredient in creating
disk galaxies with low mass,
low metallicity stellar halos
(from Brook et al. 2004a).

Figure 1.
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James Bullock presented a model in which he and his collaborators have
modelled the stellar halo using the assumption that stellar halo stars are ac-
creted from galactic building blocks. They use cosmologically motivated mer-
ger histories to set the timing, mass, and orbits of the accretions onto an an-
alytic potential. Star formation rates in individal building blocks and satel-
lites are motivated by the mass accretion histories of their host dark matter
halos. Bullock & Johnston (2005) find that star formation in building blocks
prior to accretion must be highly regulated, in order to match the properties
of the Milky Way’s stellar halo; early mergers/accretions are gas rich. The
growth and accretion histories of building blocks are systematically different
than those of sattelites, and they show in Font et al. (2005) that such differences
can naturally explain the difference in alpha elements between the stellar halo
and the Milky Way’s dwarf galaxies (see e.g. the contribution to these proceed-
ings of Kim Venn).

3. Gas Rich Mergers and the Thick Disk

The emerging evidence that old thick disk stars seem to envelope the ma-
jority, and perhaps all disk galaxies, means that the formation of thick disks
may be an integral stage in disk galaxy formation. Understanding thick disk
formation may thus be a key insight in unravelling disk galaxy formation. In
previous papers, we have proposed that the thick disk forms during gas rich
mergers, which were frequent at high redshift in a CDM Universe (Brook et al.
2004a; Brook et al. 2005a). This formation scenario was shown to be consis-
tent with observations of both the Galactic and extra-galactic thick disks.

Figure The Toomre di-
agram of simulation solar
neighbourhood stars. Our cat-
egoristion of stars as thin disk,
thick disk and halo are indi-
cated.

In these previous studies, we used the abrupt increase in the velocity disper-
sion-age relation of solar neighbourhood stars, apparent in both the simula-
tions and observations, as an indication of the time of thick disk formation.
By selecting stars according to their age, we were able to relate dynamical
and chemical properties of the stellar components, to the dominant processes
which were occurring during their birth. This allowed us to show that thick
disk stars form during gas rich merger events at high redshift, while disk stars

2.
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form in a later, more quiescent epoch. In these procedings, we categorise stars
from our simulated disk galaxy into thin and thick disk components by us-
ing the Toomre diagram, as shown in figure 2. Rotation velocity, metallicity
and age histograms of the two populations are presented, along with alpha ele-
ment abundances (oxygen, silicone, magnesium), age-height above the plane,
age-radius, metallicity-height, and metalicity-radius gradients. These are con-
sistent with those in Brook et al. 2005) using different selection criteria for
the components, in this case better mimicking observational techniques. The
conclusions of that paper remain valid.

Figure Rotational veloc-
ity (top left), metallicity (top

right), and age (left) his-
tograms of simulation solar
neighbourhood stars, depict-
ing disk stars (black), thick
disk (dark grey) and halo stars
(light grey) as selected from
the Toomre diagram.

In these proceedings, Alyson Brooks traces thick disk stars in their simu-
lated disk galaxy, and finds that only around 5% of such stars have been ac-
creted directly from stars in building blocks, implying that direct accretion
plays a minor, role in thick disk formation. Kim Venn shows that thick disk
stars have high α element abundances at relatively high Fe values. This may be
explained by the merging epoch during which the thick disk forms driving in-
creased star formation rates. The observations of Debra Elmegreen hint that the
progenitors of todays disk galaxies were clumpy, resembling our simulations
redshifts at z ∼ 2. Her interpretation that Hubble Deep Field disk galaxies
are thicker than their local counterparts adds weight to theories such as ours in
which thick disks are formed early (Elmegreen et al. 2005). Julianne Dalcanton
presented evidence for the existence of counter-rotating thick disks (Yoachim

3.
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Figure 4. Disk and thick disk metallicity and age gradients in the radial (Rxy) and perpendic-
ular (|Z|) directions, showing in particular no gradient with height for thick disk stars.

& Dalcanton 2005). This provides further constraints on thick disk formation
scenarios. We have a study underway which hopes to determine which thick
disk formation scenarios are favoured by such observations.

The plots of α el-
ements vs [Fe/H] show that
thick disk stars are α en-
hanced compared to those in
the thin disk.

4. Gas Rich Mergers and the Thin Disk

Feedback at early epochs also results in enrichment of the IGM, with gas
which falls later onto the disk regions being enriched by gas ejected or tidally

Subsequent “inside out” growth of the thin disk in the
relatively quiescent period since z ∼ 1 results in the flattening of the spiral
galaxies. This is explored in relation to our simulated disk galaxies in Brook
et al. (2006).

5. Conclusion

If we are to accept ΛCDM cosmology, it seems necessary to invoke gas
rich mergers to explain many properties of disk galaxies. It is necessary that
mergers of building blocks which collapse at high redshift in CDM remain gas

Figure 5.

(Brook et al. 2004a).
stripped from the galactic building blocks, relieving the g-dwarf problem
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rich in creating low mass, low metallicity stellar halos, with observed chemical
abundances. The stellar disk that emerges from the chaotic merging period that
characterises ΛCDM between redshifts ∼2 and ∼1, is relatively hot. The rapid
star formation induced by these events results in high α abundances in stars
where iron levels are relatively high, in this emergent thick disk. Gas leftover
(gas that is heated during this epoch, rather than forming stars) is pre-enriched
and falls later onto the thin disk, thus alleviating the G-dwarf problem.

That gas rich mergers are important in galaxy formation is not a surprise in
the sense that it has become clear that, for CDM to work, then the conversion
of gas to stars must become very inefficient as we move toward smaller mass
objects. Such processes are required to explain the multitude of evidence that
is pointing toward “downsizing”, in which star formation occurs over longer
timescales in low mass objects. It must be remembered that 80% of the Milky
Way’s stars form quiessently from gas in the thin disk,which forms through dis-
sipative processes. We thus conclude that in low density environments, where
disk galaxies form, there is growing evidence that the “building blocks” of
such galaxies in a cold dark matter Universe remain gas rich. In this manner,
there is found a bridge between the two classical galaxy formation paradigms,
rapid collapse as proposed in Eggen, Lynden-Bell & Sandage (1962), and the
hierarchical build up proposed in Searle & Zinn (1978) and White & Rees
(1998).

Acknowledgements CB thanks Fabio Governato, Alyson Brooks, Julianne Dal-
canton, James Bullock, and Kim Venn for stimulating discussions and making
Island Universes a fun conference.
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Abstract We have used fully cosmological, high resolution N-body + SPH simulations to
follow the formation of disk galaxies with a rotational velocity between 140 and
280 km/s in a ΛCDM universe. The simulations include gas cooling, star forma-
tion (SF), the effects of a uniform UV background and a physically motivated
description of feedback from supernovae (SN). The host dark matter (DM) halos
have a spin and last major merger redshift typical of galaxy sized halos as mea-
sured in recent large scale N–Body simulations. Galaxies formed rotationally
supported disks with realistic exponential scale lengths and fall on the I-band
and baryonic Tully-Fisher relations. The combination of UV background and
SN feedback drastically reduced the number of visible satellites orbiting inside
a Milky Way sized halo, bringing it fair agreement with observations. Feedback
delays SF in small galaxies and more massive ones contain older stellar popula-
tions. The current star formation rates as a function of galaxy stellar mass are in
good agreement with those measured by the SDSS.

Keywords: galaxies: formation - galaxies: evolution - methods: N-body simulations - galax-
ies: fundamental parameters

1. Introduction

N–Body/gas-dynamical simulations have become the primary tools with
which to model galaxy formation in a cosmological context. They are nec-
essary to follow the internal structure of galaxies as well as the complex inter-
play between baryon cooling and feedback. These studies are of fundamental
importance to answer a number of challenges faced by the hierarchical model
of structure formation: (a) early numerical simulations of galaxy formation
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Table 1. Summary of the properties of the three cosmological halos. a: Circular velocity
at virial radius. b: number of gas and star particles changes slightly depending on ǫSN. 1&2:
smaller softening/larger N values are for a z=0.5 ultra-high resolution run.

Run Virial Mass Vca spin z of last ǫ Nb
tot at z=0

M⊙ km/s λ major merger kpc dark+gas+stars
DWF1 1.6 1011 70 0.01 2.2 0.3 ∼ 860.000
MW11 1.15 1012 134 0.04 2.5 0.6-0.31 ∼ 700.000 - 4.000.0002

GAL1 3.1 1012 185 0.035 2.75 1. ∼ 480.000

reported a catastrophic loss of angular momentum in the baryonic compo-
nent, leading to the formation of galaxies with very small disk scale lengths
and dominant spheroidal components (e.g., Navarro & Steinmetz 2002); (b)
dark matter-only simulations predict over an order of magnitude more sub-
halos around Milky Way-like galaxies than the number of dwarfs observed
around the Milky Way and M31 (Moore et al. 1998., Willman et al. 2004); and
(c) observations show that more massive late-type galaxies have older stellar
populations than less massive late-type galaxies (MacArthur et al. 2004). This
finding is at face value in contradiction with the fact that in CDM scenarios
less massive halos form first. These very different aspects of the formation and

evolution of galaxies need to be simultaneously addressed by simulations of

galaxy formation.

2. Code and Simulations

We used GASOLINE (Wadsley, Quinn & Stadel 2004), a smooth particle
hydrodynamic (SPH), parallel treecode that is both spatially and temporally
adaptive with individual particle time steps. The code includes a treatment
of i) Compton and radiative cooling, ii) star formation and a supernova (SN)
feedback, and iii) a UV background from QSOs and star forming galaxies
following an updated version of the Haardt & Madau model predictions (1996,
Haardt 2005, private communication). The facts that supernova feedback and
the UV background can reduce gas retention and accretion in halos with low
virial temperature makes them possible solutions to the problems mentioned in
the introduction (e.g., Benson et al. 2002). The current implementation of star
formation and feedback from stellar process is described in detail in Stinson
et al. (2005). Feedback follows qualitatively the algorithm implemented by
Thacker & Couchman (2000). We assume that the energy released into the
ISM stops the gas from cooling and forming stars over some timescale, thereby
the gas will just expand adiabatically. The time scale for the cooling shutoff
and the amount of mass affected are now physically motivated and chosen
following McKee & Ostriker (1977). The only two free parameters in our
algorithm are star formation efficiency and the fraction of SN energy dumped
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Figure 1. Left Panel: Azimuthally averaged rotation velocity of cold gas (solid line) and stars
younger than 6.5 Gyrs (dashed line). From top to bottom: GAL1,MW1,DWF1. The vertical
lines show 2.2 disk scale lengths for each simulated galaxy, the point at which the rotation
velocity VTF is measured. Right panel: The present day star formation rate of our simulated
galaxies vs their stellar mass compared with the SDSS sample in Brinchmann et al. 2005. (blue
triangle: DWF1, solid square: MW1, red circle: GAL1, solid dots: simulated small galaxies
within the high res region of MW1.

into the ISM. These parameters are tuned to reproduce the properties present
day disk galaxies (Governato et al. 2005) and are then applied to cosmological
simulations. The SN efficiency parameter (ǫSN) was varied from 0.2 to 0.6.
Best overall results were obtained with ǫSN = 0.4 to which all plots refer unless
otherwise noted. A Miller Scalo IMF is assumed. Cosmological galaxies were
simulated in a ΛCDM concordance cosmology using the “renormalization”
technique to maximize the resolution in the region of interest (Katz & White
1993). Three DM halos were selected with the criteria of a) a last major merger

(defined as a 3:1 mass ratio) at redshift 2.2 < z < 2.75, and b) no halos of

similar or larger mass within a few virial radii. The physical and numerical
parameters of our runs are summarized in Table 1.

The last major merger redshift (zlmm) range is typical for galaxy sized DM
halos in a concordance cosmology, as recently shown in large N-body simu-
lations by Li, Mo & van den Bosch (2005) and Maller et al. (2005). Global
magnitudes for our models were obtained coupling the star formation histories
(SFH) of our simulations with GRASIL (Silva et al. 1998), a code to compute
the spectral evolution of stellar systems taking into account the effects of dust
reprocessing.

3. Results

Disks and Star Formation Rates: At the final time, the three galaxies have
formed a substantial disk component well fit by an exponential profile outside
the inner 1-2 kpc. The stellar disks follow exponential profiles out to 2.5–3
scale lengths. All three galaxies also have extended disks of cold gas with
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Figure 2. Left panel: Star formation rate of all stars within 4 disk scale heights from the
disk plane in two different runs of DWF1. Black solid line: strong SN feedback (ǫSN=0.6);
Magenta long-dashed: no feedback, no UV. The addition of feedback smooths out the peak in
SF otherwise present at high redshift and during the last major merger event at z=2.3. Feedback
delays the conversion of gas into stars until gas accumulates and cools in the potential well of
the main progenitor. The run with feedback has a present day SFR almost ten times higher.
Right panel: Average and median age of stellar populations vs galaxy circular velocity. Solid
and empty circles show values for our simulated galaxies. Data points with error bars are from
MacArthur et al. 2004.

disks. Beyond 3 scale lengths, the stellar disk declines rapidly even for young
stars. Such disk profiles are quite common in observed spiral galaxies with 150
< vc < 250 km/s (Pohlen & Trujillo 2006).

Within the inner 1-2 kpc, the two smaller galaxies (DWF1 and MW1) ex-
hibit a steep central “bulge” component. Due to its small physical size, it is
possible that this bulge component is affected by resolution. We confirmed
this possibility by comparing to a run of MW1 that uses a force resolution
of 0.3 kpc and eight times better mass resolution (this resolution is unprece-
dented for SPH simulations of individual galaxies in a cosmological context).
While this ultra-high resolution run produces a galaxy with a very similar disk
scale length and rotation curve, the central concentration of baryons within the
central kpc (and thus the central steepening of the profile) is reduced (see Gov-
ernato et al. 2005). We also investigated the effect of SN feedback strength
on the final galaxy properties. The stellar profile and size of the final disks in
the more massive galaxies (MW1 and GAL1) is only weakly dependent on the
strength of SN feedback because the adopted efficiency for supernovae heat-
ing is too low to generate large scale winds and mass loss in massive halos.
The fact that the final stellar and cold gas masses compare very well with the
Milky Way thus argues in favor of such relatively moderate effect of feedback

exponential scale lengths larger than even the youngest component of the stellar
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Figure 3. Left panel: The Tully-Fisher relation. Small dots are from a recent data compilation
by Giovanelli & Haynes. The red line is a fit to data in Giovanelli et al (1997). Solid triangle:
DWF1; Solid Square: MW1; Solid/Starred Dot: GAL1. Bigger dots shows Vrot measured at
3.5Rd (as in the observational data). Smaller dots show Vrot measured at 2.5Rd. The rightmost
red dot uses the stellar peak velocity. Right Panel: The baryonic TF relation. Solid triangle:
DWF1; Solid Square: MW1; Solid Dot: GAL1; Empty circles: McGaugh et al. 2000, Magenta
squares: McGaugh et al. 2005. The solid line is a best fit from data in Gurovich et al. 2004.
Simulation data points include all stars and cold gas within their bulges & disks components.

at these mass scales. However, the dwarf galaxy disk stellar profile is dras-
tically affected by varying amount of SN feedback. When ǫSN is increased
to 0.6, the stellar density profile of DWF1 is best described by a single expo-
nential profile with a shorter scale length than that measured with ǫSN = 0.4.
Unlike the disk sizes, the strength and longevity of dynamical bars in all three
galaxies increases remarkably with decreasing strength of the feedback. SN
feedback also plays a major role in shaping the star formation histories (SFHs)
of our simulated galaxies, particularly that of DWF1, the lowest mass galaxy
in the set. The right panel of Fig. 1 shows that the simulated z=0 SFRs are
in good agreement with those measured from the SDSS over a large range of
stellar masses (Brinchmann et al. 2005). The left panel of Fig. 2 compares the
SFH of DWF1 in the cases without SN feedback and with the strongest feed-
back adopted in our study (ǫSN = 0.6). Early star formation is significantly
reduced by feedback, as the relative strength of SF bursts during major merger
events. We verified that lowering the efficiency of star formation during merg-
ers preserves a large quantity of cold gas that rapidly settled in rotationally
supported disks. Fig. 2 (right panel) also shows that our simulations follow
the trend observed by MacArthur et al. (2004): galaxies with less massive stel-
lar component also tend to have younger stellar populations. The inclusion of
feedback and its differential effect at different galaxy masses reproduces the
observed “anti-hierarchical” trend within a cosmological context.
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The Abundance of Milky Way Satellites: A combination of radiative feed-
back from the cosmic UV background and SN winds drastically reduces the
number of satellites within the virial radius of the MW1 galaxy to the point
where it is in agreement with observations, although the satellites are too bright
compared to those of the Milky Way. The satellites resolved in these runs
(Vmax > 25 km/s) exhibit extended and sporadic star formation histories, sim-
ilar to those observed in Milky Way dwarfs.
Rotation curves and the Tully–Fisher relation: The azimuthally averaged
rotation curves of galaxies simulated including SN feedback are shown in the
left panel of Fig. 1. This figure shows that gas rotational velocities are very
similar to stellar ones for models with feedback. However, gas and stellar ve-
locities are often different for models without feedback, because stars have
higher velocity dispersions and cold gas is often completely misaligned with
the main stellar component. The rotation curves combined with the disk scale
lengths of intermediate age disk stars allow us to compare our galaxy mod-
els against two fundamental relation for normal galaxies: (1) the Tully-Fisher
(TF) relation that links the characteristic rotation velocity of a galaxy with its
total magnitude or baryonic disk+bulge mass (Giovanelli & Haynes 1997) and
(2) the “baryonic TF” relation (McGaugh 2002, McGaugh 2005), which takes
into account that smaller galaxies are more gas rich and that stars account for
only a fraction of their disk total mass (Fig. 3). Early simulations reported
severe difficulties in matching the normalization of the above relations, as the
central rotational velocities of the simulated galaxies were too high due to an
excess of matter at the center of galaxies. This was possibly due to exces-
sive baryon cooling and angular momentum loss and the subsequent adiabatic
contraction of the DM component. High resolution simulations in which only
a weak feedback was included, such as those of Governato et al. (2004) and
Abadi et al. (2003), showed a small, but consistent shift from the TF relation
with galaxies being too centrally concentrated compared to real ones. Our new
set of simulations successfully matches both relations. Matching the Tully-

Fisher relation is possibly the most important conclusion of the work presented

here. This match shows that our simulations produce a realistic distribution of
stars, baryons and dark matter within the central few kpc of disk galaxies.
Much progress remains to be made before galaxy formation is fully under-
stood. However, once sufficient resolution and some of the complexities of
star formation and SN feedback are introduced in numerical simulations, the
ΛCDM scenario is able to create galaxies that share some of their structural
properties with the real ones.
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Fabio Governato contemplating some galaxy formation models.
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Abstract Our goal is to study the effects of the UV radiation from the first stars, quasars
and hypothetical Super Heavy Dark Matter (SHDM) particle decays on the for-
mation of primordial bound objects in the Universe. We trace the evolution of
a spherically symmetric density perturbation in the Lambda Cold Dark Matter
and MOND model, solving the frequency-dependent radiative transfer equation,
non-equilibrium chemistry, and one-dimensional gas hydrodynamics. We con-
centrate on the destruction and formation processes of the H2 molecule, which
is the main coolant in the primordial objects.

Keywords: dark matter - early universe - radiative transfer

1. Introduction

The existence of the first objects is a direct consequence of the growth of
the primordial density fluctuations. At the beginning, there are linear density
perturbations which expand with the overall Hubble flow. Subsequently, these
perturbations can grow and form primordial clouds. Clouds with enough den-
sity contrast decouple from this flow and start to collapse. The kinetic energy
of the infalling gas is dissipated through shocks and the cloud becomes pres-
sure supported. The further evolution of the cloud is determined by its ability
to cool sufficiently fast. Clouds which could not cool fast enough will stay in
a pressure-supported stage and will not form any stars. The existence of the
efficient cooling mechanism is necessary to continue the collapse of the cloud,
its subsequent fragmentation and star formation.

In our work we are interested in the first generation of stars which are still
forming in the low mass clouds when first luminous objects already exist.
These objects are made from the primordial gas so they are metals free. It is
simply because the first stars did not have much time to produce them. These
objects could be irradiated by the UV and X-rays radiation produced by the
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first stars, quasars and hypothetical Super Heavy Dark Matter (SHDM) parti-
cle decays (Doroshkevich & Naselsky 2002; Shchekinov & Vasiliev 2004).

In the absence of metals, the most important cooling mechanism for low-
mass primordial clouds is so called

’

H2 cooling’, i.e. cooling by radiation of
excited rotational and vibrational states of H2 molecule. The presence of initial
mass fraction of the molecular hydrogen H2 of only 10−6 is enough to trigger
the final collapse of low mass clouds.

However, molecular hydrogen is fragile and can easily be photo-dissociated
by photons with energies of 11.26 - 13.6 eV (Lyman and Werner bands)(Shull
& Beckwith 1982). Destruction of the H2 would stop collapsing of the low
mass clouds and decrease star formation rate. On the other hand X-rays ra-
diation can increase production of the H2 by enhancement of free electrons
fraction. From above we see that the UV and X-rays radiation background
alters the subsequent growth of cosmic structures. It regulates star formation
rate so it has important implication to the re-ionization history of the Universe
(Cen 2003). It is therefore crucial to determine quantitatively the consequences
of radiation feedback on the formation of early generation objects.

Feedback of the UV background to the collapse of the spherically symmetric
primordial gas cloud was studied by many authors (Tajri & Umemura 1998;
Kitayama & Ikeuchi 2000; Kitayama et al. 2000; Kitayama et al. 2001; Omukai
2001). However their calculation was simplified. They have been using the so
called self-shielding function (Draine & Bertoldi 1996). Our approach includes
solving the frequency-dependent radiative transfer equation in the

’
exact’ way.

We also try to check the evolution of the collapsing cloud in the MOND model.

2. Description of the Code

In the Newtonian case dynamics is governed by the following equations:

dM

dr
= 4πr2̺, (1)

dr

dt
= v, (2)

dv

dt
= −4πr2 dp

dM
− GM(r)

r2
, (3)

du

dt
=

p

̺2

d̺

dt
+

Λ

̺
, (4)

where r is the radius of a sphere of mass M , u is the internal energy per unit
mass, p is the pressure and ̺ is the mass density. Here eq.(1) is the continuity
equation, (2) and (3) give the acceleration and (4) accounts for the energy
conservation. The last term in the eq.(4) describes cooling/heating of the gas,
with Λ being the energy absorption (emission) rate per unit volume.
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Λ consist of two parts, that is, the radiative cooling Λrad and the chemical
cooling Λchem. The former can be written as

Λrad (m) = −̺
∂L (m)

∂m
. (5)

The luminosity L (m) is obtained by solving radiative transfer equation.
The net chemical cooling rate Λchem is given by

Λchem = ̺
∂ǫchem

∂t
(6)

where ǫchem is the chemical binding energy per unit gas.
We use the equation of state of the perfect gas

p = (γ − 1)̺u, (7)

where γ = 5/3, as the primordial baryonic matter after recombination is as-
sumed to be composed mainly of monoatomic hydrogen and helium, with the
fraction of molecular hydrogen H2 always less than 10−3.

In case of modified gravity (MOND) we do not include the dark component
but it is necessary to modify equation (3). Details are shown in Stachniewicz
& Kutschera (2005).

In the simulations we have used the code described in Stachniewicz &
Kutschera (2001), based on the codes described by Thoul & Weinberg (1995)
and Haiman, Thoul & Loeb (1996). This is a standard, one-dimensional,
second-order accurate Lagrangian finite-difference scheme.

We start our calculations at z = 500 or the end of the radiation-dominated
era. We use our own code to calculate the initial chemical composition and
initial gas temperature. Initial overdensities may be calculated from the power
spectrum which may be obtained e.g. using the CMBFAST program by Sel-
jak & Zaldarriaga (1996).

We apply initial density profiles in the form of a single spherical Fourier
mode used also by Haiman, Thoul & Loeb (1996)

̺b(r) = Ωb̺c(1 + δ
sin kr

kr
), (8)

where ̺c is the critical density of the Universe, ̺c = 3H2/8πG with H being
the actual value of the Hubble parameter. As the initial velocity we use the
Hubble velocity:

v(r) = Hr. (9)

In our calculations we include nine species: H, H−, H+, He, He+, He++,
H2, H+

2 and e−. Full list of relevant chemical reactions, appropriate formulae,
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reaction, photoionization and photodissociation rates is given in Stachniewicz
& Kutschera (2001).

3. Radiative Transfer Equation in Spherical Symmetry

In addition to eq. (1) - (4) we solve non-relativistic, time-independent equa-
tion for radiation transport in spherical geometry:

µ
∂Iν

∂r
+

1 − µ2

r

∂Iν

∂µ
= ̺ {jν (r) − κν (r) Iν} , (10)

where Iν = Iν (r, µ) is the intensity of radiation of frequency ν, at radius r and
in the direction µ = cos θ, where θ is the angle between the outward normal
and photon direction. κν (r) is the emissivity and jν (r) opacity at radius r.

Our scheme of solving this equation is similar to method from Mihalas &
Mihalas (1984) and York (1980). Detailed results will be described in a paper,
which is in preparation.
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Mike Disney giving his congratulations speech to Piet van der Kruit at the
barbecue held in the beach restaurant “De Branding”.
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1. In the Footsteps of Kapteyn

This has been an exciting conference covering a large range of topics on the
properties of disk galaxies, much of it related to pioneering work done by Piet
van der Kruit, the Jacobus C. Kapteyn Distinguished Professor of Astronomy
at the University of Groningen. Let me therefore first say a few words about
Piet, and then highlight some of the main results presented here this week.

Piet received his PhD degree with Jan Oort in Leiden in 1971, at the time
when the Westerbork Synthesis Radio Telescope came on line. He was one of
the first to publish data obtained with it, and rapidly established himself as an
authority in radio studies of nearby galaxies. In the late seventies, Piet shifted
his attention to optical studies of disk galaxies. Together with Leonard Searle,
he wrote an influential set of papers which established that stellar disks are
truncated at about four exponential scale-lengths, and that the vertical scale-
height of disks is constant with radius. He obtained early stellar kinematic
measurements of disks with Ken Freeman, and was quick to use new instru-
mental approaches. An example is his realization that the imager on the Pio-
neer 10 interplanetary probe could be used to measure the surface brightness
distribution and scale-length of the Milky Way. Piet supervised the production
of about a dozen high-quality PhD theses, and he continues to be active in re-
search. This is a remarkable achievement considering his major management
and science policy activities in the past two decades. These included a stint as
dean of the Faculty of Science in Groningen, directing the Kapteyn Institute
for a decade, chairing the boards of ASTRON and NOVA, and many advisory
and oversight functions on the international level, most recently as President
of the ESO Council and Chair of the ALMA Board.

It is appropriate to record that Piet also made some remarkable discoveries
in statistics. The legendary papers with Leonard Searle have Piet as first author
on all of them due to the use of the van der Kruit guilder. The discovery paper
is reproduced in Figure 1, and exemplifies Piet’s style: concise and to the point.
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Figure 1. The paper on the van der Kruit guilder cited in the influential series of papers on
Surface-photometry of edge-on spiral galaxies by van der Kruit & Searle (1981a, b, 1982a, b).
It was not needed in Paper V of the series, in which Piet used Pioneer 10 data to measure the
scalelength of the Milky Way (van der Kruit 1986).
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2. Structure and Evolution of Disk Galaxies

This conference saw many new (and some old) results on disk galaxies.
The talks and poster contributions demonstrated clearly that these systems are
quite complex Island Universes, and that their properties pose a considerable
challenge to the theory of galaxy formation (as reviewed by Freeman and Silk).
In these concluding remarks, I draw attention to some results on the various
components of these galaxies, briefly comment on new insights provided by
ongoing panchromatic surveys, and close with a glimpse into the future.

Stellar Disks

The basic properties of the surface brightness distribution of stellar disks
were established by Freeman (1970) and van der Kruit & Searle (1981a, b,
1982a, b), based on photographic photometry. Various speakers addressed re-
cent work in this area. Three types of surface brightness profiles are seen,
namely the pure exponential profile (corresponding to the canonical Freeman
disk) extending out to as much as nine scalelengths (Pohlen). Many galaxies
instead have a double exponential profile, with the outer slope steeper than the
inner slope; these are essentially the truncated profiles discovered by van der
Kruit & Searle, and reminiscent of Freeman’s ‘Type II’ curves. A third class of
galaxies also displays double exponential profiles, but these have an outer slope
that is shallower than the inner slope. Pérez reported evidence that the ratio of
inner to outer scalelengths is fairly constant out to a redshift of about one.

At least during this conference, there appeared to be some confusion on
whether studies of face-on objects and those of edge-on systems (where the
effect of the line-of-sight integration is different) agree. There is also some
uncertainty about the relative numbers in each of the three classes of galaxies.
We heard initial reports on automated measurements of the structural proper-
ties of disks in very large samples, including the Sloan Digital Sky Survey and
the Millennium Galaxy Catalogue (Allen). This should resolve the inclination
issues and establish the relative importance of the three classes.

A fascinating new development in this area is provided by detailed studies
of the nearest galaxies, based on star counts. This allows disks to be traced to
very faint (integrated) magnitudes. Heroic counts in M31 by Ferguson’s team,
based on the wide-field mosaic obtained with the Isaac Newton Telescope on
La Palma, and related work by Guhathakurta and colleagues, not only traces
various streams of stars in the halo of the nearest large spiral galaxy, but also
revealed tantalizing evidence for a giant extended structure perhaps as large as
100 kpc. It is not yet clear whether this is a giant disk or a metal-poor halo, or
how it formed, but spectroscopy obtained at 8-10m class telescopes provides
kinematics and [Fe/H] measurements, and should clarify this soon.
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Some disk galaxies display UV and Hα emission which extends well be-
yond the Holmberg radius, suggesting recent star formation in the ‘Outer Banks’
(Zaritsky). It is not clear whether the presence of these stars is in harmony with
the canonical threshold for star formation (Kennicutt 1998), or whether there
is a link with the presence of a flaring or warped HI disk.

In addition to the standard stellar disk, most spirals contain a thick disk of
modest mass. The mass fraction appears to increase in galaxies with a circular
velocity below about 120 km/s, and spectroscopic observations with Gemini
show that some thick disks counter-rotate relative to the main disk of the galaxy
(Dalcanton). This strongly suggests an external origin, and resembles the sit-
uation in S0 galaxies, where a number of cases are known of counter-rotating
disks with different scaleheights.

The run of [α/Fe] versus [Fe/H] indicates that the thick disk of the Milky
Way cannot have formed by accretion of small stellar lumps (Venn). The infer-
ence is that all these structures formed via wet accretion, i.e., an accretion of
perhaps a small satellite, but involving gas. The theorists, of course, reminded
us that they thought this all along, but it is gratifying to see that high-resolution
simulations are now being carried out to compare this scenario in detail with
observed galaxies (Bullock, Brook, Governato, Sommer–Larsen).

Bars

Nearly 70% of disk galaxies contain a large-scale stellar bar (Knapen). This
influences the dynamics in the disks, allows efficient redistribution of angular
momentum, and can drive gas to the center (as do interactions) which can
trigger a starburst, sometimes in a spectacular ring (Falcon–Barroso, Allard).
The bars themselves slow down and change shape due to friction by the halo.
Determining the rate of slowing down has been a long-standing problem, but
recent work by Sellwood and Athanassoula appears to have sorted this out—
at last. However, it is not yet clear whether this result is consistent with the
constant bar fraction observed in galaxies since redshift one (Bell).

Impostor Bulges

It has become clear in the past decade that the bulges of disk galaxies com-
prise a mix of structures, with subclassifications into classical and ‘pseudo’
bulges, bars and ‘peanuts’. The nomenclature is colorful but the nature of the
central regions remains a subject of confusion. Perhaps as many as half of
all disk galaxies have ‘classical’ bulges with a de Vaucouleurs’ R1/4 surface
brightness profile and substantial rotation. These appear quite similar to small
E/S0 galaxies. High-resolution imaging with the Hubble Space Telescope

Thick Disks
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(HST) revealed that the remaining ‘bulges’ have approximately exponential
light profiles, and may in fact be small disks with a central star cluster (Car-
ollo 1999). These structures are sometimes referred to as pseudo-bulges (Ko-
rmendy & Kennicutt 2004), but their definition may need further clarification,
as the label is often connected to preconceived notions on formation. Perhaps
a new name is useful, as emphatic statements made during this conference that
the speaker believes that such-and-such a galaxy has ‘a real pseudo bulge’ are
not very illuminating to the uninitiated.

Elmegreen argued that bars do not transform into bulges today, as some
scenarios have it, while Bureau reminded us that ‘an end-on peanut looks like
a bulge’, so that a central bar may in some cases be the bulge.

A related topic which, however, was not discussed during this conference is
the presence/absence of supermassive black holes in the nuclei of disk galaxies,
and the relation with the nature of the central regions.

Extraplanar Gas and Warps

Extended extraplanar gas is seen in nearby edge-on galaxies in HI (Frater-
nali/Sancisi) and in Hα and X-rays (Dettmar). The properties appear consistent
with the theory of galactic fountains and winds, and it is not evident that in-situ
star formation is needed in the halo, as has been suggested. It will be interest-
ing to investigate the effect of the odd run-away O/B star that escapes from the
disk population at high speed, and finds itself in the halo before expiring in a
supernova explosion.

Binney reviewed the origin of warps, in a talk which was interrupted by
one of the more spectacular rainstorms seen in the Low Countries in the past
decade, and saw more than half the audience run to their rooms to close the
windows. After a simple “my goodness” Binney continued unfazed by this
behavior, and demonstrated that warps are most likely caused by the torques
on the dark halo related to the local cosmic inflow pattern. This may provide a
way to read more of the fossil record of the formation of, e.g., the Local Group,
and, in any case, is clear evidence that disk galaxies are, in fact, not isolated
island universes.

Dark Halos

Studies of dark halos based on Hi rotation curves are now mature (de Blok).
It seemed to me, at least, that the field needs to move beyond the ‘cusp wars’ re-
garding the central structure of dwarf and low-surface-brightness galaxies, and
the arguments whether it is the observers who do their measurements wrong,
or the theorists who are missing key ingredients in their N-body simulations. I
was impressed to see recent progress in this area using an approach pioneered
by Piet and developed further by his student Bottema, namely the measurement
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of the stellar M/L⋆ of the disk (e.g., Bottema 1993). This requires measuring
the vertical velocity dispersion, which breaks the degeneracy between the con-
tributions of the stellar and halo mass to the observed rotation curve. Compar-
ison of the resulting dynamical M/L⋆ with the value inferred from the colors
and line-strengths sets important limits on the IMF (de Jong), and on the spe-
cific angular momentum content of the halo (Kassin). Multi-slit, or, even bet-
ter, integral-field spectroscopy is the next step, as it simultaneously constrains
the shape of the velocity ellipsoid and the value of M/L⋆. We were treated to
a preview on this by Verheijen and Bershady.

The Milky Way

Kapteyn’s own Island Universe received relatively little attention at this con-
ference. Binney discussed the kinematics of disk stars in the Milky Way, and
Venn showed evidence that the stellar halo cannot have formed by dissolving
present-day dwarf spheroidals, dIrr or LMC clones. But a detailed comparison
of Milky Way properties with simulations of galaxy formation constitute a key
test of the entire formation paradigm (Bullock, Sommer–Larsen, Governato).
There is much room for further work here.

3. Panchromatic Surveys

The recent launch of the GALEX and Spitzer space telescopes has enabled
high-quality imaging of galaxies from the UV via the optical and the infrared
to CO/HI in the millimeter and radio regime (Kennicutt, Regan, Murphy,
Matthews, Braun). The near and mid-infrared maps allow separation of stars
and dust, and provide a test of the dust extinction derived from groundbased
NIR data (Alves) and other methods (Holwerda). The panchromatic maps ob-
tained as part of surveys such as the SINGS Legacy Program in principle pro-
vide good estimates of the spectral energy distribution as function of position,
of star formation rates, constrain the lifetime of embedded phases of massive
star formation, and delineate the cosmic-ray structure, all as a function of Hub-
ble type. The challenge is to model all this in detail, and Dopita showed us the
way forward here, in a comprehensive presentation with impressive graphics.

The next step is to obtain similar panoramic information for nearby galaxies
at much higher spectral resolution. This has been available at radio wave-
lengths for over three decades, and the deployment of integral-field spectro-
graphs allows the optical community to finally catch up. Examples of the value
of such studies were presented by Falcon–Barroso, Ganda, and Verheijen. De-
spite Kennicutt’s suggestion that the SINGS/HUGS community is the team to
join, even he agreed that the darker forces employing all-seeing eyes such as
SAURON should be watched with interest, if not trepidation.
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Much ongoing work addresses properties of galaxies to high redshift, and
we were treated to a whirlwind overview on the last day of the conference.
These studies observe galaxy evolution over much of the history of the Uni-
verse, but at the expense of limited spatial resolution. Most objects found to
date are the progenitors of present-day spheroids (Pettini), although disks have
been detected to a redshift of about two (Abraham/Kassin) and the Damped-
Lyman-α (DLA) systems seen in the spectra of distant quasars resemble local
galaxies with HI (Zwaan). There is substantial evidence for inside-out forma-
tion (Bell/Trujillo), but proper correction for selection bias is critical (Vogt)
and one should keep in mind that the evolution of a population is not the same
as the evolution of the individual objects (Bell). I was impressed by the recent
progress on determining metallicities in disks to redshifts as large as three,
reported by Kewley, and by similar studies for the intergalactic medium sum-
marized by Fall. Both speakers made it clear that the samples are not as large
as one would want, and that selection effects are important.

4. The Future

Ongoing and planned spectroscopic studies of the resolved stellar popula-
tions in the Milky Way and Local Group galaxies will teach us much. Panchro-
matic surveys of nearby galaxies complemented by integral-field spectroscopic
studies in the optical and near-infrared are now possible, and the new adaptive-
optics assisted instruments SINFONI, NIFS and OSIRIS on 8-10m class tele-
scopes will allow extension of spatially resolved studies of the integrated light
of galaxies to substantial redshifts. Theoretical models and simulations need
to fit the observations in detail, and this appears within reach, not only for ac-
cretion of individual satellites in the early history of Local Group galaxies, but
also for the evolution of populations of cluster and field objects.

The Herschel Space Observatory will be launched in a few years, followed
in about 2013 by the James Webb Space Telescope. Both will be comple-
mented by ALMA. This will provide a major jump in sensitivity and resolution
at infrared and submillimeter wavelengths, further enabling studies of galaxy
evolution to high redshift. The launch of GAIA in 2011 will result in a three-
dimensional stereoscopic survey of the entire Milky Way and its halo, which
will reveal the fossil record of formation of our own galaxy with unprecedented
precision. All this bodes well for the future, and there clearly is much scope
for further pioneering work by Piet.
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