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Preface

It all started with a thought along the lines of “Wouldn’t it be nice to get a
few collaborators together for a small, focused meeting on violent star for-
mation?” In the ensuing discussions, Max Pettini’s enthusiasm for the idea
proved infectious, and as a consequence we set our aims higher, at organising
a medium-sized conference on the premises of the Institute of Astronomy in
Cambridge. Little did we know what we had unleashed upon ourselves...

With swaying palm trees, sweltering summer temperatures, azure seas and
white sand beaches well and truly out of reach (except for the two small palm
trees in front of the old Observatory building in Cambridge, and a full week
of sunshine and blue skies – unexpected? Well, perhaps, but not unwelcome!),
we set our initial goals at attracting around 80–100 participants. In view of
the non-tropical location, the generally high living expenses in the UK, and
the decidedly notorious reputation of the British cuisine in mind, any larger
number of participants would be a small wonder. Little did we know...

How wrong our predictions really were was evidenced by the uptake of our
conference announcement... The breadth of the conference topic generated
immense interest. The conference proved far more popular than space avail-
ability allowed for, once again showing that the starburst community is very
much alive and kicking! With more than 190 participants, 71 oral presenta-
tions and some 100 poster papers, most of the networking and surely some of
the most interesting scientific discussions happened off-line in the corridors,
during the lunch breaks or even at the sumptuous conference dinner hosted by
the University of Cambridge’s ancient Queens’ College.

Five days of a densely packed programme proved to be like drinking from
a fire hose; yet it also generated a highly satisfactory and stimulating environ-
ment. We hope that new collaborations have found roots at this meeting, and
that it will be remembered as a watershed conference, bringing together experts
from a wide variety of backgrounds. Despite the unabated flow of information,
Bob O’Connell managed to synthesize it all very much to the point in his con-
ference summary – no mean feat under the circumstances! We would like to
thank, specifically, Max Pettini, Linda Smith, Jay Gallagher, Bruce Elmegreen,
Cathie Clarke, Daniela Calzetti, Rob Kennicutt, Clive Tadhunter, Guinevere
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Kauffmann, and Evan Skillman for keeping the speakers to a very tight sched-
ule during the sessions they chaired.

We were indeed very fortunate, in that the conference took place at an op-
portune time. Data on star-forming galaxies are now pouring in from large
telescopes across the globe, and especially from the deep extragalactic surveys
being made at all UV through infrared wavelengths. This, in combination with
a concerted theoretical and modeling effort, will help resolve many of the is-
sues raised at the conference, and which are covered in great detail in these
proceedings. We are already very much looking forward to the rapid progress
that will be delivered by GALEX, the Spitzer Space Telescope, ALMA, and
the large number of dedicated ground-based surveys by the time of the next
major starburst conference!

At this point, we would like to express our heartfelt thanks to the excellent
support staff at the Institute of Astronomy, who made this conference possi-
ble and – above all – successful. Thank you, both to the support staff on the
Local Organising Committee (in particular our conference secretary Suzanne
Howard), and to the Institute’s secretarial, catering and reception staff at large!

We would like to thank Richard Sword, in particular, for his great help – de-
spite a general overload of work – with all graphical questions raised in relation
to preparing these proceedings, and Enrique Pérez for technical and catering
support. In addition, we thank Amanda Smith for taking time out from her job
at the Institute’s reception to capture the conference’s atmosphere on camera,
as well as Michael Fellhauer and Kai Gerhard Noeske for making their pho-
tographs available for inclusion in the printed and electronic proceedings. The
latter can be found on the accompanying CD-ROM, containing a large number
of high-quality poster presentations, with significantly more in-depth coverage
than would have been allowed in, necessarily short, printed proceedings.

Finally, we acknowledge a generous grant from the Royal Astronomical So-
ciety, which allowed us to waive the conference fee for twelve young scientists.

Richard de Grijs and Rosa M. González Delgado
Granada, January 2005
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LOCAL STARBURSTS IN A COSMOLOGICAL
CONTEXT

Timothy M. Heckman
Center for Astrophysical Sciences, Johns Hopkins University, USA

heckman@pha.jhu.edu

Abstract In this contribution I introduce some of the major issues that motivate the con-
ference, with an emphasis on how starbursts fit into the “big picture”. I begin by
defining starbursts in several different ways, and discuss the merits and limita-
tions of these definitions. I will argue that the most physically useful definition
of a starburst is its “intensity” (star-formation rate per unit area). This is the most
natural parameter to compare local starbursts with physically similar galaxies at
high redshifts, and indeed I will argue that local starbursts are unique laborato-
ries to study the processes at work in the early Universe. I will describe how
NASA’s GALEX mission has uncovered a rare population of close analogs to
Lyman Break Galaxies in the local Universe. I will then compare local star-
bursts to the Lyman Break and sub-mm galaxies’ high-redshift populations, and
speculate that the multi-dimensional “manifold” of starbursts near and far can
be understood largely in terms of the Schmidt/Kennicutt law and galaxy mass-
metallicity relation. I will briefly summarize the properties of starburst-driven
galactic superwinds and their possible implications for the evolution of galaxies
and the intergalactic medium. These complex multiphase flows are best studied
in nearby starbursts, where we can study the hot X-ray gas that contains the bulk
of the energy as well as newly produced metals.

1. Introduction: What is a Starburst?

Why are local (z � 1) starbursts important? First of all, they are a very
significant component of our present-day Universe, and as such deserve to be
understood in their own right. They provide roughly 10% of the radiant en-
ergy production and about 20% of all the high mass star formation in the local
Universe (e.g., Heckman 1998, Brinchmann et al. 2004). Their cosmologi-
cal relevance has been highlighted by their many similarities to star-forming
galaxies at high redshift. In particular, local UV-bright starbursts appear to be
good analogs to the Lyman Break Galaxies (Meurer et al. 1997, Shapley et al.
2003, Heckman et al. 2005). Local starbursts provide a laboratory in which to
study the complex ecosystem of stars, gas, black holes, galaxies, and the inter-
galactic medium up close and in detail. Finally, starbursts can contain millions
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of OB stars, and hence they also offer a unique opportunity to test theories of
the evolution of massive stars.

Perhaps the most fundamental definition of a starburst would be that it is
a galaxy in which the star-formation rate approaches the upper limit set by
causality. For a self-gravitating system this upper limit is reached if the entire
gas reservoir is converted into stars in one dynamical time. For a total mass
MtotMM , a gas-mass fraction fgasff , and a velocity dispersion σ, this upper bound
can be written as

SFR ≤ MtotMM fgasff /tdyn ∼ fgasff σ3/G ∼ 115(σ/100km s−1)3fgasff M� yr−1

(1)
If the star formation occurs with a standard IMF, the implied bolometric

luminosity is:
Lmax ∼ 1012(σ/100km s−1)3fgasff L� (2)

Figure 1 compares this upper limit to observations of starburst galaxies in
both the local Universe and at high redshift. Starbursts approach the limit, and
in extreme cases consistency requires gas-mass fractions approaching unity.

The classic definition of a starburst is in terms of its duration, and has two
variations. First, a starburst is commonly defined as a galaxy in which the
time it would take at the current star-formation rate to consume the remaining
reservoir of interstellar gas is much less than the age of the Universe. This is
commonly called the gas consumption time. The inverse of the gas consump-
tion time is sometimes called the “efficiency”. The related definition is that
a starburst is a galaxy in which the time it would take to produce the current
stellar mass at the current star-formation rate is much less than a Hubble time.
The inverse of this time can be recast as the “birth-rate parameter” (b, i.e., the
ratio of the current to past average star-formation rate).

These are sensible definitions and can be measured relatively easily. How-
ever, it is important to note that the mass ratio of gas and stars varies signif-
icantly and systematically as a function of galaxy properties (e.g., Boselli et
al. 2001). Thus, (for example) using the birth-rate parameter as the defini-
tion, leads to a steep decline in the fraction of starbursts with increasing galaxy
mass (e.g., Brinchmann et al. 2004). On the other hand, since the gas-mass
fraction is so much smaller in massive galaxies, using the gas consumption
time to define a starburst leads to very little mass-dependence of the starburst
phenomenon. An additional point is that either of these timescale definitions
of a starburst build in a strong redshift dependence: since the age of the Uni-
verse at z ∼ 5 is only 10% of its present value, a galaxy with b = 10 (strong
starburst) today would have b = 1 (not a starburst) at z ∼ 5.

An alternative definition is that a starburst has a high intensity: the star-
formation rate per unit area (ISFII ) is very large compared to normal galaxies.
As shown by Kennicutt (1998), this definition is functionally equivalent to the
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Figure 1. The logarithm of the star-formation rate (M� yr−1) is plotted vs. the logarithm
of the galaxy velocity dispersion (km s−1) for the sample of local and high-redshift starbursts
described by Murray et al. (2005). The diagonal line corresponds to the upper bound on the
star-formation rate allowed by causality for a gas-mass fraction of 100% (it corresponds to the
conversion of the entire mass of the system into stars in a single dynamical time). See Heckman
(1994) for an older version of this figure. Note that Murray et al. (2005) interpret this in terms
of an upper limit on star formation set by the Eddington limit for radiation pressure acting on
dust.

classic definition in terms of gas depletion time. Since he found that ISFII ∝
N

3/2
gasNN , this means that the gas depletion time ∝ I

−1/3
SFII . Extreme starbursts have

star-formation rates per unit area thousands of times larger than in the disk of
the Milky Way, and gas consumption times of only ∼ 108 yr. I will argue
below that defining starbursts in terms of their intensity is the most physically
useful way to proceed.
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2. The Consequences of High Intensity

The very high star-formation rate per unit area in starbursts has immediate
consequences for the basic physical properties of the galaxy. It immediately
implies a high interstellar gas surface mass density (Σg; Kennicutt 1998) and
also a high stellar surface mass density (Σ∗). A typical case would have ISFII ∼
10 M� yr−1 kpc−2 and Σg ∼ Σ∗ ∼ 109 M� kpc−2. These are roughly 103

(ΣSFR), 102 (Σg) and 101 (Σ∗) times larger than the corresponding values in
the disks of normal galaxies.

The basic physical and dynamical properties of starbursts follow directly
from the above. A gas surface mass density of 109 M� kpc−2 corresponds to
an extinction of AB ∼ 102 for a Milky Way dust-to-gas ratio. The characteris-
tic dynamical time in the star-forming region will be short: tdyn ∼ (Gρ)−1/2 ∼
(GΣtotH)−1/2 ∼ few Myr, where H ∼ 102 pc is the thickness of the disk. A
surface brightness of a few ×1010 L� kpc−2 corresponds to a radiant energy
density inside the star-forming region that is roughly 103 times the value in the
ISM of the Milky Way. Finally, simple considerations of hydrostatic equilib-
rium imply correspondingly high total pressures in the ISM: P ∼ GΣgΣtot ∼
few ×10−9 dyne cm−2 (P/k ∼ few ×107 K cm−3, or several thousand times
the value in the local ISM in the Milky Way). The rate of mechanical energy
deposition (supernova heating) per unit volume is also 103 or 104 times higher
than in the ISM of our Galaxy.

As shown by Meurer et al. (1997), local starbursts and Lyman Break Galax-
ies have very similar values for ISFII (1 to 100 M� yr−1 kpc−2). Thus, this
immediately implies that there are also strong similarities in the basic physical
properties of local starbursts and Lyman Break Galaxies.

3. Lyman Break Galaxy Analogs at Low Redshift

While Meurer et al. (1997) showed that local starbursts and Lyman Break
Galaxies have similar UV surface brightnesses, the former are generally smaller
and less luminous than the latter. Local starbursts are either dwarf galaxies or
small regions (usually nuclear) inside big galaxies. Are there true local analogs
of the Lyman Break Galaxies in terms of size and ultraviolet luminosity? The
success of NASA’s Galaxy Evolution Explorer (GALEX; Martin et al. 2004)
mission now makes it possible to find out.

We (Heckman et al. 2005) have used the first matched set of GALEX and
Sloan Digital Sky Survey (SDSS) data to investigate the properties of a sam-
ple of 74 nearby (z < 0.3) galaxies with far-ultraviolet luminosities greater
than 2 × 1010L� (with no extinction correction). This was chosen to overlap
the luminosity range of typical Lyman Break Galaxies. GALEX deep sur-
veys have shown that ultraviolet-luminous galaxies similar to these are the
fastest evolving component of the UV galaxy population (Arnouts et al. 2005,
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Schiminovich et al. 2005). Model fits to the combined GALEX and SDSS
photometry yield typical FUV extinctions in these galaxies of 0.5 to 2 magni-
tudes (similar to Lyman Break Galaxies). The implied star-formation rates are
SFR ∼ 3 to 30 M� yr−1. This overlaps the range for Lyman Break Galaxies.
We found a strong inverse correlation between galaxy mass and far-ultraviolet
surface brightness, and on this basis divided our sample into “large” and “com-
pact” systems. The large ultraviolet-luminous galaxies are relatively massive
(M∗MM ∼ 1011M�) late-type disk galaxies forming stars at a rate similar to their
past average (M∗MM /SFR ∼ tHubble). They are metal rich (∼ solar), and have
intermediate optical-UV colors (FUV − r ∼ 2 to 3). In contrast, the com-
pact ultraviolet-luminous galaxies have half-light radii of a few kpc or less
(similar to Lyman Break Galaxies). They are relatively low-mass galaxies
(M∗MM ∼ 1010M�) with typical velocity dispersions of 60 to 150 km s−1. They
span a range in metallicity from ∼ 0.3 to 1× solar, have blue optical-UV colors
(FUV − r ∼ 0.5 to 2), and are forming stars at a rate sufficient to build the
present galaxy in of order a Gigayear. In all these respects they appear similar
to the Lyman Break Galaxies.

The GALEX mission will ultimately find over a thousand such “living fos-
sils” This will provide an opportunity for detailed local investigation of the
physical processes occurring in typical star-forming galaxies in the early Uni-
verse.

4. Understanding the Starburst Manifold

Let us adopt the idea that a starburst by definition has a high star-formation
rate per unit area and a short gas depletion time. The most fundamental prop-
erties of a starburst would then be its star-formation rate, metallicity, and dust
opacity, and the mass of its host galaxy. In principle, starbursts could uni-
formly populate the multi-dimensional manifold defined by these parameters.
Instead, the parameters show very strong systematic relations. More powerful
local starbursts (higher SFR) are more metal rich, more dust obscured, and oc-
cur in more massive galaxies (e.g., Heckman et al. 1998). At high redshifts we
know that the highest SFRs also occur in the most dust-obscured galaxies (the
sub-mm sources compared to the Lyman Break Galaxies).

This systematic behavior can be understood in simple terms as the con-
sequences of three effects. First, as discussed in the introduction, causality
implies that the maximum possible SFR is higher in more massive galaxies be-
cause they have higher velocity dispersions. This effect is mitigated somewhat
by the systematically lower gas mass fraction (fgasff ) in more massive galaxies.
Second, more massive star-forming galaxies have systematically higher metal-
licity (Tremonti et al. 2004). Assuming a constant dust-to-metals ratio, this
implies that more massive galaxies have higher dust-to-gas ratios in the ISM.
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Third, the Schmidt-Kennicutt law implies that a high SFR requires a high ISM
column density.

The natural assumption is that the amount of extinction in a starburst will
be strongly related to the dust column density in the ISM (gas column density
times dust-to-gas ratio). These three effects then naturally explain why the
more powerful starbursts are the more dust obscured (Wang & Heckman 1996,
Martin et al. 2004b). A higher SFR requires both a higher gas column and a
more massive galaxy with its associated higher dust-to-gas ratio.

The argument can be easily extended to explain why galaxies with a given
SFR are less dust-obscured at high redshift than in the local Universe (Adel-
berger & Steidel 2000). Consider a galaxy with a specific mass (stars plus gas
plus dark matter). The Schmidt-Kennicutt law implies that the specific star-
formation rate is SFR/M ∝ fgasff N

1/2
gasNN . As long as fgasff is systematically higher

at higher redshifts, this then implies that a correspondingly smaller NgasNN is re-
quired at higher redshifts to sustain the same SFR/M (e.g., if fgasff increases
by three, NgasNN would decrease by nine). If the mass-metallicity relation is dis-
placed to lower metallicity (dust-to-gas ratio) at higher redshifts this would
only reinforce the effect.

The arguments above imply that both rest-frame UV and far-IR data are
required to get a complete picture of the population of star-forming galaxies,
both locally at at high redshifts. A UV(FIR)-selected sample will preferentially
sample the population with lower (higher) metallicity, SFR, and mass (Martin
et al. 2004b, Buat et al. 2005). In light of the above, it is natural to specu-
late that the main physical difference between the population of star-forming
galaxies at high z selected as Lyman Break Galaxies or sub-mm sources is the
galaxy mass. The latter may well be the progenitors of giant elliptical galaxies.

5. Starburst-Driven Galactic Winds

By now, it is well-established that galactic-scale outflows of gas are a ubiq-
uitous phenomenon in the most actively star-forming galaxies in the local Uni-
verse (see Heckman 2002 for a recent review). These outflows are potentially
very important in the evolution of galaxies and the intergalactic medium. For
example, by selectively blowing metals out of shallow galactic potential wells,
they may explain the tight relation between the mass and metallicity in galaxies
(Larson 1974, Tremonti et al. 2004). This same process would have enriched
and heated the intergalactic medium in metals at early times (e.g., Adelberger
et al. 2003), and would explain why the majority of metals in galaxy clusters
are in the intracluster medium (e.g., Loewenstein 2004).

We know that galactic winds are ubiquitous in the population of Lyman
Break Galaxies (e.g., Shapley et al. 2003), and have also been observed in
sub-mm-selected galaxies (Smail et al. 2003). The big advantage in studying
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them in local starbursts is that we can investigate their physics in considerably
more detail, and in so-doing better understand the form and magnitude of the
mass, energy, and metals being carried out in the wind.

Observations of local starburst winds show that they are complex multiphase
phenomena. The hot (∼ 107 K) gas traced by X-ray emission appears to arise
in shocks in the wind fluid as it impacts cooler, denser material in the galaxy
halo (e.g., Strickland et al. 2004, Lehnert, Heckman & Weaver 1999). As this
ambient material encounters the wind, it is heated and accelerated, giving rise
to regions of optical line emission and the blueshifted interstellar absorption
lines that are characteristic of Lyman Break Galaxies (Shapley et al. 2003) and
local starbursts (e.g., Heckman et al. 2000). Dust contained in these clouds
is revealed as it reddens the background star light (Heckman et al 2000) and
scatters the starburst’s UV radiation (Hoopes et al. 2005).

The picture emerging from these panchromatic investigations of local star-
burst winds is that the fate of the outflow depends strongly on the phase of the
outflow and the mass of the galaxy. The hot gas (which contains most of the
energy and metals) has nearly the same temperature, independent of the escape
velocity from the galaxy blowing the wind (Martin 1999). This hot gas is thus
more likely to escape from low-mass galaxies (with their shallower potential
wells). This could naturally account for the galaxy mass-metallicity relation.
In contrast, the outflow velocity in the cooler gas traced by the interstellar ab-
sorption lines is lower in the much less powerful starbursts in dwarf galaxies
(Martin 2004). This is most likely because the low-power winds in the dwarfs
have insufficient thrust to accelerate interstellar clouds up to the velocity of the
hot wind.

The combination of insights like these from the local Universe and sys-
tematic investigations of the redshift dependence of the outflow rate derived
through rest-frame UV spectroscopy will prove quite powerful in terms of ad-
dressing the cosmological significance of starburst-driven winds.

6. Conclusions

Starbursts are an important component of the local Universe and worth
understanding in their own right.

The key astrophysical property of a starburst is its “intensity” (SFR/area).
This property has far-reaching consequences for the physical and dy-
namical properties of the ISM.

Local starbursts provide excellent laboratories for the study of the astro-
physics of high-z star-forming galaxies; they have very similar SFR/area.

GALEX has begun to provide a large sample of low-z analogs to Lyman
Break Galaxies.
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The systematic properties of starbursts are largely a consequence of the
Schmidt/Kennicutt law plus the mass-metallicity relation. This explains
why more massive galaxies host more powerful, more metal-rich, and
more highly obscured starbursts. It also explains why high-z starbursts
are less obscured, on average for a given SFR, than low-z starbursts.

Only in local starbursts can the multi-phase physics of galactic winds
be fully investigated. The hot metal-rich phase traced by X-rays is the
key to understanding how the IGM was chemically enriched by outflows
from low-mass galaxies.
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Abstract Nearby starburst galaxies provide fascinating astrophysical laboratories for stud-
ies of intense modes of star formation. This paper briefly considers some key
features of starbursts as revealed by nearby examples, and discusses their impli-
cations for galaxy evolution.

1. Introduction

Nearby galaxies offer opportunities to study the detailed astrophysics of the
starburst phenomenon, which then can be more widely applied to cosmic star-
burst samples. Local starbursts display a range in star-formation rates (SFRs),
and care is needed in defining which galaxies are starbursts. One approach dis-
tinguishes starbursts relative to the behavior of normal galaxies. Considerable
evidence shows that most galactic disks have SFRs that are constant over time
to factors of 2–3. For example, the Large Magellanic Cloud experienced an
increase in SFR by a factor of a few in the last few Gyr, but is not a starburst
system. Thus, one definition is that a starburst involves an increase in SFR by
a factor of > 3 during a short time interval (e.g., ∼ 0.1 Gyr). Starbursts can
be distinguished astrophysically by star formation that is out of balance with
the available resources; e.g., a SFR that cannot be sustained for a significant
fraction of a Hubble time with the available interstellar gas.

The fraction of nearby galaxies that are experiencing starbursts is relatively
small, < 10%, and is even less if one considers only starbursts with global im-
pact. However, since starbursts have short durations, this implies many galax-
ies are likely to have experienced multiple starbursts in the last few Gyr. This
mode of star formation therefore remains important in the present-day Uni-
verse.
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Nearby starbursts offer a variety of observational advantages. Spatial reso-
lution can be achieved to the few-pc level, permitting connections to be made
between the products of star formation, such as compact star clusters, and the
structure of the host galaxy. Proximity allows multi-wavelength observations
with high sensitivity. For example, we can map the multi-phase ISM in a star-
burst using molecular lines, thermal infrared radiation from dust and ionized
gas, the HI 21cm line, optical–ultraviolet emission and absorption lines, radio
continuum from bremsstrahlung and synchrotron emission, and X-rays from
hot gas. This access allows us to address key issues, such as the operation
of feedback mechanisms, properties of the products of intense star formation,
high-energy particle acceleration processes and sites, and production and dis-
tribution of newly synthesized chemical elements.

2. Classes of Starbursts

Starbursts range in spatial extent within their host galaxies. The most com-
pact are nuclear starbursts that are confined within the inner few hundred pc of
their hosts, and yet provide a substantial fraction of the total SFR. This type
of starburst is common, and is found in systems ranging from giant spirals
(e.g., the SBc galaxy M83; Harris et al. 2001) to dwarfs, such as NGC 1705
(Tosi et al 2001). Starbursts that cover more than a disk scale length are rare,
but include nearby compact luminous emission-line galaxies like NGC 7673
(Homeier et al. 2002) or NGC3310. An extensive starburst may also be present
in the extremely peculiar central galaxy of the Perseus cluster, NGC 1275.
Most of the other well-known starbursts are intermediate cases, with the burst
being somewhat larger than the nuclear region of the host but not extending
very far into the disk (e.g., M82). Starbursts associated with merging galaxies
probably also fall in the intermediate category, with the burst occurring in the
inner regions of the galaxy, but not being strictly confined to the nuclear zone
(e.g., NGC 6240; Pasquali et al. 2004).

A second parameter is the intensity of the starburst as given by its SFR,
which – combined with a size – leads to the measure of the SFR per area.
However, this factor alone does not describe a starburst. We still need to con-
sider the spatial scale of the event relative to the normal mode of star formation
in that galaxy. Thus, from this perspective, a large but normal star-forming re-
gion, such as Orion in the Milky Way, is not a starburst, even though within
that region some conditions may resemble those found in starburst galaxies.
Figure 1 sketches the properties of some nearby starburst galaxies.

Another dimension in the world of starbursts comes from efforts to char-
acterize triggering events. In some cases, such as mergers, these are obvious.
However, caution is in order as not all mergers lead to starbursts, but the most
intense bursts, the ULIRGs, occur in gas-rich mergers between two or more
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Figure 1. Sketch showing the approximate scales and intensities (ranking by intensity or SFR
per area) of selected nearby starbursts. Rough scales of the starbursts are included in terms
of luminosities from young stars; 1010 L� corresponds to a SFR of ≈ 1 M� yr−1 (Kennicutt
1998). SFR intensities of normal star-forming regions are shown for comparison.

galaxies. However, mergers can also be associated with less energetic star-
bursts, e.g., that in NGC 3310 (Wehner & Gallagher 2005).

However, in other cases the relationship between the trigger and the star-
burst is less clear. M82 is in orbit around the M81 spiral, and close passages
apparently suffice to make giant starbursts (de Grijs et al. 2003). Thus, in
M82 we have an example of a galaxy where episodic starbursts are a major
evolutionary factor, even though the triggering perturbation is relatively weak
(Förster Schreiber et al. 2003). Even milder events, such as gas infall, may
be the causes of bursts in blue compact dwarf galaxies, including their Local
Group relative, IC10 (Wilcots & Miller 1998).

3. Dissipation, Winds, and Star Formation

It is not surprising that starbursts occur in regions with high gas densities.
The trick is how the gas was collected without first experiencing disruptive star
formation. To make a starburst, the high-density gas reservoir must form over
a time span that is short as compared with its internal star-formation time scale.
Circumstances that increase the star-forming time scales, such as shearing ISM
flows in bars, and assemble gas on dynamical time scales, as in galaxy merg-
ers, thus favor starbursts. We also require that the resulting starburst-driven
galactic wind not remove gas faster than the SFR or the burst would fizzle.
Understanding the conditions within the ISM of starbursts is essential (e.g.,
Melioli & de Gouveia Dal Pino 2004).
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We think the ISM in starbursts is not simply a scaled-up version of the solar
neighborhood for several reasons: (i) Young massive stars frequently are born
in dense star clusters which themselves are clustered to yield extremely high
stellar densities. This produces concentrated inputs of mechanical and ioniz-
ing luminosity into the surrounding ISM. It also allows interactions to readily
occur between adjacent star-forming sites, e.g., leading to locally collimated
gas outflows that can feed galactic winds (Tenorio-Tagle et al. 2003). (ii)
As a result of the large numbers and densities of OB stars, photo-ionization
can be widespread over time and space. Starbursts, and especially those in
dwarf galaxies, have socialized photo-ionization: multiple star-forming sites
contribute to photo-ionization rather than the star-forming location–HII region
connection seen in spirals. As a result, photo-ionization is more extensive and
more durable than in cases where it depends on a single event. (iii) The pres-
sure in the ISM of starbursts is 10–100 times or more higher than in typical
spiral disks. This probably leads to a rather different ISM phase structure. Fur-
thermore, the presence of an extensive and dense hot ISM phase, prominently
seen as diffuse X-ray emission in starburst zones, offers the possibility of rapid
communication throughout the region, due to the high sound speed. (iv) In
extreme cases, such as the nuclear region starbursts in ULIRGS, the mean ISM
densities over hundreds of pc scales equal those in typical molecular clouds.
In these systems we are in a unique ISM regime.

“Starburst clumps”, kpc-scale regions that support intense star formation,
are frequently seen in starbursts (e.g., M82; O’Connell & Mangano 1978), and
were noted as general features of galaxies with “hyperactive star formation” by
J. Heidemann and his collaborators. Numerical simulations demonstrate that
massive gas clumps form in galactic disks when the kinematically cool ISM is
dynamically important (Noguchi 1998, Immeli et al. 2004). This seems to be
the case in the unusual giant irregular starbursts, such as NGC 7673, where a
clumpy structure is evident even in NIR images (Fig. 2). This starburst mode
may be important in gas-rich young galaxies. On the other hand, starburst
rings associated with gas build-ups exterior to bars may be more common in
relatively mature galaxies.

The compact young massive star clusters and super star clusters (SSCs) in
starburst clumps are signatures of the high levels of dissipation within star-
bursts. The SSCs appear to define the end of the dissipation sequence for
single-generation stellar systems outside of galactic nuclei. For example, an
SSC with M ≈ 105 M� has a mean density of n = 105 cm−3 within a half-
mass radius of 3 pc. High star-formation efficiencies, ∼ 30%, are required to
keep a compact cluster bound after formation. These are several times higher
than the mean star-formation efficiencies found in molecular clouds, and sug-
gests the star formation in starbursts might be more violent and more efficient
than in normal galaxies. We then expect the SFR per unit molecular gas to
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Figure 2. Image of the clumpy irregular galaxy NGC 7673 taken in the Ks filter with the
NIRIM camera on the WIYN 3.5-m telescope. The similar structure of this galaxy in the optical
through K band is typical of clumpy starbursts, and suggests that the disk is highly unstable in
the starburst region.

be enhanced in starbursts, but this effect is not seen in the study of Gao &
Solomon (2004). While feedback may change the nature of star formation and
structure of the ISM, it does not seem to enhance the efficiency of the conver-
sion of dense molecular gas into stars.

Since starbursts tend to be centrally concentrated, they can produce rapid
changes in the structures of their galactic hosts. Post-burst galaxies should
be denser and more luminous than the initial systems. If a galaxy experi-
ences several starbursts during its lifetime, then its velocity field also must
change in order for it to stay on the Tully-Fisher relationship. Writing the
Tully-Fisher correlation as L = Cvα

rot where C is a constant, we then have
∆L/L = α(∆vrot/vrot). Since for normal galaxies α ≈ 3 − 4, the increases
in vrot required for typical starbursts are modest, but go in the direction ex-
pected for increasing galactic densities. As galaxies evolve via bursts, they can
walk their way up the Tully-Fisher relationship, increasing in both vrot and L.

4. Summary

� Starbursts occur in a range of galactic hosts, where they produce star
formation that is out of equilibrium with the available ISM supplies. As a
result, starbursts should be and usually are short-lived. The bursts are also out
of balance with the gravitational fields in that they frequently power substantial
galactic winds, as discussed elsewhere in this conference.

� Triggering of starbursts requires the collection of a dense ISM with a
significant amount of mass. This can occur in mergers, but other less violent
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events also lead to starbursts. No single mechanism fits all of the observed
cases.

� The intense starburst mode of star formation favors the production of
dense young stellar systems. These range from starburst clumps and rings,
which mainly reflect the distribution of the gas supporting the starbursts, to
dense star clusters, including SSCs. Despite mass loss due to winds, the overall
impact of a starburst is to increase the mean density of the host galaxy, an effect
that supports the Tully-Fisher relationship.

� Starbursts in nearby systems may differ from those in young galaxies
seen at high redshifts. Factors to consider include the lower metallicities and
higher gas reserves of younger galaxies, as well as the higher rate of mergers
and/or interactions. It also seems possible that in some high-redshift galaxies
star formation is taking place within a 3-dimensional structure, while in the
well-studied nearby starbursts, it is confined to two dimensions in disks.
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Abstract To make direct comparisons in the rest-frame far-ultraviolet (FUV) between
LBGs at z ∼ 3 and more local star-forming galaxies, we use HST/STIS toT
image a set of 12 nearby (z < 0.05) HII galaxies in the FUV, and a set of 14
luminous compact blue galaxies (LCBGs) at moderate redshift (z ∼ 0.5) in
the NUV, corresponding to the rest-frame FUV. We then subject both sets of
galaxy images and those of LBGs at z ∼ 3 to the same morphological and struc-
tural analysis. We find many qualitative and quantitative similarities between
the rest-frame FUV characteristics of distant LBGs and of the more nearby star-
burst samples, including general morphologies, sizes, asymmetries, and concen-
trations. Along with some kinematic similarities, this implies that nearby HII

galaxies and LCBGs may be reasonable local analogs of distant Lyman break
galaxies.

1. Lyman break galaxies

Lyman break galaxies (LBGs) at redshifts z ∼ 3 are the current gold stan-
dard for star-forming galaxies in the early Universe, at least rest-frame UV and
optically selected ones. Many of their properties are revealed by deep multi-
wavelength imaging and spectroscopic surveys (see, e.g., presentations at this
conference by Erb, Mehlert, Papovich, Sawicki, and others). These include
small sizes r1/2 < 4 kpc, high luminosities L ∼ L∗, significant clustering, and
diverse morphologies. LBGs are also copiously star forming, easily qualify-
ing as starbursts according to the star-formation intensity (SFR per unit mass
or gas mass) definition advocated by Tim Heckman at this conference (e.g.,
Meurer et al. 1997).

Significant questions remaining about the nature of LBGs include their
masses, their mass assembly histories, their fate, and their environments, in-
cluding any dark matter. Comparison to local galaxies with similar properties
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may help illuminate some or all of those issues, since nearby systems can gen-
erally be studied in much greater detail.

2. Compact starbursts at z < 1 in the Rest-frame UV

We face two problems in attempting to draw parallels between distant LBGs
and nearby starbursts: (i) LBGs are best seen in the optical, corresponding at
z = 3 to the rest-frame UV; and (ii) it is not obvious which kind or kinds of
local systems are the best proxies.

Two classes of galaxy at z < 1 seem especially promising as nearby cousins
of LBGs: HII galaxies at z ∼ 0, and luminous compact blue galaxies (LCBGs)
at 0.4 < z < 1. Both classes show, in the optical, the small sizes, high lumi-
nosities, diverse morphologies, and copious star formation that also character-
ize LBGs. To push the comparison further, we have obtained rest-frame UV
images with the Space Telescope Imaging Spectrograph onboard the Hubble
Space Telescope (HST/STIS) of 12 HT II galaxies and 14 LCBGs. The samples
are drawn from the UCM survey (Pérez-González et al. 2001) and the Kitt Peak
Galaxy Redshift Survey (Munn 1997), respectively. Many have also been im-
aged with HST/WFPC2 and/or NICMOS and/or studied spectroscopically atT
Keck and Arecibo (e.g., Pisano et al. 2001).

3. Rest-frame UV Morphologies

The HST/STIS UV images of the 26 low and intermediate-redshift starburstT
galaxies in our sample are shown in Fig. 1. It is immediately obvious that the
rest-frame UV morphologies represent a diverse panoply, rather than a uniform
class. Multiple knots, tails, and extended emission – almost all invisible at
ground-based resolution in the optical – are the rule rather than the exception.

We attempted to quantify the UV morphologies of our nearby and interme-
diate-z compact starbursts using the CAS (compactness, asymmetry, and clum-
piness) methodology of Conselice et al. (2003). The measured asymmetry is
very sensitive to the exact radius at which it is measured; we tried both half-
light radii and Petrosian radii. Fig. 2 shows the distribution of asymmetries
A(rP). We find that the mean A(rP) of our two samples is roughly consistent
with that of LBGs measured in the HDF by Conselice et al. (2003), although
the formal measurement uncertainties are very large.

4. Simulating LBGs at z = 3

What would the HII galaxies and LCBGs look like if placed at redshift z =
3? We simulated that view by resampling our HST/STIS images and addingT
noise to reproduce the Hubble Deep Field sensitivity. The HII galaxies are too
faint to detect, but the LCBGs, which are more luminous, are all easily detected
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Figure 1. Left: Mosaic of HST/STIS FUV images (T λc = 1590Å) of 12 HII galaxies from
the UCM survey. Redshifts are labelled for each galaxy. Each image is 6.5 arcsec on a side,
corresponding to 2.5 kpc at z = 0.02. Right: Mosaic of HST/STIS NUV images (T λc = 2320Å)
of 9 of the 14 LCBGs. Each image is 3.75 arcsec on a side, corresponding to 22.5 kpc at
z = 0.5. Note the small sizes and disturbed, varied rest-frame UV morphologies of both
samples, reminiscent of LBGs at higher redshift.

Figure 2. Distribution of asymmetries measured at Petrosian radius for both the HII galaxy
(FUV) and LCBG (NUV) samples. The mean is roughly consistent with that of LBGs measured
in the HDF by Conselice et al. (2003).
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Figure 3. LCBGs shown at their true redshift (left panel of each pair) and simulated view as
they would appear at redshift z = 3 observed in the HDF. All sources would be easily detected
at z = 3, although faint, low surface brightness emission is lost to noise.

(Fig. 3). Despite the loss of low surface brightness features, the similarities to
the appearances of real LBGs are striking.

We conclude that HII galaxy and LCBG morphologies, like their sizes, col-
ors, and star-formation rates and intensities, are qualitatively and quantitatively
similar to those of LBGs. They are therefore reasonable local testbeds for fur-
ther comparative study of LBGs, including constraints on mass.

Our future plans include applying other morphological measures such as the
Gini coefficient (Lotz et al. 2004) and combining these STIS UV images with
WFPC2 and NICMOS images in hand to constrain stellar populations, dust
content, and merger scenarios.
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Abstract We present VLT imaging and spectroscopy of M83, revealing a large disk Wolf-
Rayet population. The observed WC to WN ratio is ∼ 1.3, extending previous
Local Group results to higher metallicity, and is significantly higher than current
evolutionary predictions at high metallicity. Late subtypes dominate the WC
population, arguing in favour of metallicity-dependent WR winds, of applica-
tion to the hardness of Lyman continuum fluxes from young starbursts. Finally,
source #74 is identified as a super star cluster, has a large WR content of ∼ 200
with N (WR)/N (O)∼ 1, comparable to the WR cluster NGC3125-1.

1. Introduction

Wolf-Rayet (WR) galaxies are a subset of extragalactic nebular emission-
line galaxies in which the characteristic signatures of Wolf-Rayet stars – the
evolved descendants of the most massive stars (≥ 20M� at solar metallicity)
– are detected, such that they indicate massive star formation within the past
5−10 Myr. Since the first detection 25 years ago (Allen et al. 1976), the num-
ber of known WR galaxies has grown rapidly to well over a hundred (Schaerer
et al. 1999). The WR stellar content of such galaxies ranges from a few dozen
in NGC 1569 (González Delgado et al. 1997) to 2× 104 in Mrk 309 (Schaerer
et al. 2000). WR signatures are most widely detected within unresolved knots
or clusters of irregular, blue compact dwarf or spiral galaxies, and are seen in
the combined rest-UV frame spectrum of Lyman Break galaxies (Shapley et
al. 2003). In the case of nearby spirals, spectroscopy of bright HII regions ob-
tained for nebular abundance studies often leads to the serendipitous discovery
of WR clusters (Pindao et al. 2002, Bresolin & Kennicutt 2002).
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Figure 1. 12 × 12 arcsec2 composite VLT FORS2 image (λ4684Å filter) of M83, indicating
the location of the WR clusters (squares: WN, plus symbols: WC, crosses: WN+WC). North
is up and east to the left. Regions to the south east are masked to avoid saturation by bright
foreground stars.

2. Observations and determination of WR content

We have undertaken a systematic search for the WR content in the nearby
metal-rich spiral galaxy M83 (NGC 5236). M83 is massive grand-design spiral
at a distance of 4.5 Mpc (Thim et al. 2003) with on-going star formation in its
spiral arms, plus an active nuclear starburst (Elmegreen et al. 1998). The
favourable inclination and high metallicity (log O/H + 12 = 9.2; Bresolin &
Kennicutt 2002) makes M83 an ideal candidate for studies of massive stellar
populations at high metallicity.
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We have used the ESO Very Large Telescope UT4 and Focal Reduced/Low
Dispersion Spectrograph #2 (FORS2) to image M83 in April–June 2002 using
narrow-band λ4684 (HeII 4686 and CIII 4650 emission lines), λ4781 (contin-
uum) filters, plus Bessell B and Hα filters. The nucleus is extremely bright,
such that we are unable to discuss the nuclear WR population in this study. A
composite λ4684 image of M83 is presented in Fig. 1. Candidate WR sources
were identified by constructing a difference image of the emission-line (λ4684)
and continuum (λ4781) images, together with blinking the individual frames.
In total, 283 candidates were identified, 198 of which were observed spectro-
scopically with FORS2 between April–June 2003 using the multi-object spec-
troscopy (MOS) mode and 300V grism (resolution 7Å).

We visually inspected the FORS2/MOS spectroscopy of individual sources
to look for characteristic WR emission features, primarily HeII λ4686 in WN
stars, CIII λ4650, λ5696 and/or CIV λ5801 in WC stars. We confirmed the
presence of WR stars in 132 sources, corrected for slit losses via photometry,
reddenings via Hα/Hβ nebular line fluxes, and calculated WR populations us-
ing average early/late WN and WC line fluxes from Schaerer & Vacca (1998).
These are indicated in Fig. 1. In total we identify ∼ 1000 WR stars in the
disk of M83, neglecting remaining candidates without spectroscopic follow-
up. These are fairly evenly distributed between WN (450 stars) and WC (560
stars) subtypes, representing surface abundances consistent with interior H
(WN) or He (WC) burning. Several sources are in common with recent HII

region (Bresolin & Kennicutt 2002) or cluster (Larsen 2004) studies, although
the great majority of the sources are newly identified here.

3. Wolf-Rayet distribution and clusters

With regard to Local Group galaxies, the relative quiescent WC to WN
population is known to increase monotonically with metal content (Massey
& Johnson 1998), presumably due to the increase in wind strength during pre-
WR phases at high metallicity. M83 continues this trend to higher metallic-
ity with N (WC)/N (WN)∼ 1.3. Recent bursts of star formation can cause
strong deviations from this general trend via a short-lived enhancement of the
WC population (Pindao et al. 2002), so galaxies where there has been a re-
cent starburst episode may strongly deviate from this correlation, such as IC10
(Crowther et al. 2003). Since we are not studying the nuclear starburst of M83,
these statistics should be reasonable – even omitting the massive cluster #74
(see later), N (WC)/N (WN)∼ 1.1. This argues against a reduced upper-mass
cutoff at high metallicity, in accord with other recent observational evidence
(e.g., Pindao et al. 2002). Meynet & Maeder (2005) have recently constructed
a set of evolutionary models for rotating massive stars. At low metallicity,
observed statistics are well reproduced, but at twice solar metallicity far too
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few WC stars are predicted, i.e., N (WC)/N (WN)∼ 0.36 versus ∼ 1.1 − 1.3
observed.

The most remarkable discovery of our spectroscopic survey is the dominant
late-type WC population of M83, with CIII λ5696 stronger than CIV λ5801.
Over half the WR stars fall into the WC8–9 subtype, with the number of late to
early WC stars ∼ 9. In contrast, no such stars are observed in the SMC, LMC
or M33. The total number of late WC stars in the Milky Way and M31 is less
than ∼ 50, with the number of late to early WC stars 0.9 and 0.2, respectively.
Beyond the Local Group, CIII λ5696 is observed in a small number of metal-
rich WR galaxies (Pindao et al. 2002), although such populations are limited to
exclusively integrated populations, versus the identification of individual late
WC stars in M83.

Milky Way WC9 stars are universally observed towards the Galactic Centre,
such that a metallicity role favouring their formation has long been recognised.
Smith & Maeder (1991) argued that this trend was due to heavy mass-loss
revealing WC subtypes at an earlier evolutionary phase, such that (C+O)/He
decreases from early to late WC stars. Subsequent spectral analysis failed to
confirm any systematic trend in C/He versus subtype. Instead, Crowther et al.
(2002) claimed that WC subtypes resulted from metallicity-dependent wind
strengths, with CIII λ5696 scaling sensitively with wind density. Since WR
winds appear to be radiatively driven (Gräfener & Hamann 2005), their wind
strengths should increase with (heavy element) metallicity, analogous to OB
stars, with later WC subtypes, as observed in M83. Consequently, the present
observations favour metallicity-dependent winds amongst WR subtypes, of rel-
evance to the Lyman continuum ionizing fluxes from young starbursts (Smith
et al. 2002).

Super Star Clusters (SSCs) are well known in starburst and interacting galax-
ies, such as the Antennae (e.g., Mengel et al. 2002), but it has only recently
been recognised that “quiescent” spiral galaxies also host massive, dense clus-
ters (Larsen 2004). Within M83, WR source #74, located 30 arcsec north of
the nucleus (Fig. 1) has an exceptional mixed WN+WC population of ≥ 200.
From comparison with evolutionary synthesis models for a 5 Myr burst, we
obtain a mass of ∼ 2 × 105M�, whilst archival HST/ACS images indicateT
FWHM∼ 0.2 pc or ∼ 4 pc at 4.5 Mpc, such that it is a SSC. We can estimate
the O star population of this cluster from our continuum-subtracted Hα imag-
ing, such that N (WR)/N (O)∼ 1. Amongst nearby galaxies, only the WR clus-
ter NGC 3125-1 (Chandar et al. 2004) is comparable with #74. WR signatures
are seen in rest-frame UV spectroscopy of Lyman Break galaxies (Shapley et
al. 2003), but only a few (e.g., BX 418) exhibit strong WR signatures (Pettini,
priv. comm.).
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4. Summary

We have identified ∼ 1, 000 WR stars in the disk of the nuclear starburst
galaxy M83, equally distributed amongst WN and WC subtypes, in conflict
with recent evolutionary predictions for quiescent star formation at high metal-
licity. Late WC stars constitute half the entire WR population, in contrast with
all Local Group galaxies. With regard to the nuclear starburst, Pellerin (2004)
has carried out spectral synthesis of far-UV FUSE spectroscopy of the central
30× 30 arcsec2, suggesting a mass of 1.5× 106M� and age of 3.5 Myr, which
indirectly infer a WR population of ∼ 1, 700. If such a large nuclear WR
population is confirmed, the total WR population of M83 may exceed 3,000.
Finally, we identify a SSC in M83, which has a similar mass to the Galactic
SSC Westerlund 1 (Clark et al. 2005) but a WR content an order of magnitude
higher.

More details on this study are presented in Crowther et al. (2004) and Had-
field et al. (in prep.). We are currently pursuing VLT FORS imaging / spec-
troscopy programs on other nearby WR galaxies, including NGC 3125 and
NGC 1313.
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Abstract Lick laser adaptive optics (AO) images of 6 low-redshift luminous compact blue
galaxies were obtained in the H and K bands. The near-IR morphologies range
from disky to irregular and include one possible galaxy merger. For one of the ir-
regular galaxies, we combine the AO data with HST far-ultraviolet (FUV) STIS
imaging and do stellar population synthesis modeling of the sub-arcsec struc-
ture. We find a string of compact knots in the STIS image with the brightest
knot roughly 10 times brighter than 30 Doradus, indicating a recent major star-
forming event. This structure is seen in the near-IR AO images which also con-
tain an even larger red concentration that is undetected in the FUV. The stellar
population synthesis models indicate that the red concentration is significantly
older than the blue knot. One possible explanation for the observations is a re-
current burst history for this object.

1. Introduction

Adaptive optics (AO) is a technique for correcting ground-based near-infra-
red (NIR) images for distortions from the turbulence in the Earth’s atmosphere.
Images taken with AO systems effectively overcome atmospheric seeing and
recover the diffraction limit of the telescope. Until recently AO systems could
only operate within 40 arcsec of ∼ 12th-magnitude guide stars, meaning most
of the sky was not available for study. Now however, Lick and Keck obser-
vatories have laser AO systems that create their own artificial guide stars, thus
opening up much larger portions of the sky (note: a tip-tilt guide star is still
needed to correct the low-order aberrations, but this star can be much fainter,
i.e., 15th mag at Lick or 18th mag at Keck, and you can typically work much
farther from the guide star, up to 1 arcmin).

We take advantage of the high spatial resolution of the Lick AO system
(∼ 0.3 arcsec FWHM) to study the NIR structure of local counterparts to lu-
minous compact blue galaxies (LCBGs). With typical radii smaller than 2.5
kpc, luminosities ∼ L∗, and colors bluer than (B − V ) = 0.6, LCBGs make
up roughly 20% of galaxies at z = 1 (Phillips et al. 1997, Guzmán et al.

27

R. de Grijs and R.M. González Delgado (eds.), Starbursts, 27–30.
©CC 2005 Springer. Printed in the Netherlands.



28 Starbursts – From 30 Doradus to Lyman Break Galaxies

Figure 1. Images of UCM0014+1829 spanning the FUV (STIS) to the NIR (Lick). The
optical image from WIYN is shown twice, once zoomed in on the core of the galaxy and once
zoomed out to reveal the larger extent of the object.

1997) and may account for 45% of the SFR density at intermediate redshifts
(Guzmán 1997). Studies of LCBGs with HST indicate that the rest-frame UV
to optical morphologies include objects made up of single, double or multiple
blue knots (Koo et al. 1994, Phillips et al. 1997, Guzmán et al. 1998). Our
AO imaging of 6 low-redshift counterparts to the LCBGs also reveal complex
sub-structures in the NIR. In this paper, we combine the AO imaging of one
of these galaxies with HST STIS imaging in the far ultraviolet (FUV). The
large wavelength coverage of high-resolution data allows us to do stellar pop-
ulation synthesis modeling of the subcomponents and deduce aspects of the
star-formation history. Results for the 5 other galaxies will be presented in a
future paper (Melbourne et al., in prep.).

2. The Images

Figure 1 shows the AO and STIS images of galaxy UCM0014+1829 (z =
0.018). This galaxy is similar in size, color and surface brightness to the
LCBGs at higher redshift but it is about a magnitude fainter. The FUV im-
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age shows a large knot (hereafter, the blue knot) and a string of smaller knots
along the semi-major axis of the galaxy. The blue knot has a FUV luminos-
ity of MFUVMM = −15.2 (where MFUVMM = −12.6 for 30 Doradus; Smith et al.
1996), consistent with a region of intense star formation. The seeing-limited
optical WIYN image is bright at the location of the blue knot and displays a
tail in the direction of the smaller star-forming regions. The NIR AO images
show two concentrations, one at the location of the blue knot (to the north east)
and a brighter “red” concentration to the south west beyond the terminus of the
string of star-forming regions. The red concentration does not appear in the
FUV image.

Figure 2. (U−H), (H−K) color-color diagram of the substructure in UCM0014+1829. The
color of the entire galaxy is shown as a triangle. Colors of the blue knot are shown as diamonds,
with the filled diamond showing the color of the blue knot after correcting for background
light. Colors of the red knot are shown as squares, with the filled square being the color after
correcting for background light. Bruzual & Charlot (2003) burst models are plotted as lines,
with the model parameters given in the legend. Population ages are given in Gyr.
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3. Stellar Populations

We perform aperture photometry on the high-resolution HST and AO im-
ages, measuring the galaxy as a whole, and the blue and red components sepa-
rately. The results are plotted on the color-color diagram, Fig. 2. Also plotted
on the figure are Bruzual & Charlot (2003) star-formation models including
a continuous star formation model and two τ models. The numbers on the
plot indicate the number of Gyr since the initial burst. We plot both a raw and
background-corrected color for each component. We perform a background
correction by selecting an annulus just outside our aperture to measure the
background contamination. The aperture for the knots has a radius of 0.4 arc-
sec and the annulus a radius of 0.5 arcsec. We see that the blue knot is truly
young, while the red concentration may be significantly older. One possible
explanation is that the galaxy has undergone more than one starburst phase.
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Abstract We present first results of Spitzer spectroscopy from SINGS, the Spitzer Infrared
Nearby Galaxies Survey. Spitzer’s Infrared Spectrograph (IRS) is being used to
spectrally map various-sized regions centered on the nucleus, and covering star-
forming rings and extra-nuclear HII regions. We highlight the powerful diagnos-
tic capabilities made possible by the sensitivity of the IRS for local samples of
low, moderate, and active star-forming galaxies, including [OIV] as a tracer of
very massive stars, a new PAH feature at 17.1 µm, and molecular hydrogen lines
tracing hot photo-dissociation regions. We also demonstrate the versatility of
the IRS spectral mapping mode for producing spatially resolved maps tracking
variations of the physical parameters of the gas, dust and stars on kpc scales.

1. Introduction

The Spitzer Infrared Nearby Galaxies Survey (SINGS) is a comprehensive
survey of 75 nearby galaxies chosen to span the full range of morphological
type, luminosity, and infrared activity present in the local Universe. Figure 1
demonstrates the large ranges spanned in this three-dimensional physical para-
meter space. Though not predominantly a starburst sample, SINGS does have
a starburst component (e.g., M82), and, since it covers the full range of star-
forming environments, is a natural complement to more focused investigations
of extreme star formation.

SINGS is using all three Spitzer instruments to produce 3.6–160 µm imag-
ing out to the D25 optical radius and 5–38 µm resolved spectroscopy of the
nucleus and selected extra-nuclear targets. In addition, a large ancillary and
complementary data set targeting the SINGS sample is being provided, in-
cluding Chandra X-Ray, GALEX and UIT UV, optical BV RI , Hα, and drift-
scan spectroscopy, NIR JHK and HST Paα imaging, SCUBA submm, BIMA
SONG CO, HI, and radio continuum, and VLA HI maps. For more informa-
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Figure 1. The SINGS sample, illustrating the large range of infrared to optical colors, total
infrared luminosity, morphological type, and far-infrared color temperature spanned.

tion on the SINGS sample, data sets, and scientific objectives, see Kennicutt et
al. (2003).

2. Spectral Mapping
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Figure 2. At left, the SINGS 8 µm image of the inner arm and nucleus of M51, showing the
overlay areas of the short-low (5–15 µm, three regions left to right) and LL (15–38 µm, top to
bottom) spectral maps. The spectral map of SL order 1 is overlaid, and each of the two segments
is separately scaled to demonstrate the sensitivity to low-level features in the disk. At right, two
representative spectra extracted from the nucleus and inner arm illustrate the band and feature
variations occurring over small scales. The spectral map is shown in the three PAH bands 7.7,
11.3, and 12.7 µm, denoted on the spectra.

The SINGS spectroscopic program make exclusive use of spectral mapping
mode, in which the instrument slits are rastered around the nuclei and selected
extra-nuclear targets within the sample, to create 5–38 µm spectral data cubes,
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Figure 3. A fit to the 17.1 µm feature discovered in SINGS galaxy NGC 7331. The fit
includes unresolved [NeIII], [SIII], and H2S(1), as well as two Drude-profile PAH components:
the previously discovered 16.4 µm feature, and a new, much stronger 17.1 µm band.

including larger radial strips at 15–38 µm. An example illustrating the SINGS
spectral mapping technique is shown in Fig. 2. The 8 µm inner ring and nucleus
image of M51 is overlaid with the observed low-resolution spectral mapping
regions, and with a PAH map created from one of the spectral cubes produced.
Since the low-resolution slits are divided into two sub-slits, one for each order,
an “outrigger” field is obtained as each sub-slit is separately mapped. The
strong detection of features in the outrigger field demonstrates the sensitivity
of the SINGS spectral maps to weak emission knots in the disk.

3. A new PAH feature

In the early spectra of SINGS galaxy NGC 7331, Smith et al. (2004) found
a new, broad emission band, presumed to be due to PAHs, centered at 17.1µm.
This band is associated with the 16.4µm band discovered in ISO spectra of
several Galactic objects by Moutou et al. (2000), but much stronger. It was
simultaneously seen in spectra of the Galactic reflection nebula NGC 7023
(Werner et al. 2004). Shown in Fig. 3, the feature is blended with [SIII],
[NeIII], and H2S(1) at 17.04 µm. After removing the line contributions, the to-
tal band luminosity was found to be ∼ 50% of the 11.3µm PAH band. Tracking
variations in inter-band strength ratios and equivalent widths to help constrain
the interpretation of deep Spitzer survey counts is a major goal of SINGS.
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4. MIR diagnostics

The spectral mapping capabilities of Spitzer make it possible to investigate
variations in the PAH emission spectrum within individual galactic environ-
ments, and couple these variations using fine structure and molecular lines
to the physical parameters of the ISM, HII and photo-dissociation regions
(PDRs). Among the HII-region lines are two lines of [SIII], which together
provide an excellent, temperature insensitive density diagnostic. Pure vibra-
tional H2 lines ranging from S(0) at 28.2µm to S(6) at 6.1µm are found in
many SINGS spectra. They likely arise in PDRs surrounding or adjacent to
the HII regions, and can be used to provide joint constraints on the pressure or
density and starlight intensity there.

A nebular line of particular interest is [OIV] 25.9µm, seen by ISO in many
bright starbursts, and now found to be present at more than 10× lower fluxes
in almost all SINGS galaxies forming stars. The O+++ ionization potential
is just above the He+ Lyman limit of 54.4eV, and as a result [OIV] is rarely
formed in HII regions. Any observed [OIV], therefore, requires shocks, the
wind-enhanced far-ultraviolet emission of Wolf-Rayet stars (as seen for the
first time in Spitzer spectra of Galactic WR star WR6; Morris et al. 2004), or
an AGN, to provide sufficient high-energy photons. We are investigating the
excitation mechanisms of this crucial diagnostic in a range of environments.
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NEAR-IR SUPER STAR CLUSTERS IN STAR-
BURST AND LUMINOUS INFRARED GALAXIES

Almudena Alonso-Herrero
Departamento de Astrofísica Molecular e Infrarroja, Instituto de Estructura de la Materia,
Consejo Superior de Investigaciones Científicas, Serrano 113b, 28006 Madrid, Spain

Abstract NICMOS on the HST is playing a relevant role in understanding the properties
of near-infrared super star clusters (SSCs) and the associated younger population
of giant HII regions. Giant HII regions and SSCs represent the dominant mode of
recent star formation – younger (a few million years old) and “older” (� 3−500
Myr), respectively. In particular, Paα (λrest = 1.87 µm) observations together
with radio observations offer us an unprecedented view of the truly youngest
(high-mass) star-formation activity, as it is plausible that a large fraction of the
youngest SSCs in galaxies are hidden by dust in their natal HII regions. We will
summarize recent results on the properties of near-infrared SSCs and associated
giant HII regions in nearby starburst galaxies and LIRGs.

1. Introduction

Massive (young) star clusters, the so-called super star clusters (SSCs), were
first discovered in galaxies with very active star formation (SF) in the optical
(see, among others, Whitmore et al. 1993, Schweizer et al. 1996, Zepf et al.
1999), and more recently in the near-IR (Alonso-Herrero et al. 2000, 2001a,
2002 [AAH00, AAH01a, AAH02], Maoz et al. 2001, Scoville et al. 2000).

The general properties of near-IR SSCs are relatively well known from high-
resolution HST imaging, and high-resolution near-infrared (IR) and optical
spectroscopy. Their sizes are 1− 5 pc or larger, kinematic masses on the order
of 105 − 106 M� (e.g., McCrady et al. 2003 for SSCs in M82; Mengel et
al. 2002 for SSCs in the Antennae), comparable to those of globular clusters
(GCs), and a broad range of ages (� 3− 200 Myr), significantly younger than
GCs. SSCs can contribute to up to 20% of the stars formed in the current
episode of SF of galaxies (e.g., Zepf et al. 1999).

In this paper I will summarize recent results, as well as on-going research by
our group, on the properties of near-IR SSCs and associated giant HII regions
in nearby starburst galaxies and LIRGs.
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2. The dwarf galaxy NGC 5253

Although initially discovered mainly in interacting galaxies and luminous
and ultraluminous IR galaxies (LIRGs, ULIRGs), near-IR SSCs are also de-
tected in ringed galaxies (e.g., Alonso-Herrero et al. 2001b [AAH01b], Maoz
et al. 2001, and references therein), and dwarf galaxies (e.g., Aloisi et al. 2001,
Alonso-Herrero et al. 2004 [AAH04]).

NGC 5253 is a nearby dwarf galaxy (D = 4.1 Mpc) whose central region
is undergoing one of the youngest processes of SF in the local Universe. The
HST/NICMOS images have revealed the presence of a double cluster (C1+C2)TT
in the nucleus of the galaxy separated by 0.3 − 0.4 arcsec or 6 − 8 pc. This
double cluster is also a bright double source of Paα (λrest = 1.87 µm) emis-
sion. The western cluster (C2) is almost entirely obscured (AV � 11 mag) at
UV and optical wavelengths, but becomes the brightest source in the galaxy
at λ > 2 µm. The near-IR double cluster is coincident with the double radio
nebula (Turner et al. 2000). Both clusters are extremely young, with ages
of approximately 3 − 4 Myr. C2 is more massive than C1 by a factor of 6
to 20 (MC2MM = 7.7 × 105 − 2.6 × 106 M�, for a Salpeter IMF in the mass
range 0.1− 100 M�) putting them in the SSC category (see AAH04). Martín-
Hernández et al. (2004) have obtained high-resolution mid-IR spectroscopy of
the C2 SSC, and have shown that a very young (3 − 4 Myr) age for the SSC
is only plausible if the C2 cluster is deficient in massive stars – implying a
non-standard IMF. An older age (5 − 6 Myr) would require a longer “hidden”
phase for SSCs than generally thought (e.g., Tan & McKee 2000).

In addition to the nuclear double cluster, we have identified 269 near-IR star
clusters over the central 270 pc. Since the presence of hydrogen recombination
line emission indicates a young stellar population, we have used the equivalent
width (EW) of Paα and the absolute H-band magnitudes to study the ages
and stellar masses of the youngest of these clusters (see Fig. 1). We find that
20−30% of the detected clusters in the H-band have ages younger than 7 Myr,
and (photometric) stellar masses of between 3 × 103 M� and 3 × 104 M�.
For older clusters – those without Paα emission – Harris et al. (2004) have
estimated ages of up to 200 Myr using optical data.

3. Luminous Infrared Galaxies

Properties of SSCs and HII regions

While a lot of effort is being devoted to understanding the properties of the
SSCs, HST/NICMOS has only recently revealed a population of bright HT II

regions in LIRGs (AAH00, AAH01a, AAH02). A large fraction show Hα lu-
minosities in excess of that of 30 Doradus (Fig. 2), the prototypical giant HII

region. These exceptionally bright HII regions are more common in LIRGs
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Figure 1. Absolute MF160WMM magnitude vs. EW of the Paα emission line for the youngest
(log EW(Paα)/ ≥ 1.5 or age < 7 Myr) H-band selected clusters (filled dots) in the central
region of NGC 5253. The H-band (F160W) magnitudes have not been corrected for extinction.
The arrow shows what would be the effect of correcting the observed absolute MF160WMM for
AV = 2 mag. The lines represent the time evolution (crosses on the curves are drawn at
1 Myr intervals, youngest ages at the top) of star clusters with masses M = 103 M� and
M = 104 M� for instantaneous SF, a Salpeter IMF (MlowMM = 1M� and MupMM = 100M�),
and solar metallicity, using STARBURST99 (Leitherer et al. 1999). Insert: The open histogram
shows the distribution of the absolute MF160WMM magnitudes of all star clusters selected in the
H band, whereas the filled histogram shows the clusters with ages younger than 7 Myr, that is,
those shown in the main panel of this figure.

than in normal galaxies, as illustrated in Fig. 2 where we show histograms of
the Hα luminosities of HII regions identified in LIRGs, and normal galaxies
(see Alonso-Herrero & Knapen 2001 and AAH02). The giant HII regions iden-
tified in LIRGs – with sizes of 80 to 200 pc – are often located close to, but
in most cases not spatially coincident with, the near-IR SSCs. The giant HII

regions detected in LIRGs are not confined to the nuclei, but are also found
off-nucleus: at the interface of interacting galaxies, and in the spiral arms of
interacting/merging systems, emphasizing that the effects of extreme SF can
propagate throughout the galaxies and not only the nuclei.

The extraordinary luminosities of giant HII regions and SSCs in LIRGs may
imply up to 106 M� in newly-formed stars (see AAH00, AAH01a, AAH02)
per individual HII region/SSC. Such massive clusters and HII regions are rarely
seen in normal galaxies (Fig. 2). There are a number of possible explanations.
We may just be seeing the extended tail of a luminosity function, or the bright
HII regions may represent aggregations of normal HII regions, or perhaps there
is a truly unique population of SF regions in LIRGs.
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Left panels: Comparison of the absolute H-band magnitudes (from HST/NICMOST
observations) of star clusters detected in the LIRG NGC 3256 and the starburst galaxy
NGC 1530. We also show the typical magnitudes of globular clusters (see, e.g., Kissler-Patig et
al. 2002). Right panels: Hα luminosities (from NICMOS Paα observations, not corrected for
reddening) of HII regions detected in LIRGs (NGC 3256 and Arp 299), and in normal galaxies.
The arrow indicates the luminosity of 30 Dor, the prototypical giant HII region.

Theoretical and observational arguments suggest that these HII regions and
SSCs represent the dominant mode of recent SF in LIRGs – younger (a few
millions years old) and “older” (� 5 − 200 Myr), respectively – in LIRGs
(AAH00, AAH01a, AAH02, Mengel et al. 2001). Tan & McKee (2000) have
proposed a model in which young star clusters within clouds with masses 5 ×
104 − 5 × 105 M� can survive for up to 3 Myr, and allow for the formation
of gravitationally bound clusters (which, in turn, may evolve into GCs) in the
presence of vigorous feedback (Wolf-Rayet winds and supernovae), before the
gas will be dispersed. In AAH02 we showed that the apparent offsets between
the location of the SSCs and the HII regions in LIRGs is an age effect, as the
youngest SSCs are still embedded in the HII regions, and demonstrates that
giant HII regions offer us an unprecedented view of the truly youngest (high-
mass) SF activity, while the SSCs show a broader range of ages.
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Figure 3. Contours of the HST/NICMOST 1.1 µm emission (left panel) of NGC 7469 showing
the PA of the UKIRT slits and the near-IR (at 1.1 µm) selected SSCs (star symbols). The right
panel shows the UV to near-IR SEDs (symbols) of the four SSCs included in Slit 1, as well as
the SED of the sum of the four SSCs and that of the region covered by the slit. The lines are
outputs of STARBURST99 (Leitherer et al. 1999) for an instantaneous burst with an age of 7
Myr, and different values of the extinction: AV = 0 (top line), 0.5, 1, 1.5 and 2 mag (bottom
line).

NGC 7469

NGC 7469 is a nearby (D = 65 Mpc) LIRG that contains a Seyfert 1 nu-
cleus and a 1 kpc-diameter ring of SF (Wilson et al. 1991). The ring is detected
in the UV, optical, near and mid-IR (Soifer et al. 2003), and radio (Colina et
al. 2001). High spatial resolution HST data covering the spectral range from
2000Å to 2.2 µm reveal a large number of SSCs within the ring of SF (Fig. 3,
left panel). We have also obtained UKIRT K-band spectroscopy of the SSCs,
placing slits at four different position angles (PA; see Fig. 3), covering almost
the entire SF ring of this galaxy. The measured EWs of Brγ (λ = 2.166 µm)
and the CO index (at 2.3 µm) indicate a remarkably uniform range of ages for
the four slit positions, 6 − 7 Myr after the peak of SF.

Genzel et al. (1995) modeled the integrated properties of the ring in NGC
7469 and concluded that either the SF has been progressing at a constant rate
for the past 10 Myr, with few high mass stars, or has been decaying exponen-
tially since the onset of a burst 15 Myr ago, with a fairly normal IMF. We have
constructed UV to near-IR spectral energy distributions (SEDs) of near-IR se-
lected clusters covered by one of the slits (Fig. 3, right panel, and Díaz-Santos
et al. 2005). The SEDs of the individual clusters are compared to the SEDs
of the sum of all of them, and that of the area covered by the slit. The SEDs
of the individual SSCs show different degrees of extinction and a range of
ages, whereas the SEDs of the sum and the slit resemble that of the brightest
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cluster, C1. Moreover, the SED of C1 is well reproduced with an age of 7
Myr and little extinction as inferred from the near-IR spectroscopy, whereas
the less dominant SSCs do not necessarily show the same properties. We will
characterize the properties (extinction, age, stellar mass) of individual SSCs,
as well as determine the effects of spatial resolution when modeling the inte-
grated properties of the ring of SF (Genzel et al. 1995) vs. those of individual
SSCs.
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Abstract We observed the local starburst galaxies, NGC 1569 and NGC 1705 with the
HST/ACS High Resolution Channel in theT U, V , and I filters. The superb res-
olution of the images (0.018 arcsec pix−1) shows, for the first time, the real
morphology of the Super Star Clusters. We derive the structural parameters and
total luminosity and recalculate, with the new parameters, the virial mass of the
clusters.

1. Introduction

The Hubble Space Telescope (HST) has shown that young, compact, lu-
minous star clusters (“super star clusters” or SSCs) may exist in different
environments. Their average luminosity, size and spectroscopically inferred
masses make them young analogues of classical globular star clusters. In or-
der to evolve into globular clusters, the SSCs need to be more massive than
∼ 3 × 104 M� and of the right size (half-light radius ∼ 1 − 10 pc). While the
size of the cluster is, in principle, relatively easy to measure, an estimate of the
mass is more complicated. If the total light of an object is known, then the mass
can be estimated by assuming an initial mass function (IMF) or M/L ratio. If
instead, the mass can be measured independently (for example, assuming com-
plete virialization of the cluster), the observed M/L ratio can be compared with
model conditions to constrain the IMF. We present new data on NGC 1569 and
NGC 1705, two nearby dwarf galaxies. Each contains well-studied SSCs. The
high resolution of the new HST images allows us to determine improved struc-
tural parameters for these clusters. We will present the analysis of the color
profiles and of the stellar content of these SSCs in a separate paper (Sirianni et
al., in prep.).
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2. The Data

The images were obtained with the High Resolution Channel (HRC) of the
Advanced Camera for Surveys (ACS) as part of the ACS/GTO program. HRC
provides a 27×31 arcsec2 field of view with a pixel scale of 0.025 arcsec pix−1.
The data consist of a 3-point dithered observation in the filters F330W, F555W
and F814W. Short and long exposures were taken to ensure that information on
saturated pixels in the long-exposure images could be recovered from the short
exposures. The images were processed with the ACS-IDT pipeline (APSIS;
Blakeslee et al. 2003) using a square kernel and re-sampling the point-spread
function to a final scale of 0.018 arcsec pix−1.

SSCs in NGC 1569

González Delgado et al. (1997) detected signatures of both Wolf-Rayet (W-
R) stars and red supergiants (RSG) in ground-based data of the SSC NGC
1569A. Instantaneous burst models do not predict the simultaneous presence
of the two types of stars. In HST/WFPC2 images, De Marchi et al. (1997)T
were able to identify two main components in cluster A, separated by ∼ 0.2
arcsec, and suggested that the two different stellar populations could be asso-
ciated with the two different clumps. However, the large overlap of the two
components in WFPC2 images made it difficult to disentangle the two sub-
clusters. Origlia et al. (2001) were able to isolate and age-date the hot and cool
stellar component of NGC 1569-A with HST UV and IR imaging. The authors
inferred an age of ∼ 5 Myr for A2 and ∼ 10 Myr for A1. Their conclusion
has been confirmed by Maoz et al. (2001), who obtained STIS spectra of the
region of NGC 1569-A. Their data show that the W-R emission is confined
to cluster A2. The new HRC images clearly show the multiple nature of the
SSC-A (see Figs. 1 and 2). We list the integrated magnitude and half-light core
radius for SSCs A-1, A-2 and B in Table 1. Despite the strong evidence of a
dual nature of SSC-A, most authors kept considering them as a single entity
for the calculation of their M/L ratio and therefore to infer an IMF.

SSC in NGC 1705

The structure of the SSC NGC 1705-1 has recently been analyzed by Smith
& Gallagher (2001), and its stellar content by Vázquez et al. (2004). Our
results, listed in Table 1, confirm the findings of Smith & Gallagher (2001),
with a slightly larger half-light radius.

3. Results

With the new determination of the luminosity and half-light core radius, we
can recalculate the virial masses and the observed M/L ratio. If we assume
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Figure 1. Negative image showing NGC
1569 A as observed through the F555W fil-
ter of the HRC.

Figure 2. Counts per pixel along the
vector connecting the two components of
NGC 1569A. The pixel scale is 0.018 arc-
sec pix−1.

a distance of 5.1 Mpc for NGC 1705 and 2.2 Mpc for NGC 1569, and the
velocity dispersion from Ho & Filippenko (1996) and Gilbert et al. (2003), we
derive an L/M ratio of 48.5 for NGC 1705-1 and 59 and 43 for NGC 1569-A1
and NGC 1569-B, respectively. When we compare the observed L/M ratio vs.
age with STARBURST99 models with different IMF (see for example Vázquez
et al. 2004) we find that NGC 1569-A1, NGC 1569-B and NGC 1705-1 are
very similar and consistent with a Kroupa-type or Salpeter IMF with a lower
mass cutoff at ∼ 1 M�.

Table 1. Photometric and structural parameters

SSC MF555WMM (F330W−F555W)0 (F555W−F814W)01 R05 Age2

(mag) (mag) (mag) (arcsec) (Myr)

NGC 1705-1 −13.8 −1.4 0.6 0.08 12
NGC 1705-2 −10.9 −1.5 0.1 0.11 . . .
NGC 1569-A1 −13.6 −1.30 −0.07 0.10 12
NGC 1569-A2 −11.9 −1.35 −0.06 0.17 5–7
NGC 1569-B −12.6 −1.29 0.62 0.16 12

2The effects of the red halo in the F814W filter have not yet been removed.
2Ages for NGC 1705-1 from Vázquez et al. (2004), NGC 1569-A1 and NGC 1569-B from Anders et al.
(2004), NGC 1569-A2 from Origlia et al. (2001).
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Anders et al. (2004) determined the masses for the most SSCs in NGC
1569. Their masses are higher than those inferred by kinematic studies. Since
the estimate of kinematical masses assume the complete virialization of the
cluster, which is likely not to be the case for these massive and young clusters,
the virial mass could be an underestimate. With a higher mass, the L/M ratio
will be lower and both clusters and the major SSCs of NGC 1569 would be
more consistent with a normal IMF with a 0.1 M� lower mass cut-off.
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Abstract Young massive star clusters return matter and energy to the ISM via cluster
winds that ultimately combine to power superwinds in high-density starbursts.
We present high-resolution near-IR spectroscopy of such clusters that dominate
the current star formation in the nearby merger, the Antennae. By fitting outflow
models to their broad hydrogen lines, we measure the mass-loss rates and me-
chanical luminosities of these cluster outflows. They are strongly mass-loaded
with high thermalization efficiencies, two properties that also characterize su-
perwinds. While the Antennae do emit large-scale diffuse X-rays, their present
star cluster density may be too low to generate an M82-like superwind, but it is
perfect for providing a resolved look at feedback mechanisms in a young merger.

1. Introduction

Star formation in starbursts creates massive (105 − 106 M�) young super
star clusters (SSCs) that are not often found in more quiescent environments
like the Milky Way’s disk. They are found in all starburst environments, from
dwarfs to mergers, and one of the most spectacular examples of the latter is
the Antennae Galaxies (NGC 4038/39, Fig. 1), which have a rich SSC popu-
lation that is dominated by very young clusters (< 30 Myr; e.g., Whitmore et
al. 1999). Whether young SSCs survive to become GCs or disperse into the
field star population of a galaxy, they have a great influence on the energet-
ics of its interstellar medium (ISM) because they harbor thousands of massive
stars producing ionizing and FUV radiation. The Lyman continuum fluxes of
the youngest SSCs range over Q[H+] = 1052−53 s−1, dwarfing that of R136,
which has a mass ≥ 104.5 M� (Massey & Hunter 1998) and Q[H+] = 1051.4

s−1 (Walborn 1991). The radiation from OB stars excites HII regions (HIIRs)
and photodissociation regions, and heats the ISM. Their winds and supernova
(SN) ejecta stir and inject energy into the surrounding ISM. In the most ex-
treme starbursts, the combined effects of a starburst drive large-scale galactic
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Figure 1. ISAAC narrow-band (2.25 µm) image (left) of the Antennae with our sample of
ELCs and the brightest young optical clusters of Whitmore et al. (1999) marked; due to varia-
tions in extinction, the brightest optical and IR sources do not necessarily coincide. NIRSPEC
spectra of the four brightest ELCs in the southern overlap region (right) feature broad Brγ emis-
sion that is spatially extended relative to the continuum; the spatially-resolved velocity gradients
suggest non-spherical flows (Gilbert & Graham 2005a).

winds that can eject matter into the intergalactic medium. SSCs are concen-
trated power sources for feedback on both star-cluster and galactic scales.

2. ELCs in the Antennae: A New Class of HII Region

We observed signatures of the feedback from SSCs in a near-IR imaging
and spectroscopic study of a sample of young Antennae SSCs. Most of the
targets are emission-line clusters (ELCs) that have broad, spatially extended,
non-Gaussian Brγ lines (Fig. 1) whose supersonic widths (60 − 110 km s−1)
exceed estimates of their virial line widths (Gilbert 2002). Thus the HIIRs of
these clusters contain at least some high-velocity gas that is not bound.

Figure 2 (Gilbert & Graham 2005a) places the HIIRs that are excited by
ELCs in context with other types of HIIRs. The range in Q[H+] for ELCs ex-
ceeds but overlaps with that of top-ranked extragalactic giant HIIRs (GHIIRs).
The nonthermal component of line width among all HIIR classes overlaps,
though there is a well-known trend of increasing luminosity with line width.
The HIIR classes are better separated in a diagram of mean electron den-
sity, ne, versus size, which shows Galactic compact and ultracompact HIIRs
((U)CHIIs) at the highest ne and smallest size, GHIIRs at the lowest ne but
largest size, and ELCs falling between these extremes in a region shared with
the newly discovered class of deeply embedded ultra-dense HIIRs (UDHIIs;
Kobulnicky & Johnson 1999). UDHIIs are radio and mid-IR-detected HIIRs
with very high inferred ne and radio sizes as small as a few parsec, while their
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Figure 2. Comparison of properties of ELCs and other HIIRs. ELCs have extreme values in
the continuum of Q[H+] vs. FWHM of the nonthermal component of H recombination lines
(left). ELCs and UDHIIs occupy a common region in the space (right) of mean ne vs. diameter
(of infrared emission for ELCs and UDHIIs, and of radio emission for other objects). Assuming
the pc-scale radio-inferred sizes for UDHIIs or typical optical SSC sizes for ELCs increases
their mean densities, moving them closer to the (U)CHIIs. References are: ELCs, Gilbert &
Graham (2005a,b); 30 Dor, Walborn (1991), Chu & Kennicutt (1994); NGC 5253, Turner et
al. (2000, 2003); UDHIIs in He 2-10, Kobulnicky & Johnson (1999), Vacca et al. (2002);
top-ranked GHIIRs, Arsenault & Roy (1988); Galactic (U)CHIIs, Garay & Lizano (1999).

IR sizes can be ten times larger (Vacca, Johnson & Conti 2002), in the range
occupied by the K-band sizes of ELCs (Gilbert & Graham 2005a). The very
young (< 1 Myr) UDHIIs may evolve into ELCs (3 − 7 Myr) as they ionize
and expel their ambient material.

3. Feedback from ELCs: Mass-Loaded Cluster Winds

Because some ELCs appear to remove gas from their HIIRs by driving clus-
ter outflows, we employed a simple kinematic model of such an outflow in or-
der to measure the mass-loss rate ṀHIIMM and amount of energy and momentum
in the flows (Gilbert 2002). The Brγ emission-line profile for a spherical flow
described by a β-wind velocity law (à la Kudritzki & Puls 2000), together with
the assumption of a constant ṀHIIMM , provides excellent fits to the observed line
profiles. From the fits we derive cluster wind values of ṀHIIMM = 0.01 − 1 M�
yr−1 and terminal velocities < 200 km s−1, which is an order of magnitude be-
low the velocities observed for individual O or WR stellar winds. This suggests
that the combined stellar winds are slowed by interactions with each other and
the surrounding medium. That picture is supported by the great extent to which
the observed values of ṀHIIMM exceed the amount of stellar ejecta predicted by
STARBURST99 (Leitherer et al. 1996) for the populations of massive stars that
are providing the observed Q[H+] (Fig. 3). The amount of energy in observed
gas phases cannot account for all of the available input energy from ELCs (Fig.
3; see Gilbert & Graham 2005b); this is also the case for wind-blown super-
bubbles and galactic superwinds, and the unseen energy must be radiated away
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Figure 3. Mass-loss rates (left) and kinetic energy (right) measured for ELC outflows (points,
normalized to a 106 M� cluster and extinction corrected where possible). Curves are predictions
from STARBURST99 models for a cluster’s stellar winds (dash-dotted), SNe (dashed), and their
sum (solid). ELC outflows display much greater ṀHIIMM , and lower KEs than models predict are
available from stellar ejecta alone, which suggests efficient mass loading and thermalization of
KE.

or hidden in another phase. ELCs have pressures that are high enough to blow
out of a Milky Way disk, and in the overlap region (∼ 4 kpc) they satisfy the
star-formation surface density threshold for creating superwinds (e.g., Heck-
man 2003). ELCs and SSCs disrupt the Antennae ISM on kpc scales, and may
ultimately form a large-scale wind.
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30 DORADUS – A TEMPLATE FOR
“REAL STARBURSTS”?

Bernhard R. Brandl
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Abstract 30 Doradus is the closest massive star-forming region and the best studied tem-
plate of a starburst. In this conference paper, we first summarize the properties
of 30 Doradus and its stellar core R136. We discuss the effects of insufficient
spatial resolution and cluster density profiles on dynamical mass estimates of
super star clusters, and show that their masses can be easily overestimated by
a factor of ten or more. From a very simple model, with R136-like clusters as
representative building blocks, we estimate typical luminosities on the order of
1011 L� for starburst galaxies.

1. Overview

At a distance of only about 53 kpc 30 Doradus is the closest massive star-
forming region. To date, it has been studied and described in over 3000 papers.
In this conference paper, we discuss the relevance of 30 Doradus as a local
template for more luminous starburst systems. The characteristic dimensions
for structures related to 30 Doradus are given in Table 1.

Table 1. Characteristic dimensions, from Walborn (1991)

Name Class angular Ø linear Ø

LMC galaxy 5◦ 5000 pc
30 Dor region complex 1◦ 1000 pc
30 Dor nebula HII region 15′ 200 pc
NGC 2070 stellar cluster 3′ 40 pc
R136 stellar core 10′′ 2.5 pc

The most relevant properties of its stellar content and interstellar medium
(ISM) are summarized in Table 2. Figure 1a shows the complex nature of the
ISM in 30 Doradus with its interplay between large-scale filaments and wind-
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blown cavities. According to Walborn & Blade (1997), NGC 2070 consists
of several distinct, young stellar generations. The IMF is fully populated up
to at least 100 M� (Massey & Hunter 1998), and there is no evidence for a
truncated low-mass IMF, even within R136 (Andersen et al., in prep.). The
stellar distribution near the center R136 is shown in Fig. 1b.

Figure 1a. Spitzer-IRAC image at 8µm,
showing the distribution of warm dust and
UV-excited PAH molecules in 30 Doradus.
The size is 27×20 arcmin2 (360×270 pc2;
Brandl et al., in prep.).

Figure 1b. HST/NICMOST H-band im-
age of the 90 × 75 arcsec2 (23 × 19 pc2)
around R136 (Andersen et al., in prep.); the
faintest stars visible are about 2 M�.

Table 2. Properties of the stars and the ISM in 30 Doradus

Quantity Value Reference

Hα luminosity 1.5 × 1040 erg s−1 Kennicutt (1984)
Ly-cont flux (30 Dor) 1.1 × 1052 phot s−1 Kennicutt (1984)
Ly-cont flux (NGC 2070) 4.5 × 1051 phot s−1 Walborn (1991)
# OB stars (NGC 2070) 2400 Parker (1993)

H2 mass 7 × 107 M�
HII mass 8 × 105 M� Kennicutt (1984)
Egas

kin ≥ 1052 erg Chu & Kennicutt (1994)
LFIR 4 × 107 L� Werner et al. (1978)

2. Is R136 a Super Star Cluster (SSC)?

With about 40 stars of spectral type O3, R136 is the densest concentration
of very massive stars known (Massey & Hunter 1998). R136 is centrally con-
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densed and displays a remarkably smooth exponential cluster profile (see, e.g.,
Malumuth & Heap 1994; their fig. 13). The stellar properties of R136 are
summarized in Table 3.

Table 3. Stellar properties of R136

Quantity Value Reference

age ≈ 2 ± 1 Myr a

central density ρc 5.5 × 104 M� pc−3 Hunter et al. (1995)
total mass mtot 6.3 × 104 Mb

� Hunter et al. (1995)
core radius rc 0.12 pc (0.5 arcsec) Brandl et al. (1996)
half-mass radius rhm 1.2 pc (5 arcsec) Brandl et al. (1996)
tidal radius rt 5 pc (21 arcsec) Meylan (1993)
IMF slope ξ 2.2c Andersen et al. (in prep.)

a the age of the cluster is still subject of controversy; b for m ≥ 0.1 M�; c the Salpeter (1955) slope is
ξ = 2.35 in this notation.

However, there are numerous examples of massive young clusters that do
not show a density profile like R136. For instance, NGC 604, the most lumi-
nous HII region in M33, looks very similar to R136 in Hα (Hunter et al. 1996)
both in structure and luminosity, but the stellar distribution is completely dif-
ferent, given by numerous smaller clusters – a structure sometimes referred to
as a scaled OB association (SOBA; Maíz-Apellániz et al. 2004).

In recent years, so-called super star clusters, such as in the Antennae galax-
ies, have received a lot of attention (e.g., Mengel et al. 2002). The dynamical
mass can be estimated via mdyn = η σ2rhl

G , where η ≈ 10. However, this is
based on the assumption that the cluster is well resolved, i.e., that rhl can be
accurately determined. Fig. 2a shows R136 in the upper left as observed with
NICMOS (same as Fig. 1b), and then progressively at 2× lower resolution.
The FWHM derived from the same cluster but at different resolution is plot-
ted as a function of distance in Fig. 2b. Because of spatial undersampling and
the light from bright stars near the cluster core, the half-light radius rhl – and
thus mdyn – can easily be overestimated by a factor of ten or more at distances
beyond a few Mpc. To complicate matters, the spectroscopically measured
velocity dispersion may be significantly affected by the orbital velocities of
massive binary stars (Bosch et al. 2001). Furthermore, at distances like the
Antennae, a centrally condensed cluster like R136 is indistinguishable from a
non-virialized, NGC 604-like SOBA. Given the large uncertainties, it remains
to be seen how much more “super” than R136 super star clusters really are.
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Figure 2a. R136 at the observed NIC-
MOS resolution (upper left) and at larger
distances that are increasing by factors of
2, 4, 8, 16, and 32.

Figure 2b. The FWHM derived from 2D
Gaussian fits to the light profiles of R136
in Fig. 2a.

3. Are luminous starbursts made of 30 Doradus
complexes?

30 Doradus does not experience a strong gravitational field from its host
galaxy; the entire complex can almost freely expand, and its center has no
continuous supply from a larger gas reservoir. Under different boundary con-
ditions, which may be prevalent in a circumnuclear starburst, it is conceivable
that the densities of gas, dust, and embedded star clusters are much higher
– without necessarily requiring different unit cells than R136. Using a very
simplified model of identical clusters, spherical geometry, and constant gas
density, we can estimate what the total luminosity of such a starburst might be.

Assuming 200 pc for the linear extent of a “typical” extragalactic starburst
region, and taking R136’s tidal radius rt as the (half-)size of a unit cell, there
could be the equivalent of as many as 8000 R136-like clusters within the given
volume. If only a quarter (107 L�) of the total 30 Doradus far-IR luminosity is
being produced within the volume defined by rt, and if LFIR is the sum of the
reprocessed UV radiation and (about the same amount) of shock-heated gas
from supernovae, the total far-infrared luminosity is

Ltot
FIR = 8000 × 2 × 107 = 1.6 × 1011L� (1)

This number is well within the ballpark of luminous starburst galaxies, al-
though it falls short of the luminosity of ultraluminous infrared galaxies. At
any rate, if starbursts have such porous, inhomogeneous structures, they repre-
sent a big challenge for accurate starburst modelling.
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Abstract The history of the initial mass function (IMF) in starburst regions is reviewed.
The IMFs are no longer believed to be top-heavy, although some super star clus-
ters, whether in starburst regions or not, could be. General observations of the
IMF are discussed to put the starburst results in perspective. Observed IMF vari-
ations seem to suggest that the IMF varies a little with environment in the sense
that denser and more massive clusters produce more massive stars, and perhaps
more brown dwarfs too, compared to intermediate-mass stars.

1. Introduction: History of Starburst IMFs

Early starburst observations suggested that the luminous mass from young
massive stars is comparable to the dynamical mass from the rotation curve (see
reviews in Telesco 1988, Scalo 1990, Zinnecker 1996, Leitherer 1999). This
implied that there was a deficit in low-mass stars. The nearby starburst galaxy,
M82, was one of the best cases. Rieke et al. (1980, 1993) modeled M82’s gas
mass, luminous-star mass, rotation-curve mass, 2.2µm flux, Lyman continuum
flux, CO index for supergiants, and the Brα/Brγ ratio, giving an extinction
AV = 25 mag. They concluded that only the usual IMF models with lower
mass limits MLM > 3− 6 M� worked. Kronberg et al. (1985) used the Lyman-
continuum flux from radio emission in M82 to determine the star-formation
rate, and used the total gas mass combined with an efficiency estimate to con-
clude that the IMF is top-heavy compared to the Miller & Scalo (1979) IMF.
Bernlohr (1992) fit the same M82 properties as Rieke et al., plus the heavy el-
ement abundance and FIR line ratios, and concluded that either the IMF slope
is shallower than the Scalo (1986) IMF by 1, or there is a lower mass cut-off
greater than 1.5 − 2 M�. Independent models of M82 by Doane & Mathews
(1993), emphasizing the supernova (SN) rate and the total dynamical mass, led
to the same lower cut-off even for the Salpeter IMF, which is shallower than
both the Miller-Scalo and Scalo functions.
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Early observations obtained truncated IMFs in other starbursts, too. Wright
et al. (1988) found MLM > 3−6 M� from low M/L ratios in 12 starburst galax-
ies assuming a Miller-Scalo IMF. For the merger remnant NGC 3256, Doyon,
Joseph & Wright (1994) modeled the Brγ equivalent width, HeI λ2.06µm/Brγ,
CO index, and N (Lyc)/LIR ratio with different IMFs and star-formation histo-
ries. The HeI λ2.06µm/Brγ index suggested an upper mass limit, MUMM = 30
M�, the rotation curve and CO molecular cloud observations gave MgasMM ∼
MtotalMM , and all constraints gave either an IMF slope shallower than the Salpeter
slope by ∼ 0.5 or MLM > 3 M�. For the merger remnant UGC 8387, Smith et
al. (1995) suggested MLM > 8 M� for a Miller-Scalo IMF using the low ratio
of 1 − 500µm flux to Lyα, as obtained from the 5 GHz flux. Smith, Herter &
Haynes (1998) got the same result from IR excesses in 20 starburst galaxies,
suggesting that the IMF slope for M > 10 M� was −2.7 ± 0.2 (Γ = −1.7,
see below), shallower than the Miller-Scalo slope of −3.3 (Γ = −2.3) in this
mass range, but steeper than Salpeter (−2.35; Γ = −1.35).

At about the same time as these observations were suggesting the IMF was
top-heavy in starburst galaxies, several other observations suggested that it was
normal. Devereux (1989) observed 20 nearby starbursts like M82, and using
2.2µm and FIR fluxes, and estimates for the central dynamical masses, found
acceptable fits to the Miller-Scalo IMF from 0.09 − 30 M� (the Miller-Scalo
function is the least top-heavy of the main IMF models). He also suggested that
extinction corrections in M82 made by others were too high, and this made it
appear like M82 had a truncated IMF when really it did not. Satyapal (1995)
indeed found low extinction in M82 from Paβ/Brγ, which gave AV = 2 − 12
mag, compared to 25 mag in Rieke et al. (1980). Satyapal then got a K-band
luminosity 3 times lower than Rieke et al., and saw no need for IMF truncation.
Satyapal (1997) also found an age gradient in the center of M82 and fit an IMF
with the Salpeter slope from 0.1 − 100 M�, accounting for only 36% of the
dynamical mass.

In other observations of starburst IMFs, Schaerer (1996) applied evolu-
tionary models to the WR/O star ratios and found a Salpeter IMF slope, al-
though MLM could not be determined. Stasińska & Leitherer (1996) modeled´
the emission-line spectra of giant HII regions and starburst galaxies, having a
factor-of-ten range in metallicities, and also found a Salpeter IMF up to 100
M�, with no information about the lower mass limit. Calzetti (1997) modeled
multiwavelength spectroscopy and broad-band infrared photometry of 19 star-
burst galaxies to derive reddening values and found a general consistency with
the Salpeter IMF between 0.1 and 100 M�.

Finally, returning to M82, Förster Schreiber et al. (2003) modeled it with
25 pc resolution using near-IR integral-field spectroscopy and mid-IR spec-
troscopy. An upper stellar mass limit greater than 50 M� was derived from the
Lbol/LLyc and [NeIII]/[NeII] ratios; short decay times were observed for star



The Initial Mass Function in Starbursts 59

formation locally (1− 5 Myr), and the models were insensitive to the shape or
slope of IMF at intermediate to high mass. An IMF turnover somewhere below
1 M� was concluded.

There were also suggestions that top-heavy IMFs would cause problems
with stellar populations or metallicities. Charlot et al. (1993) suggested that
an inner-truncated IMF would produce a very red population of red giants,
without the corresponding main sequence stars, after the turn-off age reaches
the stellar lifetime at the truncation mass. Wang & Silk (1993) suggested that
the truncated model gives an oxygen abundance that is too high when the star-
formation process is over. These red populations or elevated oxygen abun-
dances have not been observed.

At the present time, the observations suggest that the Salpeter IMF with a
lower-mass flattening somewhere between 0.5 M� and 1 M� is a reasonable
approximation to the IMF in large integrated regions of starburst galaxies.

2. Local IMFs

The Field

Starburst IMFs are useful for understanding star formation only in com-
parison to local IMFs or IMFs in non-starburst regions, where many of the
star-formation processes can be observed in more detail. There are many such
observations of non-starburst IMFs, as reviewed in the conference proceedings
“The Stellar Initial Mass Function” edited by Gilmore, Parry & Ryan (1998)
or in Chabrier (2003). We give a brief summary here.

In 1955, Salpeter showed that if 10% of a star’s mass is converted into He-
lium on the main sequence, if the star-formation rate in the local Milky Way
disk is constant over time, and if the present-day mass function is that given by
the available catalogs (some of which dated back several decades – even into
the 1920’s), then the mass function of stars at birth has a slope of Γ = −1.35
on a log-log plot.

More recent derivations of this field-star IMF generally give steeper slopes.
Miller & Scalo (1979) fitted the observations to a log-normal IMF, which has
about the Salpeter slope near one solar mass, but an increasingly steep slope
toward higher masses, reaching Γ ∼ −2.3. Scalo (1986) found a field-star
IMF with a slope between −1.5 and −1.7 in the range from 1 to 10 M�, and
a slightly shallower slope, between −1.35 and −1.5, at higher mass. Rana
(1987) derived a field-star IMF with somewhat different data than Scalo (1986)
and found Γ = −1.8 for M > 1.6 M�.

The difference between these field-star IMFs and Salpeter’s IMF is signifi-
cant: for a slope difference of 0.5, the number of high-mass stars between 10
M� and 100 M� compared to the number of intermediate-mass stars between
1 M� and 10 M� is three times larger in the Salpeter IMF than in the oth-
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ers. This excess factor of 3 for nearby high-mass stars can easily be ruled out.
However, Salpeter did not have observations that extended to the high-mass
range. In the region of overlap, which is near 1 M�, the modern field-star IMF
slope is comparable to Salpeter’s value. The big question for starburst regions
is how the IMF near 1 M� extrapolates to OB stars.

IMF measurements outside starburst regions give a wide range of slopes.
Parker et al. (1998) did photometry on 37,300 stars in the LMC and SMC,
and found slopes near Γ = −1.0,−1.6, and −2.0 for the Davies, Elliot &
Meaburn (1976) HII regions, and Γ = −1.80 ± 0.09 for all the field stars,
considering only stars with M > 2 M�. The IMFs near the HII regions are
probably too shallow as a result of inadequate corrections for background and
foreground stars (Parker et al. 2001), but the field-star IMF appears to be free
of this systematic effect. Note that the statistical accuracy is very high for this
measurement.

Massey et al. (1995) and Massey (2002) surveyed the remote field in the
LMC and SMC, defining these to be regions more than 30 pc from a Lucke &
Hodge (1970) or Hodge (1986) association. The survey was complete down to
25 M� and included 450 stars, which should give a statistical uncertainty of
∆Γ ∼ ±0.15 (Elmegreen 1999a). By assuming a constant star-formation rate
over the last 10 Myr, Massey et al. found Γ significantly steeper in the remote
field than in clusters, having a value between −3.6 and −4.

One could imagine several systematic effects that make this slope artifi-
cially steep. First, note that runaway O stars could not do this, because the
field has too few O stars compared to intermediate-mass stars. Other likely
processes could do it, however: (i) Selective evaporation of cluster envelopes
into the field, considering that some cluster envelopes have Γ ∼ 4 already (de
Grijs et al. 2002). (ii) Greater migration into the field of the longer-lived,
low-mass stars compared to high-mass stars. (iii) Greater self-destruction of
low-pressure clouds in the field by OB star formation, compared to high-
pressure clouds in associations (Elmegreen 1999a). Hoopes, Walterbos &
Bothun (2001) also explained the steep mass function required for diffuse in-
terstellar ionization in nearby galaxies with the differential drift of low-mass
stars into the field. Tremonti et al. (2002) found a Salpeter IMF for clusters
and a steeper IMF for the field in the dwarf starburst galaxy NGC 5253, and
explained this difference as a result of cluster dispersal after 10 Myr, when the
most massive stars have disappeared.

Another observation of a systematically steep IMF was by Lee et al. (2004).
They fit the high M/L in low surface brightness galaxies with population syn-
thesis models requiring low metallicity, recent (1−3 Gyr) star formation, and a
steep IMF: Γ = −2.85 from 0.1− 60 M�. These galaxies have a low pressure
like the extreme field regions in Massey et al.
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The Taurus region in the nearby field may have a steep IMF at high mass
too (Luhman 2000). The pre-stellar condensations there are peculiar any-
way, showing more extended structures, like isothermal spheres, than those
in Perseus or Ophiuchus which appear truncated (Motte & André 2001).

Clusters

The IMF in the Sco-Cen OB association is best fit with a slope of Γ ∼ −1.8
(Preibisch et al. 2002). Another Galactic region, W51, has 4 subgroups, all
with Γ ∼ −1.8 at intermediate to high mass, but two of the subgroups have a
statistically significant excess, by a factor of ∼ 3, of stars in the highest mass
bin (∼ 60 M�; Okumura et al. 2000). There are other anomalies like this,
too. Scalo (1998) suggested that the IMF varied significantly from cluster to
cluster, but Elmegreen (1999a) and Kroupa (2001) showed that most of these
variations could be statistical in origin, given the small number of stars usually
observed.

Most clusters have Salpeter IMFs. A good example is the R136 cluster in
the 30 Dor region of the LMC. The slope is Γ ∼ 1.3 − 1.4 out to stellar
masses greater than 100 M� (Massey & Hunter 1998). In addition, h and χ
Persei (Slesnick, Hillenbrand & Massey 2002), NGC 604 in M33 (González
Delgado & Pérez 2000), NGC 1960 and NGC 2194 (Sanner et al. 2000), NGC
6611 (Belikov et al. 2000) and many other clusters have Salpeter IMFs (e.g.,
Sakhibov & Smirnov 2000, Sagar, Munari & de Boer 2001). Massey & Hunter
(1998) concluded that the Salpeter IMF occurs in star-forming regions span-
ning a factor of 200 in density.

Whole galaxies are often observed to have the Salpeter slope too. There
were many studies in the 1990’s using Hα equivalent widths, spectrophotom-
etry, metallicity, and galaxy evolution models (see the review in Elmegreen
1999b). More recently, Baldry & Glazebrook (2003) derived the Salpeter IMF
from the cosmic star-formation rate, Rejkuba, Greggio & Zoccali (2004) ob-
tained it for the halo of NGC 5128 (Cen A), and Pipino & Matteucci (2004) fit
the photochemical evolution of elliptical galaxies with a Salpeter IMF.

If whole galaxies have the same average IMF as clusters, and if most stars
form in clusters, which is believed to be the case (Lada & Lada 2003), then
the mass of any star cannot depend on the cluster mass. That is, any type
of star can form in any type of cluster (as long as the cluster mass is larger
than the stellar mass). If this were not the case, then the summed IMFs would
differ from the cluster IMFs. For example, if low-mass clusters were able to
form only low-mass stars, and high-mass clusters formed all types of stars, as
observed, then the sum of the low and high-mass clusters would produce far
more low-mass stars than each cluster’s IMF (Elmegreen 1999b).
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3. Top-heavy IMFs in Super Star Clusters

Some super star clusters (SSCs) apparently have “top heavy” or “bottom
light” IMFs. Sternberg (1998) found a high L/M ratio in NGC 1705-1 and
concluded that either |Γ| < 1 or there is an inner-mass cut-off. Smith & Gal-
lagher (2001) got a high L/M in M82F and inferred an inner cut-off at 2−3 M�
for Γ = −1.3; they also confirmed the inner truncation for NGC 1705-1 found
by Sternberg. Alonso-Herrero et al. (2001) observed a high L/M in the star-
burst galaxy NGC 1614, suggesting a top-heavy IMF. McCrady et al. (2003)
found that MGG-11 in M82 is deficit in low-mass stars. Mengel et al. (2002)
found the same for the Antennae, NGC 4038/9, and noted that the clusters in
the high-pressure regions had more normal IMFs, as if the Jeans mass were
lower there.

Other SSCs have normal IMFs, however. This is the case for NGC 1569-A
(Ho & Filippenko 1996, Sternberg 1998), NGC 6946 (Larsen et al. 2001), and
M82/MGG-9 (McCrady et al. 2003).

Measuring the IMF in SSCs is subject to many uncertainties. It requires
observations of the velocity dispersion and radius to get the mass, and obser-
vations of the luminosity. One problem is that ∆v can vary inside a cluster
(i.e., it may not be isothermal – e.g., NGC 6946) and it is often measured with
large uncertainties. The value of R is uncertain too if the core is unresolved or
the outer part of the cluster is blended with field stars. The luminosity is uncer-
tain because of possible field star blending. Mass segregation makes the IMF
vary with radius (de Grijs et al. 2002), so the cluster colors vary with radius,
giving another uncertainty about the core radius. The average IMF depends
on where the outer cut-off is placed. The cluster could also be evaporating or
be out of radial equilibrium, in which case the usual expressions for cluster
mass in terms of ∆v and R do not apply. Several SSCs are observed to have
sub-clusters inside their halos, giving irregular and asymmetric light profiles.

Implications

These observations suggest a correlation between Γ and star-formation den-
sity. In the extreme field, Γ ∼ −4; in low surface brightness galaxies, Γ ∼
−2.85; in the Milky Way and LMC fields, Γ ∼ −1.8; in many clusters,
Γ ∼ −1.35; in some SSCs, |Γ| < 1.35 or there is an inner-mass truncation, and
in starburst regions as a whole, Γ ∼ −1.35 – with or without inner-truncation
(this is uncertain). We should probably remove the local field from this list
because it is a mixture of dispersed clusters and cluster envelopes integrated
over time; both the mixing process and the local star-formation history are un-
certain. Aside from this, the trend suggests significantly denser regions have
slightly shallower IMF slopes at intermediate to high mass. More observations
are needed to confirm this. If true, it could imply that enhanced gas accretion
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and protostellar coalescence are important for high-mass stars in the densest
environments (see more extensive reviews of this point in Stahler, Palla, & Ho
2000, Elmegreen 2004, Shadmehri 2004).
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Abstract Numerical simulations highlight that star formation is a dynamical process in
which stars interact during their formation. Of particular interest is that accre-
tion in a clustered environment is non-uniform in that stars located in the centre
of the potential accrete more and become more massive. This competitive ac-
cretion process can explain the initial mass function of stars, including a shallow
slope for low-mass stars and a steeper Salpeter-like slope for higher-mass stars.
Numerical simulations of the fragmentation and formation of a stellar cluster
show that the final stellar masses are due to competitive accretion and that this
results in a realistic IMF. Competitive accretion also naturally results in a direct
correlation between the richness of a cluster and the mass of the most massive
star therein. Shallower IMFs are possible if the Jeans mass is significantly higher
than one M�.

1. Introduction

Our understanding of the star-formation process has recently undergone a
paradigm shift from the older quasi-static models where stars form singly and
in isolation (Shu, Adams & Lizano 1987) to one where we recognise that stars
form predominantly in groups (Lada & Lada 2003), and that dynamics play an
important role in determining the stellar products (Clarke, Bonnell & Hillen-
brand 2000, Larson 2003, Maclow & Klessen 2004). The advent of large-scale
numerical simulations of star formation now allows us to study not just the
dynamics of turbulent molecular clouds (Vázquez-Semadeni et al. 2000) but
crucially, the development of self-gravitating cores and subsequent star forma-
tion therein (Bate, Bonnell & Bromm 2003, Bonnell, Bate & Vine 2003). Here,
I review how dynamical models for star formation lead to an understanding of
the origin of the initial mass function (IMF) for stars.
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2. Turbulence and the IMF

One possible origin for the IMF is from the direct fragmentation of molecu-
lar clouds due to their internal “turbulent” motions (Padoan & Nordlund 2002).
These motions are highly supersonic, and thus induce shocks in the clouds.
The resulting structure can form the basis for the IMF if we associate a Jeans
mass with the gas at a given density (for an isothermal gas): MJM ∝ ρ−1/2. The
inferred mass function is then of a log-normal variety, mimicking the density
distribution. This mechanism is particularly attractive as observations of star-
less cores in Ophiuchus appear to follow a stellar-like IMF (Motte et al. 1998)
although this does not appear to be true in some regions of Orion (Coppin et
al. 2000).

One problem with a fragmentation model for the IMF is that the more mas-
sive cores must be less dense if they contain just one Jeans mass, and are thus
not going to fragment into several smaller pieces. This implies that more mas-
sive stars should be well separated at distances greater than the Jeans radius, the
minimum radius for an object to be gravitationally bound: RJ ∝ ρ−1/2. This
would result in an inverse mass segregation where the more massive stars are in
low-density regions, in direct opposition to observations (Clarke et al. 2000).
Another potential problem with a turbulently driven origin for the IMF is that
simulations of such clouds shows that only a small subset of the generated
cores are actually bound, and that the masses of these cores are approximately
the mean Jeans mass of the cloud (Clark & Bonnell 2005). Furthermore, these
bound cores commonly fragment to form multiple systems. There is therefore
no one-to-one mapping of the pre-stellar core mass distribution to the stellar
IMF.

3. Competitive accretion and the IMF

An alternative explanation is that the IMF originates due to competitive ac-
cretion in stellar clusters. Competitive accretion arises as many stars, or other
sources of gravity, compete to accrete from the same reservoir of gas. This
occurs in any system where both the stars and gas are free to move under their
combined gravitational influence. In systems where the communal reservoir
contains significant mass, competitive accretion can determine the final distri-
bution of stellar masses.

Competitive accretion takes two forms depending on whether the gas or
the stars dominate the local stellar potential (Bonnell et al. 2001a). In gas-
dominated potentials, the stars and gas have similar velocities and the accretion
rate onto an individual star is limited by its tidal radius relative to the other stars
and the cluster as a whole. In such cases, the stars need not be moving, as it is
their ability to attract the gas which provides the competition. In contrast, when
stars dominate the cluster potential, as inevitably occurs due to the accretion,
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the stars virialise and have high velocities relative to the infalling gas. The
accretion then follows the classic Bondi-Hoyle formalism.

Figure 1. The two power-law IMF is
shown that results from competitive ac-
cretion in a model cluster (Bonnell et al.
2001b).

Figure 2. The IMF from a simulation of
the formation of a 419-star cluster is com-
pared to a slope of γ = −2 (Bonnell et al.
2003).

We can use the above formulation of the accretion rates, with a simple model
for the stellar cluster in the two physical regimes, in order to derive the re-
sultant mass functions (Bonnell et al. 2001b). The primary difference is the
power of the stellar mass in the accretion rate, M2/3

∗MM for tidal-accretion and M2∗MM
for Bondi-Hoyle accretion. Starting from a gas-rich cluster with equal stellar
masses, tidal accretion results in higher accretion rates in the centre of the clus-
ter, where the gas density is highest. This results in a spread of stellar mass and
a mass-segregated cluster. The lower dependency of the accretion rate on the
stellar mass results in a fairly shallow IMF of the form (where Salpeter [1955]
has γ = −2.35)

dN/dM∗MM ∝ M
−3/2
∗MM . (1)

Once the cluster core enters the stellar-dominated regime where Bondi-Hoyle
accretion occurs, the higher dependency of the accretion rate on the stellar
mass results in a steeper mass spectrum. Zinnecker (1982) first showed how
a Bondi-Hoyle type accretion results in a γ = −2 IMF. In a more developed
model of accretion into the core of a cluster with a pre-existing mass segrega-
tion, the resultant IMF is of the form

dN/dM∗MM ∝ M
−5/2
∗MM . (2)

This steeper IMF applies only to those stars that accrete the bulk of their mass
in the stellar-dominated regime, i.e., the high-mass stars in the core of the
cluster (see Fig. 1).
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An additional result of competitive accretion is that it produces an “initial”
mass segregation in that stars near the centre of the potential have the high-
est accretion rates and therefore become the more massive stars (Bonnell et
al. 1997, 2001a). This is an important result, as young stellar clusters are ob-
served to be mass segregated even when they are too young to have undergone
dynamical mass segregation (Bonnell & Davies 1998).

4. The formation of stellar clusters

Figure 3. The fragmentation of a 1000 M� molecular cloud and the formation of a stellar
cluster containing 419 stars (Bonnell et al. 2003).

Numerical simulations of cluster formation reproduce the above competi-
tive accretion process. Figure 3 shows the evolution of a 1000 M� cloud, with
a 0.5 pc radius and initially supported by supersonic turbulent motions, which
fragments into > 400 stars due to the filamentary structure generated by the
shocks (Bonnell, Bate & Vine 2003). The cluster forms in a hierarchical man-
ner with many subclusters forming before eventually merging into one larger
cluster. In all, 419 stars form in 5 × 105 years (Fig. 3). The simulation pro-
duces a field-star IMF with a shallow slope for low-mass stars, steepening to
a Salpeter-like slope for high-mass stars (Fig. 2). The stars all form with low
masses and accrete up to their final masses. The stars that are in the centres of
the subclusters accrete more gas and thus become higher-mass stars. A careful
dissection of the origin of the more massive stars reveals the importance of
competitive accretion in setting the IMF. Using the Lagrangian nature of the
SPH simulations, we can trace the mass from which a star forms. This shows
that the mass of the more massive stars does not arise from either the initial
fragment mass or from the mass of a contiguous envelope around this frag-
ment extending to the next forming star. Instead, the vast majority of the mass
falls in onto a pre-existing cluster of stars where it is therein accreted by the
developing massive star.
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5. The formation of massive stars

One of the predictions that we can extract from the simulations is that there
should be a strong correlation between the mass of the most massive star and
the number of, and mass in, stars in the cluster, (Fig. 4; Bonnell, Vine &
Bate 2004 [BVB 2004]). This occurs due to the simultaneous accretion of
stars and gas into a forming stellar cluster. Given an effective initial efficiency
of fragmentation, for every star that falls into the cluster a certain amount of
gas also enters the cluster. This gas joins the common reservoir from which
the most massive star takes the largest share in this competitive environment.
Thus, the mass of the most massive star increases as the cluster grows in num-
bers of stars.

Figure 4. The total stellar mass in a sub-
cluster is plotted against the mass of the
most massive star therein (BVB 2004).

Figure 5. The IMF that results from a
fragmentation of a 1000 M� cloud where
the Jeans mass is 5 M�.

6. Variations in the IMF

The IMF appears to be remarkably universal in the vast majority of stellar
systems (Elmegreen, these proceedings). This tells us that either the conditions
for star formation are remarkably universal or that the physics that determines
the IMF is very robust. There are a number of possible ways in which the IMF
could depend on local properties. This is evident from Fig. 5, which shows
the resultant IMF for a cluster formation simulation where the Jeans mass is
increased from 1 to 5 M�. The IMF is fairly shallow up to masses of ≈ 5− 10
M�, corresponding roughly to the Jeans mass. In Fig. 2 we see that the slope
of the IMF becomes steeper at ≈ 1 M�, the Jeans mass in this simulation. We
can thus deduce that the Jeans mass helps set the knee in the IMF. Thus, one
way of producing a shallow IMF is to have a relatively high Jeans mass.

Another potential variation in the upper-mass IMF arises due to the effects
of radiation pressure from high-mass stars on dust grains (Wolfire & Casinnelli
1986). This effect, neglected in the above simulations, can halt accretion and
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thus set an upper mass limit. If disc accretion is unable to overcome this diffi-
culty (Yorke & Sonnhalter 2002), then an alternative is that massive stars could
form through stellar mergers in the dense cores of clusters (Bonnell, Bate &
Zinnecker 1998, Bonnell & Bate 2002). In this case, an additional feature in
the IMF somewhere near the critical mass (10–20 M�) is naively expected as
the physical process changes.

7. Conclusions

Competitive accretion in a clustered environment can naturally explain the
stellar initial mass function. Numerical simulations of star cluster formation
show that the high-mass stars gain their mass due to mass accretion into the
cluster and that many stars compete from the same mass reservoir. This process
naturally results in a two power-law IMF with a shallow γ = −3/2 slope for
low-mass stars that accrete most of their mass in a gas-dominated potential
and a steeper γ = −5/2 slope for high-mass stars that accrete most of their
mass in a stellar-dominated core of a cluster. In addition to producing a mass-
segregated cluster, competitive accretion also predicts a correlation between
the mass of the most massive star and the cluster properties (numbers and to-
tal mass in stars). Variations in a local IMF can result if the Jeans mass is
increased, producing a shallower IMF to higher masses. Stellar mergers may
also produce a knee in the high-mass end of the IMF.
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RED SUPERGIANTS, MASS SEGREGATION AND
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Abstract Dynamical masses of star clusters are important constraints on the slope or
lower-mass cut-off of the stellar IMF. The measurements of dynamical masses
rest on model-based relationships between mass, line-of-sight velocity disper-
sion and projected half-light radius. We have used dynamical models that ac-
count for stellar evolution to compute the evolution of this relationship, depend-
ing on the wavelengths at which radii and velocity dispersions are observed.
The conversion factor varies significantly over a few ×107 yr. In reddened star-
burst clusters that are observed at near-IR wavelengths, red supergiants are the
dominant sources of light. We report on progress in the synthesis of stellar pop-
ulations with strong red supergiant contributions. These stars are initially among
the most massive stars, but they lose mass rapidly and the resulting dynamical
evolution is complex.

1. Introduction

The now standard diagnostic plot used to investigate the stellar initial mass
function (IMF) in star clusters displays the mass-to-light ratio versus age. It
shows values derived from cluster observations superimposed on the IMF-
dependent curves predicted by population synthesis models. In order to po-
sition a given cluster on this diagram, it is necessary to estimate its age (based
on its spectrum), its intrinsic luminosity (i.e., the distance, the integrated flux
and extinction), and its mass. The clusters found in starburst galaxies are
often highly reddened and therefore best observed at near-IR wavelengths.
There, red supergiant stars are the dominant sources of light. In the follow-
ing, we briefly summarize difficulties in the synthesis of red supergiant popu-
lations, and ongoing work to improve the reliability of these models. We then
describe new dynamical simulations of star clusters that account for stellar
evolution and mass segregation. The significant effects of these evolutionary
processes on mass estimates are highlighted. They may occur even on the short
timescales relevant to the clusters found in starburst galaxies.
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2. Red supergiants, cluster ages and cluster luminosities

Current limitations in the population synthesis models that predict near-IR
spectra for young clusters (8 Myr to 100 Myr) include:

the shortcomings of spectral libraries for red supergiants (insufficient
sampling of the energy distribution; poor understanding of the surface
abundances);

the uncertain locations of the library stars in the theoretical HR diagram
(luminosity sub-classes not taken into account in effective temperature
scales; atmosphere models only in approximate agreement with the low-
resolution energy distributions and molecular band spectra);

the known inadequacy of standard evolutionary tracks to reproduce the
temperatures and relative lifetimes of the red supergiant phases at differ-
ent metallicities (mixing processes due to rotation or other mechanisms
must be envisaged).

Within an extended collaboration1, we have recently obtained new red su-
pergiant spectra (λ/∆λ ∼ 1000) with Spex on IRTF, Hawaii, and Caspir on
the 2.3m ANU Telescope at Siding Spring. They cover optical and near-IR
wavelengths continuously out to 2.4 µm, which is essential for the assessment
of the energy distribution and the broad molecular bands. We found systematic
differences between classes Ia, Ib and II that would be worth exploiting in the
future. Using standard effective temperature scales, we found that an extinc-
tion correction of order AV ∼ 1.5 is necessary for most M1+ supergiants if
one attempts to reproduce the semi-empirical colours of the spectra collected
in the Basel library (Lejeune et al. 1998). Atmosphere models (provided on
the one hand by P. Hauschildt, Hamburg, Germany, and on the other hand by
B. Plez, Montpellier, France), reproduce the general aspect of the warmer M
supergiants, but discrepancies in the molecular bands become more important
for objects with later spectral types. In collaboration with P. Hauschildt, we
will investigate models with non-solar abundances of C, N and O, in order to
account for the internal mixing that evolutionary models predict. We hope to
improve reddening and effective temperature estimates, and to constrain the
initial mass and evolutionary status of the library stars.

Having incorporated these spectra in the population synthesis code PÉGASE´́
(initially described in Fioc & Rocca-Volmerange 1997), and using the stellar
evolution tracks of Bressan et al. (1993), we find that the spectra of vari-
ous clusters of M82 between 0.8 and 2.4 µm can be reproduced well, but at
ages that tend to be younger than those of Smith & Gallagher (2001) and with
smaller amounts of extinction.
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3. Cluster masses: results from dynamical models

The mass, M , can be derived from the integrated velocity dispersion along
the line of sight, σv, and the projected half-light radius, rph, each observed
over a specific range of wavelengths (λ), via:

M = η σ2
v(λ) rph(λ)/G (1)

This relationship reflects virial equilibrium. In spherical Plummer or King
models, η takes values between about 6 and 10, and such values have been
used in the literature to discuss the IMF, in clusters with ages ranging from
a few ×106 to several ×107 years (Smith & Gallagher 2001, Mengel et al.
2002, McCrady et al. 2003). However, as mentioned as a caveat by some of
these authors, King models do not account for mass segregation, which does
not occur on the relaxation timescale (trel ∼ 108 yr or more for a cluster of
∼ 105 M�), but on a generally shorter time, that scales (among others) with
the ratio of the mean stellar mass to the maximum stellar mass present in the
cluster (Farouki & Salpeter 1982, Spitzer 1987).

We have conducted numerical simulations to determine the evolution of η in
spherically symetric clusters, using the code GASTEL (Louis & Spurzem 1991,
Spurzem & Takashi 1995). The dynamical evolution is described by moments
of the Boltzmann equation (as in fluid dynamics), and closure of this hierar-
chical set of equations is achieved with a prescription for diffusion of kinetic
energy as a function of the local density and velocity dispersion. The stellar
mass spectrum is sampled with 7 to 14 logarithmic mass bins. We checked that
the mass-segregation timescales for 2 and 3 mass bins agree quantitatively with
published results from N -body or Fokker-Planck integrators. Stellar evolution
follows the Cambridge tracks (Hurley et al. 2000) at solar metallicity, and for
a given initial mass and stellar age the flux in a specified waveband is derived
from the Basel stellar library (Lejeune et al. 1998). Note that the dynamical
mass bins are subdivided finely for these flux calculations. This allows us to
determine σv(λ) and rph(λ) for direct comparison with observations.

We ran simulations with a Salpeter IMF from 0.15 to about 17 M�, for
clusters with a total mass of 2 × 105 M�, and with an initial value of 6 for the
King parameter Ψ0/σ2 (Boily et al. 2004). Stellar evolution works against the
effects of mass segregation: by the time the most massive stars would sink to
the center in models with no stellar evolution, they may in fact have lost most
of their mass and have started drifting outwards. In low-density environments,
the mass segregation timescale is longer than the lifetime of massive stars,
and over 108 yr η remains approximately constant. However, in dense clusters
such as R136 in 30 Doradus or the luminous clusters of M82, mass segregation
wins. η is found to increase by a factor of about 2 within 20 Myr in our densest
model (representative of R136), mainly as a result of a decrease of rph. The
value of η is found to depend only little on λ in the optical/near-IR range,
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because similar mass bins provide the light in all cases. While the profile of the
gravitational potential remains relatively close to a King 6 model, the apparent
concentration (ratio of tidal to core radius) obtained from fits of King models
to the light profile increases by almost a factor of 3. This bias in observations
will have a strong impact on predictions of survival probabilities of clusters.

A campaign of simulations has been started to sample possible initial condi-
tions (J.-J. Fleck et al., in prep.). Non-spherical cases will be investigated with
N -body codes. Uncertainties due to the stochastic nature of the population of
massive stars will be studied as well, as a function of total cluster mass.

4. Conclusions

Studies of the IMF in the young, dense and reddened clusters found in star-
burst galaxies remain challenging. Their near-IR light is produced by red
supergiants for which we hope to provide better population synthesis mod-
els soon, based on new spectra with a broad spectral coverage and a careful
comparison between these observations and atmosphere models. Dynamical
modelling of star clusters including the evolution of stars will help us improve
empirical cluster masses, and constrain the shape of their gravitational poten-
tial. In the case of the luminous cluster F in M82, our preliminary results
(near-IR based age and extinction, dynamical evolution) weaken the case for a
non-standard IMF made by Smith & Gallagher (2001), but without solving the
discrepancy completely. The ellipticity of this object (confirmed by McCrady
et al., this meeting) suggests that more numerical work will be needed before
its status and its survival probability can be assessed in a final way.

Notes
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Abstract The nuclear starburst in M82 is host to over 20 infrared-bright, dense, young su-
per star clusters (SSCs). We use high-resolution near-infrared Keck/NIRSPEC
echelle spectroscopy to measure the stellar velocity dispersions. The SSCs are
resolved in Hubble Space Telescope images, from which we measure half-light
radii and integrated luminosities. We calculate virial masses for the SSCs, and
compare the observed light-to-mass ratios to population synthesis models to con-
strain the initial mass function. There are apparent variations of the IMF within
this single starburst galaxy. We present evidence for mass segregation despite
the young ages, and discuss implications for the interpretation of the IMF.

Star formation in starburst galaxies can be resolved into young, dense, mas-
sive “super star clusters” (SSCs) that represent a substantial fraction of new
stars formed in a burst event (Meurer et al. 1995, Zepf et al. 1999). The
nuclear starburst in M82 is host to numerous SSCs, as detailed in McCrady,
Gilbert & Graham (2003). The clusters suffer from varying degrees of ex-
tinction in the dusty, highly inclined disk of M82; most SSCs in the nuclear
starburst are, in fact, optically invisible. Infrared observations penetrate the
pervasive dust and facilitate detailed study of the clusters. In particular, we
measure cluster virial masses based on stellar velocity dispersions and cluster
sizes. These direct measurements of a cluster’s mass enable us to characterize
the present-day mass distribution of its stars and to apply population synthesis
modelling to constrain the initial mass function (IMF).

We have obtained spectra of 20 SSCs in the nuclear starburst of M82, us-
ing the near-IR echelle spectrometer NIRSPEC on the 10m Keck II telescope
(Fig. 1). The spectra of young (107 to 108 Myr old) clusters are dominated
by the light of red supergiant stars (Lançon & Boily, these proceedings). Ro-
vibrational CO band-head features are prominent, as well as numerous strong
metal absorption features characteristic of cool, evolved stars. NIRSPEC at-
tains high spectral resolution of ∼ 13 km s−1 in the H band. For a 13th mag-
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nitude cluster, NIRSPEC observations achieve a signal-to-noise ratio of ∼ 40
in a 10-minute exposure – infrared observing is very efficient.

To determine the stellar velocity dispersion of an SSC, we use echelle spec-
tra of red supergiant stars (RSG) as templates. We have prepared an atlas of H-
band spectra for spectral types G2 through M5. Direct comparison shows that
the spectrum of an SSC resembles supergiant light with the features washed out
by the velocity dispersion of the constituent stars (Fig. 1). By cross-correlating
an SSC with a template RSG, we measure the stellar velocity dispersion within
the cluster. The abundance of features in cool star spectra aid in the cross-
correlation analysis, but the signal-to-noise ratio of the input spectra remains a
key source of error.

Derivation of the virial mass requires measurement of a cluster’s size. We
fit elliptical King functions to cluster light profiles and measure the half-light
radius, typically 2–3 pc in M82. Integration over the fitted profile provides
photometry for the cluster. With the velocity dispersion and half-light radius
as inputs, the virial theorem may be used to determine the mass of a cluster
(Spitzer 1987). The masses of SSCs in M82 are a few ×105 or 106 M�, packed
into volumes typical of Galactic globular clusters. SSCs are a massive, dense
mode of star formation.

Evolved high-mass stars, with their enormous luminosities, dominate the
light output of young SSCs. Measurement of the virial mass is the only avail-
able means to detect the low-mass stars in a cluster. Our technique determines
the virial mass independent of any assumptions about the IMF, thus enabling
us to characterize the IMF cluster-by-cluster and seek variations within the
nuclear starburst SSC population. Specifically, we use population synthesis
models to compare the measured light-to-mass (L/M) ratio to predictions for
various IMF forms. Changes to either the IMF slope or the lower-mass cut-off
affect the expected cluster L/M ratio in the H band.

Cluster age and line-of-sight extinction are the primary uncertainties that af-
fect our mass measurements. The cluster spectra provide a few indications of
age, including the presence or absence of Wolf-Rayet or AGB-star features and
nebular emission. For a coeval population, a single spectral type will dominate
the integrated cluster light at a given time. Our cross-correlation analysis de-
termines the dominant spectral type, which can be used in concert with stellar
evolution models to further constrain the age of the cluster. Knowledge of the
dominant spectral type also tells us the expected color of the cluster. By mea-
suring the observed color and applying an extinction law to the derived color
excess, we can estimate the extinction.

To date, we have examined three of the nuclear SSCs in M82: highly-
reddened clusters MGG-9 and MGG-11 (McCrady et al. 2003) and the optically-
bright cluster M82-F (McCrady, Graham & Vacca 2005). These clusters have
ages of 10–50 Myr, based on their dominant spectral types. We apply extinc-



IMF Variation in M82 Super Star Clusters 77

tion corrections to the photometry to derive the luminosity of each cluster, and
derive the virial mass to determine the L/M ratio. To investigate the IMF of
a cluster, we use population synthesis models from STARBURST99 (Leitherer
et al. 1999) to generate the time evolution of the L/M ratio. Figure 2 shows
the H-band L/M ratios for the three M82 SSCs versus two fiducial IMFs: a
standard Kroupa (2001) IMF over a full range of masses and a “top-heavy”
Salpeter IMF with no stars of M > 2 M�. MGG-9 is consistent with a Kroupa
IMF, whereas the other clusters are too luminous for their mass relative to the
Kroupa IMF. Although we cannot distinguish changes to the IMF slope from
changes to the lower-mass cut-off, it is apparent that no single IMF fits all
three clusters. The IMF appears to vary from cluster to cluster within the M82
starburst, perhaps systematically with location.

There is, however, a complication. In HST/ACS and NICMOS images, theT
cluster half-light radius is progressively larger at shorter wavelengths. This
is characteristic of mass segregation, as discussed by Sirianni (these proceed-
ings). The near-infrared light is dominated by red supergiants. When we mea-
sure the virial mass based on near-IR light, we are insensitive to mass outside
the volume occupied by the RSG stars. In a coeval stellar population, the RSG
stars are the most massive stars still present, as they leave the main sequence
first. If the cluster is mass segregated, we understate the total cluster mass and
thus overstate the L/M ratio. In a mass-segregated cluster, the IMF varies with
radius (Brandl et al. 1996). The apparently top-heavy IMFs for some clusters
may, in fact, reflect mass segregation.

Our work on the SSCs in the M82 nuclear starburst is continuing. We have
NIRSPEC spectra of approximately 20 SSCs, enabling us to look for IMF vari-
ations within the cluster population and quantify the effect of mass segregation.
This data set represents the largest virial mass study of SSCs in a single galactic
environment, providing a good test of environmental dependence of the IMF.
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Figure 1. NIRSPEC echelle spectra of three SSCs in M82. The spectra resemble red super-
giant spectra, with features “washed out” by the stellar velocity dispersion of the clusters.

Figure 2. Comparison of observed H-band L/M ratios with population synthesis models.
MGG-9 is consistent with a Kroupa IMF, while the other two clusters appear to have “top-
heavy” IMFs deficient in low-mass stars.
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Abstract This paper provides a concise review of the multi-wavelength properties of star-
burst galaxies, from the radio domain up to high-energy gamma-rays. A few
selected topics will be addressed in some depth, such as correlations between
wavebands, the high-energy emissivity of starburst galaxies, and their particular
supernova activity.

1. Introduction

Starburst galaxies are characterised by star-formation rate (SFR) densities
(i.e., SFR per unit area) considerably exceeding the values found in normal
galaxies (see Heckman, these proceedings). About ∼ 10–20% of the global
star formation in the local Universe occurs in starbursts, so starburst activity is,
even today, an important and common mode of star formation (see Kennicutt,
these proceedings). Starburst activity implies large dust column densities, large
radiant energy densities, large supernova rates per unit volume, and large gas
pressures. Consequently, the starburst activity of a galaxy manifests itself in
many different ways across the electromagnetic spectrum, and only a multi-
wavelength view of the phenomenon allows one to catch all aspects of this
activity.

The spectral energy distribution of a typical starburst galaxy is shown in
Fig. 1. The radio emission of a starburst galaxy is a combination of non-
thermal synchrotron emission, arising from ultra-relativistic cosmic-ray elec-
trons, accelerated in supernova shocks, and thermal free-free emission, pro-
duced by Bremsstrahlung of electrons in the interstellar medium (ISM) that has
been ionised by the hot massive stars of the starburst. At frequencies of about
1 GHz, 90% of the radio emission is non-thermal; only in a small frequency
range, around 30−200 GHz, does thermal emission dominate, yet the intensity
of this emission is generally too low to allow for detailed studies of distant star-
burst galaxies (Condon 1992). For nearby starbursts, however, observations at
centimetre wavelengths provide a powerful tool to study the ionising power of
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Figure 1. The observed radio to X-ray spectral energy distribution (SED) of the starburst
galaxy M82. Starburst galaxies emit most of their radiant luminosity in the far-infrared.

hot stellar populations, that may be invisible in the optical and near-infrared
domains due to dust obscuration (see Ulvestad, these proceedings).

Above frequencies of a few 100 GHz, in the far-infrared (FIR) domain, the
radio emission gets swamped by thermal re-radiation of starlight from dust
grains. This dust emission dominates the spectrum also in the mid-infrared
(MIR) range, and the shape of the spectrum carries valuable information about
the dust temperature and grain size distribution. Strong FIR and NIR emis-
sion is one of the characteristics of starburst galaxies, with FIR luminosities
considerably exceeding the blue luminosities of the galaxies. In the infrared
colour-colour diagram, starburst galaxies occupy a well-defined region, with
colours similar to galactic HII regions, indicating that the starburst phenom-
enon is related to the young populations of hot and massive stars.

For wavelengths shorter than ∼ 10µm, in the near-infrared (NIR) domain,
starlight starts to dominate the emission from the starburst galaxy. Although
most of the NIR emission arises from old stellar populations (in particular
from red giants, supergiants, and asymptotic giant branch stars), some starburst
diagnostics can be derived using NIR emission lines (H and He recombination
lines, [FeII], H2 vibrational lines; see Förster Schreiber, these proceedings; van
der Werf, these proceedings).

The optical emission of starburst galaxies is characterised by narrow neb-
ular emission lines that arise from the ionisation of the ISM by the energetic
photons of the hot stars. Young starbursts may eventually also show broad
emission lines originating in the strong stellar winds of Wolf-Rayet stars. The
nebular emission lines carry information about the SFR, metallicity, dust red-
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dening, and the ionisation conditions of the ISM. However, dust obscuration
heavily affects the emission in this wavelength band and makes the interpre-
tation of the observations complex (see Bergvall, these proceedings; Calzetti,
these proceedings).

The ultraviolet spectrum of a starburst galaxy is dominated by the hottest
stars (O-type or Wolf-Rayet stars), showing characteristic photospheric ab-
sorption lines and stellar wind emission lines. Interstellar absorption is most
severe in this wavelength domain, making studies of starburst characteristics
extremely difficult. In particular, the majority of the stars is hidden from view
in this waveband, and the small number of them that contribute to the emission
needs not to be representative for the entire population of objects that partici-
pate in the starburst (see Leitherer, these proceedings).

In the X-ray domain, the emission originates from an extremely hot (up to ∼
106 K) thermal plasma that manifests itself through a thermal Bremsstrahlung
continuum with atomic emission lines superimposed. The thermal plasma
emits strongest in the soft X-ray domain (∼< 1 keV), and is generally inter-
preted as the hot component of the ISM heated by the passage of supernova
shock waves. Interstellar absorption is still important in the soft X-ray band,
and the emission morphology is generally determined by the local gas pat-
tern. While the thermal plasma is intrinsically diffuse, point-like sources with
a considerably harder spectrum also contribute to the X-ray emission. They
are generally identified with accreting binary systems hosting either a neutron
star or a black hole. Their emission extends above 2 keV, where the ISM be-
comes transparent to X-rays, and their study provides an unbiased view of the
underlying source populations.

2. Correlations

The distinguishing feature of starburst galaxies is the presence of a large
number of young, hot, and massive stars. These populations manifest them-
selves throughout large parts of the electromagnetic spectrum and it is there-
fore, first of all, not surprising that the emergent spectrum shows some corre-
lations between the different wavelength domains.

Probably the tightest and most universal correlation amongst global proper-
ties of galaxies is that between FIR and non-thermal radio continuum emission
that holds for all types of normal galaxies (i.e., galaxies without AGN activ-
ity), including starburst galaxies (Fig. 2; Condon 1992). This linear correlation
spans ∼ 5 orders of magnitude with less than 50% dispersion, and applies to
redshifts of at least z ∼ 1.3 (Yun et al. 2001, Garrett 2002).

The correlation is generally explained by the effects of the young mas-
sive stars on the surrounding medium. The FIR emission arises from the re-
radiation of FUV photons that have been absorbed by dust grains, while the
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Figure 2. Correlation between FIR and
non-thermal radio emission for a large vari-
ety of galaxies, including starburst galaxies
(Condon 1992).

Figure 3. Correlation between hard
X-ray (2–10 keV) and non-thermal radio
emission (Ranalli et al. 2003).

radio synchrotron emission originates from ultrarelativistic cosmic-ray (CR)
electrons that have been accelerated by supernova shocks. Since both processes
rely on the presence of massive stars, and since massive stars are short-lived,
the FIR and synchrotron luminosities are assumed to be indicators of the global
SFR.

In view of the indirect link between FIR and radio emission, the tightness
and the linearity of the relation comes as a surprise, and is, on theoretical
grounds, not fully understood (Groves et al. 2003, and references therein).
Most theories require some form of coupling between the magnetic field and
gas density, and it is usually asserted that equipartition provides the coupling.
Yet, the way in which equipartition can arise is left open. Recent ISO observa-
tions suggest that the linearity of the correlation only holds for the warm dust
component, while the cold dust component obeys a slightly non-linear correla-
tion (Pierini et al. 2003). Bell (2003) even suggests that neither the FIR nor the
radio luminosity is a linear tracer of the SFR, and that the observed radio-FIR
correlation is simply a conspiracy of Nature.

In any case, on small size and time-scales, the radio-FIR correlation should
break down, since FUV photons are produced early on during the evolution of
a stellar population by the most massive members (MiniMM ∼> 20 M�), while CRs
are accelerated only a few ×106 yr later following the explosion of stars cover-
ing a much wider initial mass range (MiniMM ∼> 8 M�). Indeed, spatially resolved
investigations of nearby galaxies indicate that the correlation becomes more
complex inside individual galaxies than between galaxies (Gordon et al. 2004).
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And also on short time-scales, the correlation seems to break down: some star-
burst galaxies appear to be deficient in synchrotron emission, which could be
explained by nascent starbursts (< 1 Myr old), where most of the UV photons
are absorbed (as in compact HII regions) and no supernova has so far exploded
to accelerate CRs (see Roussel, these proceedings).

Another correlation has recently been suggested, between hard X-ray (2−10
keV) and non-thermal radio continuum emission (Fig. 3; Ranalli et al. 2003).
The 2 − 10 keV band, which is essentially free from extinction, is dominated
by the combined emission of X-ray binaries, which are subdivided into two
classes (e.g., Gilfanov 2004): low-mass X-ray binaries (LMXBs), consisting of
a low-mass star (∼< 1 M�) from which matter accretes via Roche-lobe overflow
onto a compact object (either a neutron star or a black hole), and high-mass X-
ray binaries (HMXBs), consisting of a massive star (∼> 8 M�) from which
stellar wind material is accreted onto a compact object. Only HMXBs are
related to massive stars, and therefore, to the local SFR, while the number
of LMXBs, with their long evolutionary time-scales of ∼ 109 − 1010 yr, is
believed to be proportional to the total mass of the galaxy (Gilfanov 2004).

In quiescent galaxies, such as the Milky Way, the hard X-ray luminosity
is believed to be dominated by LMXBs, while in starburst galaxies HMXBs
become dominant (Grimm et al. 2002). Assuming that the integrated HMXB
and radio luminosities are both proportional to the SFR, a linear correlation be-
tween hard X-ray and radio emission would indeed be expected. Yet, for lower
SFRs, where LMXBs start to dominate, this correlation should break down.
Figure 3 shows, however, that the linear correlation holds for a wide range of
SFRs (and in particular for low SFRs), making the existence of the correlation
puzzling. In addition, the shallow slopes of the X-ray binary luminosity func-
tions imply that the integrated hard X-ray emission of a galaxy is dominated by
the ∼ 5− 10 most luminous sources, and that variability of individual sources
or an outburst of a bright transient source can increase the overall luminosity
by as much as a factor of ∼ 2 (Grimm et al. 2002). It is intriguing that such a
small number of objects can create such a tight correlation between processes
that are only linked very indirectly. It therefore remains to be seen if the ob-
served correlation reflects an underlying physical relation or if it is just another
conspiracy of Nature.

3. Supernova factories

Starburst galaxies are literally factories of core-collapse supernovae (SNe).
With SFRs of 10−1000 M� yr−1, core-collapse SN rates in the range 0.05−5
SNe yr−1 are expected (Mattila & Meikle 2001). Record holders in the (visu-
ally) observed number of SNe in a single host galaxy are the starburst galaxies
NGC 6946 (7 SNe since 1917), M83 (6 SNe since 1923), and Arp 299 (4 SNe
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Figure 4. Expansion of the radio SNR 43.31+592 in M82 (McDonald et al. 2001). The curves
indicate expansion models with different deceleration parameters, d, where D ∝ (t−t0)

d, with
D being the shell size, t the epoch, and t0 the date of explosion; d = 1.0 corresponds to free
expansion. The vertical line indicates the upper limit for the explosion date t0.

between 1992-1999), confirming the high SN rate estimates for starburst galax-
ies. The most recent and most nearby supernova in a starburst galaxy occurred
this year in the active starbursting core of M82 (SN2004am).

Dust obscuration may prevent the detection of many of the SNe in the opti-
cal. Several groups have started major efforts to detect SNe in the less obscured
NIR regime, with the first encouraging results having been reported recently
(Mannucci et al. 2003, Mattila et al. 2004). The observed SN rates, however,
are still somewhat low compared to the expectations, indicating that the ex-
treme dust extinction that exists in nuclear regions of starburst galaxies may
even prevent SN detections in the NIR domain.

As alternative to the optical and NIR surveys, the SN activity of starburst
galaxies is also studied in the radio domain. In M82, for example, at least 61
compact radio sources have been identified, of which most show the spectral
characteristics of young supernova remnants (SNRs; McDonald et al. 2002).
Regular high-resolution VLBI observations of these SNRs allow us to directly
determine the expansion velocity and diameter of the remnants, which, in turn,
can be converted into a remnant age. Application to a large number of SNRs
allows then the determination of the SN rate of the host galaxy.
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Examples of recently studied objects in M82 are SNR 41.95+575 (Riley et
al. 2004), the most compact radio source in this galaxy, for which an expan-
sion velocity of vexp = 2500 ± 1200 km s−1 has been measured, and SNR
43.31+592 (McDonald et al. 2001), a typical shell-type SNR, with an expan-
sion velocity of vexp = 7350 ± 2100 km s−1. Assuming free expansion, ex-
plosion dates of ∼ 1970 and ∼ 1965 are inferred for these SNRs, respectively.
That free expansion is a good assumption for such young SNRs is illustrated
in Fig. 4: SNR 43.31+592 has been observed during 3 epochs, using VLBI,
which are consistent with a wide variety of deceleration parameters, d. How-
ever, the remnant clearly existed already in 1972, as is shown in the 8.1 GHz
map of Kronberg & Wilkinson (1975), indicating that no substantial decelera-
tion occurred so far.

From a statistical analysis of the size distribution of 23 radio SNR in M82,
and under the assumption of a mean (free) expansion velocity of 5000 km s−1,
Muxlow et al. (1994) estimated a supernova rate of 0.05 per year. This determi-
nation is in good agreement with estimates based on the present SFR in the core
of M82 (Mattila & Meikle 2001), illustrating the potential of high-resolution
radio observations in constraining the star-formation activity in nearby star-
burst galaxies.

4. Gamma-ray emission

With the advent of more sensitive instrumentation in the field of gamma-ray
astronomy, starburst galaxies have now proven to be also sources of the most
energetic photons that prevail in the Universe. Recently, Itoh et al. (2002) re-
ported the first detection of TeV gamma-rays from the nearby starburst galaxy
NGC 253, using the CANGAROO-II 10m imaging atmospheric Čerenkov tele-
scope. The emission appears spatially extended and temporally steady, and has
been interpreted as a halo of non-thermal emission due to inverse Compton
scattering of ultrarelativistic CR electrons of cosmic microwave background
and FIR photons (Itoh et al. 2003). If confirmed, this would be another mani-
festation of CR particle acceleration by the ubiquitous supernovae in starburst
galaxies.

Starburst galaxies are also increasingly becoming of interest for the under-
standing of the most violent phenomenon known in the Universe, gamma-ray
bursts (GRBs). Since 1997, the improvement of instrumentation in the hard X-
ray and soft gamma-ray domain has allowed the identification of counterparts
of these mysterious cosmic explosions in almost all wavelength bands. There
is now growing evidence that at least the long-duration GRBs (duration ∼< 2s)
are associated with Type Ic supernova explosions, which are believed to arise
from the collapse of Wolf-Rayet stars. That GRBs may be correlated to star-
forming regions has been suggested since the first identifications of GRB host
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galaxies (Paczynski 1998) and there is now increasing evidence that (perhaps
all) GRB host galaxies are undergoing starbursts (Sokolov et al. 2001).

If GRBs are intimately connected with the deaths of massive stars, they are
potential probes of star formation in the early Universe. Since GRBs are ex-
tremely luminous they can be traced to extreme redshifts of z ∼ 20, providing
that GRBs existed already at this early epoch. Because gamma-rays are not
attenuated by intervening columns of gas and dust, GRBs offer a unique per-
spective to probe star formation in the early Universe, independently of the
biases associated with dust extinction. In addition, early-time spectroscopy of
GRB optical afterglows allows one to measure the metallicity and dust content
of the progenitor environment through absorption line studies. These after-
glow studies of distant GRBs will undoubtedly advance our understanding of
the first generations of stars, as well as of the chemical evolution in the early
Universe.
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A FAR-ULTRAVIOLET VIEW OF STARBURST
GALAXIES
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Abstract Recent observational and theoretical results on starburst galaxies related to the
wavelength regime below 1200Å are discussed. The review covers stars, dust, as
well as hot and cold gas. This wavelength region follows trends similar to those
seen at longer wavelengths, with several notable exceptions. Even the youngest
stellar populations show a turn-over in their spectral energy distributions, and
line-blanketing is much more pronounced. Furthermore, the OVI line allows
one to probe gas at higher temperatures than possible with lines at longer wave-
lengths. Molecular hydrogen lines (if detected) provide a glimpse of the cold
phase. I cover the crucial wavelength regime below 912Å, and the implications
of recent attempts to detect the escaping ionizing radiation.

1. Background

The astrophysically important wavelength region below ∼ 1200Å is still rel-
atively unexplored, at least at low redshift where rest-frame observations must
be obtained from space. Prior to the launch of FUSE (Moos et al. 2000), far-
ultraviolet (far-UV) studies were limited to bright objects. The earliest spectral
data for bright stars were obtained by Copernicus (Rogerson et al. 1973) and
ORFEUS (Grewing et al. 1991), and with the UV spectrometers on the Voy-
ager 1 and 2 spacecraft (Longo et al. 1989). Voyager 2 also succeeded in
recording a far-UV spectrum of M33 (Keel 1998). HUT (Davidsen 1993) was
the first instrument sensitive enough to collect spectra of faint galaxies below
Lyα. HUT was flown on two missions and generated a rich database of far-UV
spectra of actively star-forming and starburst galaxies. Subsequently, FUSE
with its superior resolution and sensitivity fully opened the far-UV window to
starburst galaxies. Most of this review deals with results obtained with FUSE
and, to a smaller degree, with HUT.

89

R. de Grijs and R.M. González Delgado (eds.), Starbursts, 89–96.
©CC 2005 Springer. Printed in the Netherlands.



90 Starbursts – From 30 Doradus to Lyman Break Galaxies

Figure 1. Spectral region between 900 and 1200Å for M83 (= NGC 5236). Major lines are
labeled. Thick line: HUT; thin: FUSE (Leitherer et al. 2002).

2. Stellar Populations

The far-UV spectrum of the archetypal starburst galaxy M83 is reproduced
in Fig. 1 (Leitherer et al. 2002). The wavelength region shown covers 900 −
1200Å, where blanketing is most severe. M83 has a supersolar oxygen abun-
dance. Therefore, line-blanketing effects due to stellar wind, stellar photo-
spheric, and interstellar lines are particularly strong in this galaxy. The stel-
lar features generally originate from higher ionization stages than the features
found above 1200Å. The most prominent transition is the OVI resonance dou-
blet at 1032.38Å, which displays a spectacular P Cygni profile over a broad
range of spectral types. At the resolution afforded by FUSE, the blueshifted
absorption component of the P Cygni profile is resolved from nearby Lyβ and
can be distinguished from the narrow interstellar CII at 1036Å. The (redshifted)
emission component of its P Cygni profile is relatively unaffected by interstel-
lar lines and provides additional diagnostic power. The CIIIλ1176 line is at the
long-wavelength end of the spectral range covered and can also be observed
with spectrographs optimized for wavelengths longward of Lyα. Surprisingly,
the line has received relatively little attention in the earlier literature although
it is a very good diagnostic of the properties of hot stars. CIII is not a reso-
nance transition, and consequently does not suffer from contamination by an
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interstellar component. CIII, like most other stellar lines, has a pronounced
metallicity dependence, either directly via opacity variations, or indirectly via
metallicity-dependent stellar wind properties.

Quantitative modeling of the stellar far-UV lines by means of evolutionary
synthesis was done by Robert et al. (2003). In Fig. 2 I show an evolutionary
sequence based on an empirical FUSE library of hot stars (Pellerin et al. 2002).
The computed spectra are a good match to the M83 spectrum in Fig. 1. The
CIIIλ1176 line is an excellent age diagnostic, mirroring the behavior of the
well-studied SiIVλ1400 line: when luminous supergiants appear around 3 Myr,
wind recombination raises the emission flux (Leitherer et al. 2001). The OVI

line, in contrast, is largely decoupled from stellar parameters over a wide range
of ages. This line is powered by shock heating and remains constant for stellar
temperatures above ∼30,000 K. Combining lines with different optical depths,
excitation, and ionization parameters allows age and metallicity estimates from
far-UV spectra, analogous to methods calibrated at longer wavelengths (e.g.,
Keel et al. 2004).

Apart from their sensitivity to metallicity, the far-UV lines are affected the
well-known age vs. initial mass function (IMF) degeneracy. In the absence of
additional constraints, age and IMF can always be traded. This applies to the
far-UV continuum as well, which in addition suffers from an age-reddening
degeneracy. In contrast to wavelengths above 1200Å, the intrinsic stellar spec-
tra below 1200Å are outside the Rayleigh-Jeans regime, and age effects are
no longer negligible for the continuum slope generated by an instantaneous
population. Alternatively, for a population of continuously forming stars, the
region between 912 and 1200Å becomes even less age sensitive to population
variations than the near-UV, because an equilibrium between star formation
and stellar death is reached earlier in time (see Leitherer et al. 1999). Ages
and star-formation rates in starburst galaxies derived from far-UV spectra are
consistent with the results from longer wavelengths.

3. Dust Obscuration

If the age and IMF can be constrained independently, the observed far-UV
spectral energy distribution is mostly a measure of the dust attenuation. The
continua of star-forming galaxies are known to obey a well-defined average
obscuration curve above 1200Å (Calzetti 2001). The curve accounts for the
total absorption and encompasses the net effects of dust/star geometry, absorp-
tion, scattering, and grain-size distribution. Extension of this curve down to
the Lyman limit using HUT and FUSE observations of starburst galaxies was
done by Leitherer et al. (2002) and Buat et al. (2002), respectively. Their
results are compared to stellar data and to theoretical predictions in Fig. 3. The
reddening curve of Sasseen et al. (2002) applies to individual stars; it is signif-
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Figure 2. Evolution of a synthetic far-UV spectrum following a Salpeter IMF between 0 and
10 Myr. Stellar features (bottom), H2 lines (top), and other interstellar absorptions (top; vertical
dotted lines) are labeled. The emission line at 1026Å is geocoronal (Robert et al. 2003).

icantly steeper than the curves derived for galaxies. The physical interpretation
of the “grayer” starburst reddening curve is non-uniform attenuation. Most of
the stars are totally hidden from view, and the observed UV light is emitted
by those few stars which happen to have low attenuation. This effect becomes
progressively more important for shorter and shorter wavelengths. The impli-
cation is that far-UV observations sample only the tip of the iceberg and could
be severely biased. For instance, if there were an age or IMF-dependence of
the reddening, even the interpretation of spectral lines in the far-UV would be
compromised with the assumption of a simple foreground dust screen. Circum-
stantial evidence for this effect to play a role has been presented by Chandar et
al. (2004).

Witt & Gordon (2000) found that the empirical starburst attenuation law is
most closely reproduced by a clumpy shell model with SMC-like dust and a
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Figure 3. Comparison of attenuation curves. Solid: Buat et al. (2002); dotted: Leitherer et
al. (2002); short-dashed: Calzetti et al. (2000); dot-dashed: Sasseen et al. (2002); long-dashed:
model of Witt & Gordon (2000) for a shell distribution, a clumpy dust and an optical depth in
the V band equal to τVττ = 1.5 (Buat et al. 2002).

dust column density equivalent to τVττ = 1.5. This corresponds to a far-UV
attenuation correction factor of order 10 (Fig. 3).

4. Gas: Hot and Cold Phases

The far-UV spectral region includes line transitions that are sensitive to both
the very hot (∼ 105K) and very cold (∼ 102K) interstellar material. Coronal
gas with temperatures of several 100,000 K can be probed with the OVI line
whose corresponding ionization potential is 114 eV. On the other hand, the
rotational/vibrational transitions of H2 trace cool molecular gas.

The combined effects of multiple stellar winds and supernovae are capable
of heating the interstellar medium (ISM) and initiating large-scale outflows.
Such outflows are a significant sink for the gas reservoir. They have been
known for some time from optical and X-ray imagery and have recently been
analyzed with absorption-line spectroscopy (Heckman 2005). Heckman et al.
(2001) obtained FUSE far-UV spectra of the nearby dwarf starburst NGC 1705,
probing the coronal (105 − 106K) and the warm (104K) phases of the outflow.
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The kinematics of the warm gas are compatible with a simple model of the
adiabatic expansion of a superbubble driven by the supernovae in the starburst.
Radiative losses are negligible so that the outflow may remain pressurized over
a characteristic flow time scale of 108 to 109yr, as estimated from the size and
velocity. The same conclusion was reached for M82 by Hoopes et al. (2003),
who used FUSE to search for OVI emission in the starburst superwind of M82.
No OVI emission was detected at any of the pointings. These observations
limit the energy lost through radiative cooling of coronal-phase gas to the same
magnitude as that lost in the hot phase through X-ray emission, which has been
shown to be small.

The total mass transported out of the starburst region via galactic super-
winds is hard to constrain, given the uncertain ionization corrections and the
strength of the observable spectral lines. Attempts were made by Johnson et al.
(2000) and Pettini et al. (2000) for the nearby dwarf starburst galaxy He 2-10
and the luminous Lyman-break galaxy MS1512-cB58, respectively. In both
cases, the mass-loss rate of the ISM is rather similar to the star-formation rate.
Taken at face value, this suggests that the available gas reservoir will not only
be depleted by the star-formation process but, more importantly, by removal of
interstellar material. Starbursts may determine their own fate by their prodi-
gious release of kinetic energy into the ISM.

The spectral range of FUSE includes numerous transitions of molecular hy-
drogen, making it possible to study H2 in diffuse interstellar environments di-
rectly through absorption measurements, rather than relying on the indirect CO
technique. Hoopes et al. (2004) searched for H2 absorption in the five starburst
galaxies NGC 1705, NGC 3310, NGC 4214, M83, and NGC 5253. Weak H2

absorption was detected in M83 and NGC 5253, and upper limits on the H2

column density were derived in the other three galaxies. The upper limits on
the mass of molecular gas are orders of magnitude lower than the H2 mass in-
ferred from CO emission measurements. The interpretation is that almost all
of the H2 is confined to clouds with column densities in excess of 1020 cm−2

that are opaque to far-UV light and cannot be detected in the FUSE spectra.
The far-UV continuum seen with FUSE originates from sightlines between the
dense clouds, which have a covering factor < 1. This morphology is con-
sistent with that of the interstellar dust, which is thought to be clumpy. The
complex observational biases related to varying extinction across the extended
UV emission in the FUSE apertures make it difficult to characterize the diffuse
H2 in these starburst galaxies.

5. Gas: Transparency of the Lyman Continuum

Star-forming galaxies are the dominant contributor to the non-ionizing UV
radiation field in the Universe. Are they a significant component of the ioniz-
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Table 1. Determinations of the Lyman escape fraction in galaxies

Reference Instrument Objects fescff

Leitherer et al. (1995) HUT 4 galaxies; z � 0 < 3%
Hurwitz et al. (1997) HUT 4 galaxies; z � 0 < 19%
Deharveng et al. (1997) Hα/UV local luminosity function < 1%
Deharveng et al. (2001) FUSE Mrk 54; z � 0 < 5%
Giallongo et al. (2002) FORS2 z = 2.96, 3.32 < 16%
Fernández-Soto et al. (2003) WFPC2 HDF; 1.9 < z < 3.5 < 4%
Malkan et al. (2003) STIS 1.1 < z < 1.4 < 1%
Steidel et al. (2001) Keck/LRIS 29 galaxies; z � 3.4 ∼100%

ing background as well? Simple arguments might suggest otherwise. An HI

column density of ∼ 1 × 1018 cm−2 is sufficient to absorb essentially all of
the ionizing radiation. Since the measured extinctions imply column densities
that are three or four orders of magnitude higher than this, it might appear that
essentially no ionizing radiation can escape. However, the porosity of the ISM
seen in the non-ionizing continuum (λ > 912Å) could very well extend be-
low the Lyman edge and may dominate the shape of the emergent spectrum.
The situation is sufficiently complex that the only way to determine the escape
fraction fescff of the ionizing radiation is via a direct measurement.

Attempts to measure fescff fall into two categories: observations of local
galaxies with a far-UV detector, and measurements using galaxies at cosmo-
logical redshifts, which are accessible from the ground with 8m-class tele-
scopes. Either technique has its advantages and disadvantages. The “local”
approach faces the obvious challenge of extreme UV observations, whereas the
“distant” measurement is affected by the radiative transfer in the intergalactic
medium. In addition, a somewhat less direct method is to determine the Lyman
continuum opacity from a comparison of the Hα and UV luminosity functions
in the local Universe. Table 1 gives a summary of recent results. Except for
the last entry in this table, all studies quoted find more or less stringent upper
limits on fescff , both in the low and high-redshift Universe. The ISM in the ob-
served galaxies is highly opaque, and very little stellar ionizing radiation leaks
out.

Steidel et al. (2001) detected significant Lyman-continuum flux in the com-
posite spectrum of 29 Lyman-break galaxies with redshifts z = 3.40 ± 0.09.
If the inferred escaping Lyman-continuum radiation is typical of galaxies at
z ≈ 3, then these galaxies produce about 5 times more H-ionizing photons per
unit co-moving volume than quasars at this redshift, with the obvious cosmo-
logical implications. Haehnelt et al. (2001) fitted the composite spectrum by
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a standard stellar population and no intrinsic HI opacity. Therefore, fescff must
be close to 100% for the observed sample. Confirmation or rejection of this
striking result will be a major objective of observational cosmology.
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Abstract The optical regime is historically the best-studied wavelength range. Gas ionized
by massive stars produces optical emission lines that have been used to derive
indicators of star-formation rate, metallicity, dust reddening, and the ionization
conditions of the interstellar medium. Absorption lines have been used to mea-
sure velocity dispersions, and the 4000 Å break has been shown to be a useful
indicator of the mean age of stellar populations. I briefly summarize some re-
cent work done on, specifically, star-formation rate indicators, in view of their
importance for understanding star-forming galaxies at high redshift.

1. Introduction

In recent years, the advent of improved infrared instrumentation on large, 8–
10m class, telescopes has opened a window on rest-frame optical observations
of high-redshift galaxies, and has revived interest for this historically well-
studied wavelength regime.

The easy access from the ground to the optical emission from local celestial
bodies (stars, HII regions, galaxies, etc.) has led to the development and def-
inition of a series of tracers of the physical and chemical conditions of these
objects. Of immediate relevance for complex systems like galaxies are the
nebular emission lines, stellar and interstellar absorption lines, and broad-band
features like the 4000 Å break.

The 4000 Å break is an estimator of a stellar population’s mean age (e.g.,
Kauffmann et al. 2003), while absorption lines have been widely employed
to measure velocity dispersions within the stellar systems. Among all optical
tracers of physical and chemical conditions, however, the lion’s share goes to
the nebular emission lines. The gas ionized by young, massive stars produces
optical emission lines from a number of chemical elements, and with a fairly
large range of intensities; these have been “calibrated” to “measure”:

star-formation rates (SFR; from [OII], Hα, ...);
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gas chemical abundances (O, N, S, ...);

dust reddening (e.g., from the Balmer series);

diagnostics of star-formation feedback, and, in general, ionization con-
ditions ([OI], [NII], [SII], ...).

The applicability of any such indicator for investigations at cosmological
distances depends on the redshift range under consideration, and the number
of lines that can be accessed. The [OII](λ3727 Å) emission line is sufficiently
blue to be observable in the optical window up to redshifts less than about 1.5;
however, this line alone (with no other information at shorter or longer wave-
lengths) can only provide a highly uncertain estimate of the distant galaxies’
SFRs (see next section, and, e.g., Hammer et al. 1997, Hogg et al. 1998, Rosa-
González et al. 2002, Hippelein et al. 2003, Teplitz et al. 2003, Kewley et
al. 2004). New infrared instruments are providing more leverage, by allowing
investigators to access a larger suite of rest-frame optical emission lines, from
[OII](λ3727 Å) to [NII](λ6584 Å), up to, for some lines, redshift z ∼ 3. Mul-
tiple emission lines from the same cosmological object afford better estimates
of dust reddening, gas chemical abundances, etc. (e.g., Teplitz et al. 2000,
Pettini et al. 2001, Lemoine-Busserolle et al. 2003). Last, but not least, once
the James Webb Space Telescope is in orbit, from its vantage point above the
atmosphere it will provide an unobstructed view of the earliest galaxies, de-
tecting Hα up to z ≈ 6.5, and, potentially, as high as z ≈ 40 (depending on
sensitivity and whether ionizing objects exist at such high redshifts). Redshift
z = 6.5 corresponds to an epoch when the Universe was 6% of its current age
(for a ΛCDM cosmology).

Given that the high-redshift “frontier” employs tools derived from the more
accessible low-redshift Universe to understand the evolution of galaxies, it
is worth revisiting the strengths and limitations of some of these tools, and
whether more investigation is needed in some areas. For instance, recent
studies have reiterated the limitations of the well-known and well-established
“strong-line method” for chemical abundance measurements in metal-rich en-
vironments (Garnett et al. 2004).

Here, I concentrate on the SFR indicators accessible in the optical regime,
highlighting recent progress in the area; I connect these optical indicators to
those at other wavelengths, suggesting where additional investigation may be
needed.

2. Star-Formation Rate Indicators in the Optical

The basic questions that come to mind when using SFR indicators at op-
tical or other wavelengths are: are they consistent with one another? What
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level of “uncertainty” does each of them carry, and which factors produce such
uncertainty?

At optical wavelengths, the two most widely employed SFR tracers are the
Balmer emission lines (Hα, Hβ, ...), and the [OII](λ3727 Å) doublet emission
lines. Both are measures of “instantaneous” star formation, as the gas is excited
by the ionizing photons of the short-lived O and early-B stars. The intensity of
both Balmer and [OII] lines is affected by dust extinction – the Hα less so than
the bluer Hβ and [OII] – and by changes in the mass of the upper end of the
stellar initial mass function (IMF, which affects the number of ionizing photons
available to excite the gas). The intensity of the Balmer lines is additionally
affected by the stellar absorption of the underlying galactic stellar population
– again Hα at a lower level than Hβ. In contrast, [OII] is affected by the
gas metallicity and, potentially, by its ionization conditions (but see Kewley
et al. [2004], who find no such effect for galaxies with O/H > 8.5). A non-
exhaustive list of studies addressing such effects and/or deriving calibrations
for SFR estimates from line measurements includes: Gallagher et al. (1989),
Kennicutt (1992, 1998), Charlot et al. (2002), Rosa-González et al. (2002),
Kewley et al. (2002, 2004), Pérez-González et al. (2003), and Hopkins (2004).

Combined, the above effects impact SFR estimates from factors of a few
to orders of magnitude, depending on the regime where the measurement is
performed. This is easily seen in the case of dust extinction. Local starburst
galaxies cover a wide range of dust attenuation values; even UV-selected star-
bursts can show extinctions as high as AV ∼ 4.5 mag, with a loose trend for
more actively star-forming galaxies to have higher extinctions (Fig. 1, left; see
also Wang & Heckman 1996, Sullivan et al. 2001, Pérez-González et al. 2003).
If such a highly extincted galaxy is mistakenly corrected for a lower extinction
value, e.g., AV ∼ 1 mag (the value derived for disks, Kennicutt 1983), the
derived SFR(Hα) will underestimate the actual SFR by a factor of 14!

How common are such galaxies? From the Hα luminosity function of Pérez-
González et al. (2003), an L∗(Hα) galaxy in the local Universe has A∗

V ≈ 2−3
mag; thus, galaxies with heavily extincted ionized gas are not a rarity in our
cosmological neighbourhood. How this translates to higher redshifts is still un-
clear, although there are suggestions that overall extinctions are decreasing at
constant SFR in high-redshift galaxy populations (Adelberger & Steidel 2000).

The SFR–extinction correlation carries down to the “quiescent” star-forming
galaxy regime, with a trend that resembles that of the starburst galaxies (Fig.
1, right). The fact that more actively star-forming galaxies and regions have,
on average, higher dust extinction values is a consequence of the Schmidt-
Kennicutt law (galaxies/regions with higher gas surface densities show larger
specific SFRs, e.g., Kennicutt 1998) combined with the mass–metallicity rela-
tion (see also Heckman, these proceedings).
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Figure 1. Left: The dust attenuation at V for the ionized gas, AV , vs. SFR for the starburst
galaxy sample of Calzetti et al. (1994). The SFR is calculated from the extinction-corrected Hα
flux, while AV is derived from various hydrogen emission lines, from Hβ in the optical to Brγ
in the infrared. The continuous line is the best linear fit through the data points. Right: AV vs.
SFR for HII-emitting complexes in the central ∼ 6 kpc of M51 (Calzetti et al., in prep.). AV

is derived from the Hα/Pα line ratio, and the SFR is calculated from the extinction-corrected
Pα(λ1.8756 µm). The continuous line is the best fit through the points, while the dotted line is
the fir to the starburst galaxies (left panel), vertically rescaled by a factor of 104.35.

Measurements of the stellar IMF are ridden with controversy (see the review
by Brandl & Andersen 2004). Amid all of this, the high end of the stellar IMF
appears to be fairly constant from galaxy to galaxy in the local Universe, and,
possibly, has not changed from high redshift to the present day (Stasińska &´
Leitherer 1996, Wyse et al. 2002, Elmegreen, these proceedings). If varia-
tions do exist, they are likely a second-order effect, at least for what concerns
SFR measurements. The comparison between SFR(IR) and SFR(Hα) for a
sample of local galaxies by Kewley et al. (2002) supports such a statement.
SFR(IR) is the star formation calculated from the galaxies’ far-infrared emis-
sion, which is due to dust heated mainly by the stellar non-ionizing radiation
(UV, optical, etc.). Thus, two different aspects of the stellar bolometric lumi-
nosity, the non-ionizing and the ionizing luminosities, determine SFR(IR) and
SFR(Hα), respectively. The tight agreement between SFR(IR) and SFR(Hα),
within ∼10%, over 4 orders of magnitude (Kewley et al. 2002) is supportive
of a relatively constant upper end of the IMF.

The impact of the underlying stellar absorption can be quite significant
for the Balmer emission lines, for two reasons: (i) because EWabs(Hα) ≈
EWabs(Hβ), the intrinsically weaker Hβ line emission will be proportionally
more “depressed” by the underlying absorption than Hα, altering measure-
ments of dust reddening; (ii) in galaxies where the star-formation intensity is
proportionally a small fraction of the overall stellar emission, the EWabs(Hα)
can be a significant fraction of the EWem(Hα), thus leading to underestimates
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of the emission fluxes. Measurements of local star-forming galaxy populations
indicate values of EWabs(Hα)∼3–6 Å (Kennicutt 1992, Calzetti et al. 1994,
Charlot et al. 2002, Rosa-González et al. 2002), with the smaller value more
commonly applicable to starburst galaxies.

These studies demonstrate that once the effects of dust extinction and the
underlying stellar absorption are controlled, the Hα emission is a reliable in-
dicator of instantaneous SFR, and existing calibrations (Kennicutt 1998) are
sufficiently accurate for most purposes. For SFR([OII]), there are additional
effects to consider: the dependence on metallicity and, potentially, on the ion-
ization conditions, but these can be “calibrated” using samples of local galaxies
(Kewley et al. 2004), or empirical approaches can be adopted (Kennicutt 1998,
Rosa-González et al. 2002). Problems arise when only a limited amount of in-
formation, e.g., just one or two adjacent emission lines, is available, as is often
the case for samples at cosmological distances. In these cases, the unknown
dust extinction and underlying stellar absorption corrections can lead to two
effects: (i) underestimates of the actual SFRs by a factor of a few, up to an
order of magnitude, depending on the nature of the sample and the rest-frame
wavelength region investigated; (ii) increase in the dispersion of the SFR dis-
tribution of the sample by at least a factor of 2 (Rosa-González et al. 2002).

3. Star Formation Rate Indicators at Other Wavelengths

The optical SFR indicators discussed above measure the presence and the
amount of ionizing stars in galaxies, which are typically short-lived (tlife <
107 yr). Some of the other widely used SFR indicators at shorter or longer
wavelengths probe star formation over longer timescales, typically 100 Myr or
longer.

This is the case, for instance, of the rest-frame UV emission (where UV
is intended here as the stellar emission between 1000 Å and 3000 Å). While
the UV emission is well correlated with the ionized line emission in starburst
galaxies (and thus both represent reliable tracers of current SFR), there is in-
creasing evidence that the UV of quiescent star-forming galaxies traces recent,
but not current, star formation, and cannot be directly used as an “instanta-
neous” SFR indicator (Kong et al. 2004, Calzetti et al., in prep.).

Another popular SFR indicator is the one derived from a galaxy’s far-infra-
red emission, SFR(IR). As mentioned in the previous section, the far-infrared
emission in a galaxy is from dust heated mainly by the non-ionizing stellar
radiation. One of the standing questions is how much of the IR radiation from
a galaxy is contributed by current or recent star formation, and how much by
the general stellar radiation field. The answer to this question can affect the
empirical calibration of SFR(IR).
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Addressing some of those questions is one of the purposes of projects like
SINGS (the Spitzer Infrared Galaxies Survey, one of the Spitzer Legacy Pro-
jects; P.I. R. Kennicutt; see J.D. Smith, these proceedings). The unprecedented
angular resolution afforded by Spitzer together with observations at multiple
wavelengths of local galaxies enables this project to shed light on the merits
and problems of common (and uncommon) SFR indicators, for use on galaxies
at cosmological distances.
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Abstract The optical/near-IR stellar continuum carries unique information about the stel-
lar population in a galaxy, its mass function and star-formation history. Star-
forming regions display rich emission-line spectra, from which we can derive
the dust and gas distribution, map velocity fields, metallicities and young mas-
sive stars and locate shocks and stellar winds. All this information is very useful
in the dissection of the starburst phenomenon. We discuss a few of the advan-
tages and limitations of observations in the optical/near-IR regime, and focus
on some results. Special attention is given to the role of interactions and merg-
ers and observations of the relatively dust-free starburst dwarfs. In the future,
we expect new and refined diagnostic tools to provide us with more detailed in-
formation about the IMF, strength and duration of the burst and its triggering
mechanisms.

1. Introduction

Optical/near-IR broad-band photometry of a starburst galaxy gives a first
indication of the burst strength, age and distribution of the young and old pop-
ulations, and of their basic morphological structure parameters. Model-based
spectrophotometric tools are provided for more detailed analysis. A rich set
of emission lines are used for analysis of the kinematics, chemical abundance,
shocks, the stellar upper mass limit and the distribution of dust and molecu-
lar gas. Absorption-line indices provide estimates of the age and IMF of the
evolved population. Figure 1 shows a synthetic spectrum of a mixture of a
young and old population, with a mass ratio of 2:1. A general review of the
diagnostic tools and the limitations of the photo-ionization models used in the
analysis is discussed by Schaerer (2001).

Heavy dust obscuration, in particular in LIRGs and ULIRGs, has been a
problem in the optical/near-IR. Here, we will therefore focus on starbursts in
low-extinction regions, notably starburst dwarf galaxies. First, however, we
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Figure 1. Synthetic spectrum (Zackrisson et al. 2001) of a starburst in an old galaxy. The
first burst (lower spectrum) started 10 Gyr ago and had a duration of 100 Myr. The young
starburst has a constant SFR and is 10 Myr old. The mass (including stellar remnants) of the old
population is twice that of the young population. Both populations have 5% solar metallicity
and a Salpeter IMF.

will discuss a widely-debated issue where optical data originally had a strong
impact, namely the importance of gravitational interactions as a starburst trig-
gering mechanism.

2. Starbursts and tidal interaction

It is clear from the properties of ULIRGs that mergers are required to trigger
major starbursts. But is it a sufficient requirement? How often do mergers and
close encounters generate starbursts? To answer this question, it is common
to compare two galaxy samples – interacting/merging galaxies (IGs) or pairs,
and non-interacting galaxies (NIGs). A problem with the comparison is that
NIGs and IGs have evolved in different environments where, e.g., mergers,
ram pressure, harassment and gas infall have different influence. Integrated
broad-band photometry and Hα emission are the most widely used tools in this
context. In the classical paper by Larson & Tinsley (1978) the authors claim,
based on UBV data, that interactions frequently trigger a major SF increase
involving as much as 5% of the total mass. Many follow-up studies seem to
confirm the result but are often influenced by strong selection effects, non-
matching morphological type distributions of NIGs/IGs, and are focusing on
the most dramatic cases. Studies based on better-constrained samples (Bergvall
et al. 2002, Brosch et al. 2004) do not confirm these results but find that tidal
interactions have an insignificant influence on the SF history of galaxies in
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the local Universe. There seems to be agreement, however, on a correlation
between interactions and increased SF within the central kpc (first discussed
by Keel et al. 1985). Galaxy pairs with small separations show similar trends
as seen in Hα (Barton et al. 2000, Lambas et al. 2003, Nikolic et al. 2004).
The mean increase in both cases is quite moderate, however, and few cases are
qualified to be called “nuclear starbursts”. Bergvall et al. (2000) and Varela
et al. (2004) find that masses of perturbed galaxies are higher than those of
NIGs of similar morphology, indicating that they experience mergers more
frequently. This may lead to a steady inflow of gas that can explain part of the
increased SF in the centre. Varela et al. (2004) also find a higher frequency
of bars in disturbed systems, in accordance with related studies in the past
(see Knapen 2004). Bars are known to generate mass inflows. Thus, it is
not clear what is the main triggering mechanism of the central increase in SF.
The conclusion must be that there is no strong support that tidal interactions
generate starburst activity that significantly affects the SF history of galaxies
in the local Universe. Estimates leave room for major starbursts among less
than a few % of the IGs.

3. Blue compact galaxies

Blue compact galaxies (BCGs) are not a well-defined type, as the galaxies
are selected based on either spectroscopic or photometric criteria. The general
properties are high surface brightness, low chemical abundance and a high
gas mass fraction. They have a wide range of morphologies (Loose & Thuan
1986). Are they bursting? Figure 2 shows LB/MHI vs. MBM of different
types of gas-rich galaxies. The BCG sample is incomplete but constitutes a
representative part of the nearby sample of starburst dwarfs (Mrk, UM, Tololo,
etc.). We see that there is a continuous distribution towards high LB/MHI,
but that the properties of most BCGs are similar to dIrr and late-type spirals
of similar luminosity, i.e., they are probably not bursting. The high surface
brightness of the burst could be due to a high column density (and a small
scale length, cf. Papaderos et al. [1996], Salzer et al. [2002]), perhaps caused
by low angular momentum. Since their gas mass often constitutes a major
fraction of the total mass (Salzer et al. 2002), the diagram shows that starbursts
in these galaxies are either short-lived or rare.

Some BCGs have a ∼ tenfold global increase in SFR, i.e., they are true star-
bursts. What are their specific properties? There is no strong indication of a
correlation between SF activity and tidal interactions (Brosch 2004, Hunter &
Elmegreen 2004). On the other hand, BCGs appear to be involved in mergers
with intense SF more frequently than other dwarfish galaxies (e.g., Gil de Paz
2004). It could indicate that mergers are important triggers and morpholog-
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Figure 2. The hydrogen mass per B luminosity as function of absolute B magnitude for four
different types of galaxies: BCGs (circles), dIrr (triangles), LSB galaxies (crosses) and late-
type spiral galaxies (squares). The data are obtained from different sources in the literature. It
is incomplete but estimated to be representative.

ically short-lived. The gas consumption rates are typically shorter than 100
Myr, i.e., similar to the dynamical timescale of a merger.

Ages and masses. Dynamical mass estimates of BCGs are difficult, since
the kinematics sometimes are quite chaotic due to the mass motions that cause
the burst, and because of the SN winds. To overcome the problem with the
stellar winds, it becomes necessary to use stellar absorption features. The only
useful lines for this purpose are the CaII triplet lines at about 8500Å. Not until
quite recently has this option become accessible (Östlin et al. 2004). The re-
sults are very promising and will soon help to solve the question regarding the
coupling between gas and stars and facilitate the detailed analysis of velocity
fields based on Hα (e.g., Marquart et al., these proceedings). Age and SFR
are often estimated from the Hα flux, the Hα equivalent width (EW(Hα)) and
broad-band photometry. From this, the “photometric mass” is obtained, assum-
ing that the SFR is constant. The age is, however, difficult to determine, even
if we assume that the SFR is constant. In such a case, EW(Hα) is a function of
the IMF and age. The IMF slope in starbursts seems to be well constrained in
the intermediate stellar mass range (Elmegreen 2004), but not so well for high
masses. Figure 3 shows the predicted EW(Hα) for two values of the upper
mass limit, 40 and 120 M�. It can be seen that the predicted ages differ by a
factor of 5–10 over a large age range. There is also an observational problem,
in that intense starbursts may have huge Strömgren spheres, from which the
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Hα emission may be lost due to a limited aperture size. The uncertainty in the
determination of the widely used b parameter (b = SFR/〈SFR〉) obviously must
be quite high, in particular if we consider the poorly-constrained SF history.

For BCGs, there seems to be a simple way to account for the SF history rea-
sonably well. It is based on a two-component model of the galaxy, consisting
of a starburst superimposed on a host galaxy with an exponential luminosity
profile. If photometric masses are applied to this model we find that there is a
fairly tight correlation between mass and central velocity dispersion (Östlin et
al. 2001), indicating that this simple model is quite successful.
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Figure 3. The equivalent width of Hα in emission from a starburst with constant SFR, a
Salpeter IMF and 20% solar metallicity. The predicted evolution assuming two different values
for the upper mass limit are shown. The model is from Zackrisson et al. (2001).

A very useful method to determine the past starburst activity in a galaxy is
based on its rich system of super star clusters and globular clusters (GCs). The
GC IMF is Salpeter-like and their stellar content is coeval. This makes them
quite reliable as standard clocks and optical/near-IR photometry and spec-
troscopy can be used to determine their ages and trace the past star-formation
history, thereby identifying bursts (e.g. Östlin et al. 2003, de Grijs et al. 2004).

The best method to derive the ages is from colour-magnitude diagrams
of the stellar population, but most starburst galaxies are too distant to make
this method feasible. The few results available provide no support for strong
short-lived bursts separated by quiescent periods (Annibali et al. 2003, Schulte-
Ladbeck et al. 2001). A similar conclusion was reached by Westera et al. (2004)
in a study of 200 HII galaxies, based on stellar absorption features. Taking
the previous discussion into account, these observations indicate that true star-
bursts are rare rather than short-lived, or that they are short-lived but change
morphological type at or after the burst.
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The starburst host. It is well established that the luminosity profile of most
BCGs can be characterised by a burst superimposed on a host galaxy with
(mostly) red colours, typical of an old stellar population, and a morphology
resembling an early-type galaxy (e.g., Papaderos et al. 1996, Gil de Paz et
al. 2004). An attractive scenario is that a dE is merging with a gas-rich galaxy
that triggers the burst. Recently, it was found that the optical/near-IR colours
of the host of luminous BCGs at very faint levels has a red excess, difficult
to explain with a normal IMF and a low metallicity (Bergvall & Östlin 2002).
This problem is discussed in the paper by Zackrisson et al. (these proceedings).
It could indicate that a host galaxy of special properties is needed to trigger a
true starburst.
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Abstract The infrared regime contains a number of unique diagnostic features for probing
the astrophysics of starburst galaxies. After a brief summary of the most impor-
tant tracers, we focus in detail on the use of emission lines to probe the upper
part of the main sequence in a young super star cluster in the Antennae galax-
ies, and the compact, dusty starburst in the nucleus of the nearby ultraluminous
infrared galaxy Arp 220.

1. Introduction

Since stars form in the cores of dusty molecular clouds, it is not surprising
that optical obscuration forms a major stumbling block for studying starburst
galaxies. Since dust content and extinction correlate with stellar luminosity
(e.g., Kennicutt, these proceedings), this is – in particular – true for the more
luminous starbursts. Thus, while optical and ultraviolet (UV) observations of
relatively unobscured regions in low to moderate luminosity starburst galaxies
still provide excellent astrophysical diagnostics (e.g., Leitherer, these proceed-
ings), more luminous systems require observations at near-infrared (near-IR)
and longer wavelengths.

However, reduced extinction (AK ∼ 0.11AV ) is not the only reason for ob-
serving starburst galaxies in the infrared. The infrared regime also contains an
extensive set of diagnostic features, which are ideal probes of stellar population
parameters, as well as of its feedback on the ambient gas:

1 The Lyman continuum flux can be probed using hydrogen recombination
lines, principally from the Paschen and Brackett series (as well as by
thermal radio continuum emission);

2 The temperature of the ionizing radiation field can be probed using suit-
able ratios of helium and hydrogen recombination lines, as well as by
ratios of suitable combinations of fine-structure lines (e.g., Shields 1993,
Lumsden et al. 2003, Rigby & Rieke 2004);

109

R. de Grijs and R.M. González Delgado (eds.), Starbursts, 109–114.
©CC 2005 Springer. Printed in the Netherlands.



110 Starbursts – From 30 Doradus to Lyman Break Galaxies

3 A measure of the supernova rate can be obtained from the near-IR [FeII]
lines, as well as from non-thermal radio continuum emission (e.g., van der
Werf et al. 1993, Alonso-Herrero et al. 2003);

4 The age of the stellar population can be derived from any ratio of tracers
that probe different temporal phases of the starburst, such as the Brγ
equivalent width, effectively probing the relative importance of O stars
and red supergiants (e.g., Leitherer et al. 1999);

5 Warm molecular gas, heated by shocks or by UV radiation, can be probed
by the H2 near-IR ro-vibrational lines and the mid-infrared (mid-IR) ro-
tational lines, as well as low-excitation fine-structure lines such as the
[CII] 158µm line;

6 Extinction can be derived from ratios of hydrogen recombination lines,
from ratios of H2 or [FeII] lines arising from the same upper level, and
from analysis of ice and silicate absorption features;

7 A possible hidden active galactic nucleus (AGN) can be revealed by
high-excitation lines such as [SiVI] 1.96µm;

8 Emission and absorption-line kinematics can be used to derive dynami-
cal masses, and to probe bulk flows;

9 Finally, in luminous and ultraluminous infrared galaxies, the best mea-
sure of the total luminosity of the starburst is provided by the integrated
far-infrared (far-IR) emission, which typically dominates the bolometric
energy output.

However, care should be taken not to apply these diagnostics blindly, since
none of them is entirely straightforward, and some are only usable in limited
regions of parameter space. A complete discussion of the caveats is beyond the
scope of this paper, and the reader is referred to the references above for more
details.

A detailed analysis, using a combination of these parameters, has been done
for the nearby starburst galaxy M82 (Förster Schreiber et al. 2001, Förster
Schreiber et al. 2003), resulting in a detailed view of the spatial and temporal
evolution of this starburst. More limited studies, using mostly near-IR data,
have been published of other nearby starbursts such as NGC 253 (Forbes et al.
1993, Engelbracht et al. 1998), NGC 1808 (Kotilainen et al. 1996), NGC 7552
(Schinnerer et al. 1997), and IC 342 (Böker et al. 1997).

In this paper, we focus in particular on the use of near-IR hydrogen recom-
bination lines to derive the Lyman continuum flux of obscured starbursts. We
first discuss the spectral properties of a powerful young super star cluster in the
Antennae galaxies (NGC 4038/4039), and then contrast these with the spectral
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properties of the nearby ultraluminous infrared galaxy (ULIG) Arp 220. The
analysis is based on near-IR H and K-band spectra, obtained with ISAAC at
the ESO/Very Large Telescope.

Figure 1. H-band (left) and K-band (right) spectra of super star cluster 80 in the Antennae.
Shaded bands indicate spectral regions affected by sky lines.

2. Near-IR spectra of a super star cluster in the Antennae

In Fig. 1 we present near-IR H and K-band spectra of a young, obscured
super star cluster in the Antennae. This cluster (object number 80 in the nota-
tion of Whitmore & Schweizer 1995) is a prominent mid-IR source, produc-
ing about 15% of the total 15µm flux density of the entire system (Mirabel
et al. 1998). The spectra show the typical features expected for obscured
star-forming regions: the H band is dominated by the Brackett series, with in
addition a bright [FeII] line at 1.64µm, and a prominent HeI line at 1.70µm.
The K band is dominated by very strong Brγ and HeI 2.06µm emission (with
weaker HeI emission at 2.11µm), and a number of H2 ro-vibrational lines. CO
absorption bands are visible at 2.32 and 2.36µm, but are extremely faint, as
expected for this very young cluster (∼ 4 Myr; Gilbert et al. 2000).

The large number of hydrogen recombination lines detected allow an ac-
curate extinction determination. Fitting all lines simultaneously, we obtain an
extinction AK = 0.5 mag, located in a foreground screen. This geometry
provides a significantly better fit than a model where emitting and absorbing
material are co-spatial. After correction for extinction, the derived Lyman con-
tinuum flux (under the usual assumptions of case B recombination in ionization
bounded, dust-free HII regions) is Q0 = 1.5×1053 s−1, which implies the pres-
ence of about 35,000 O-stars within a volume with a half-light radius of only
32 pc. The effective temperature of the radiation field derived from the ratio
of helium and hydrogen recombination lines is TeffTT ∼ 38, 500 K, which corre-
sponds to the most massive stars having a Zero-Age Main Sequence spectral
type of approximately O7.5. Given the derived cluster age, stars with spectral
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types up to O4.5 could have been present, but in that case TeffTT ∼ 47, 000 K
would be expected. This value is closer to the TeffTT ∼ 44, 000 K estimated
from ratios of mid-IR fine-structure lines (Kunze et al. 1996). The disagree-
ment with the value derived from recombination lines is harmless, since the
recombination-line ratios are insensitive to TeffTT values above about 40,000 K.
More detailed analysis is required to see if this procedure can be used to estab-
lish the presence of an upper-mass cut-off of the initial mass function.

Figure 2. H-band (left) and K-band (right) spectra of the nuclear starburst in Arp 220.
Shaded bands indicate spectral regions affected by sky lines.

3. The compact, dusty starburst in Arp 220

In Fig. 2 we present near-IR H and K-band spectra of the compact, dusty
starburst in the nucleus of the ULIG Arp 220. These spectra provide a remark-
able contrast with those shown in Fig. 1. In the H band, the only significant
emission line is that of [FeII], which probes the supernova remnants created
in the starburst. However, the Brackett series is completely absent, except for
the Brγ line in the K band, which is, however, dominated by H2 ro-vibrational
lines. Strong photospheric continuum from red supergiants is evident in both
the H and K bands. The apparent deficiency in young, hot stars suggested
by the faintness of the recombination lines has led to speculations of a hid-
den AGN in Arp 220, which would provide most of the bolometric luminosity
(Armus et al. 1995). Alternatively, extreme foreground obscuration has been
invoked to suppress the recombination lines (Sturm et al. 1996). While extinc-
tion certainly plays a role, the prominence of red-supergiant features and of
the [FeII] lines, as well as several other arguments (van der Werf 2001) argue
against extreme foreground obscuration.

The most satisfactory explanation for the faintness of the recombination
lines is Lyman continuum absorption by dust within the ionized regions (see
also Dopita, these proceedings). If most of the ionizing radiation is absorbed
by dust grains rather than by hydrogen atoms, a dust-bounded (rather than
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hydrogen-bounded) nebula results, and all tracers of ionized gas (recombina-
tion lines, fine-structure lines, free-free emission) will be suppressed. If the HII

regions in Arp 220 are principally dust-bounded, the observational properties
of Arp 220 can be accounted for, even with only moderate extinction. Since
the dust also absorbs far-ultraviolet radiation longward of the Lyman limit, the
formation of photon-dominated regions is also suppressed, and the thus the
same mechanism can account for the faintness of the 158µm [CII] line in Arp
220 and other ULIGs (Fischer et al. 1999).

Is the Arp 220 starburst dominated by dust-bounded HII regions? The av-
erage molecular gas density in the ∼ 1010 M� nuclear molecular complex in
Arp 220 is nH2 ∼ 2 × 104 cm−3 (Scoville et al. 1997). The strong emis-
sion from high-dipole moment molecules such as CS, HCO+ and HCN ar-
gues for even higher densities: ∼ 1010 M� of molecular gas (i.e., all of the
gas in the nuclear complex) has a density nH2 ∼ 105 cm−3 (Solomon et al.
1990). At such densities, the ionized nebulae created by hot stars are com-
pact or ultracompact HII regions, where 50 to 99% of the Lyman continuum
is absorbed by dust (Wood & Churchwell 1989). Observationally, hydrogen-
bounded and dust-bounded HII regions can be distinguished by the quantity
R = LFIR/LBrγ : for a wide range of parameters, R < 3570 implies that the
nebula is hydrogen-bounded, while R > 35700 implies that the nebula is dust-
bounded (Bottorff et al. 1998). For Arp 220, the Brγ luminosity of 1.3 × 106

L� (van der Werf 2001), implies R = 1.6 × 105, assuming an obscuring fore-
ground screen with AV = 20 mag (a model consistent with all infrared data).
The star formation takes place in (ultra)compact HII regions, where all of the
usual tracers of ionized gas (recombination lines, fine-structure lines, free-free
emission) are quenched, not extincted. While this result significantly compli-
cates the interpretation of diagnostics of massive star formation in ULIGs, it
is safe to conclude that the properties of Arp 220 can be accounted for by an
intense, and significantly (but not extremely) obscured starburst. There is no
reason to invoke the presence of extreme extinction, a strongly aged starburst,
or an additional power source in Arp 220.
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Abstract Star formation happens in two types of environment: ultraviolet-bright starbursts
(like 30 Doradus and HII galaxies at low redshift and Lyman-break galaxies at
high redshift) and infrared-bright dust-enshrouded regions (which may be mod-
erately star-forming, like Orion in the Galaxy or extreme, like the core of Arp
220). In this work I will estimate how many of the stars in the local Universe
formed in each type of environment, using observations of star-forming galaxies
at all redshifts at different wavelengths, and of the evolution of the field galaxy
population.

1. Introduction

It is now possible to estimate the star-formation history of the Universe. This
is performed most directly by summing the contributions from star-forming
field galaxies in optical (corresponding to rest-frame ultraviolet at high red-
shift) surveys. The direct contribution from ultraviolet-bright star-forming
galaxies to the co-moving star-formation rate density is about 3×10−3 M� yr−1

Mpc−3 at z = 0, rising to 4 × 10−2 M� yr−1 Mpc−3 at z = 1, before slowly
declining to 1.5 × 10−2 M� yr−1 Mpc−3 at z = 6 (h = 0.7, ΩΛ = 0.7,
Ωm = 0.3, Salpeter IMF; Giavalisco et al. 2004). This is normally presented
in the uncorrected form of the “Madau” or “Madau-Lilly” plot.

However, galaxies that are forming stars also experience significant dust ex-
tinction – we know this because we see that local star-forming regions like
Orion are dusty, and because local spiral galaxies have spectral energy distri-
butions (SEDs) that peak in the far-infrared. Correcting for this, Giavalisco et
al. (2004) find that the the total contribution from optically selected galaxies to
the co-moving star-formation rate density is about 1.3×10−2 M� yr−1 Mpc−3

at z = 0, rising to 0.13 M� yr−1 Mpc−3 at z = 1, where it stays roughly con-
stant out to at least z = 6. The corrections used come from the analysis of
Adelberger & Steidel (2000), which is based on multi-wavelength studies of a
large sample of star-forming galaxies.
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An additional contribution may come from extremely dusty galaxies where
the dust is optically thick – these may be missing altogether from optical sur-
veys. Local ultraluminous infrared galaxies (ULIGs) are examples of this kind
of galaxy; the V extinction to the core of Arp 220 is > 10 mag (Scoville et
al. 1998). Another example is the host of GRB 010222 (Frail 2002), which is
an optical sub-L∗ galaxy, but has a submillimetre star-formation rate of ∼ 600
M� yr−1. This kind of galaxy may be similar to the SCUBA galaxies (Blain
et al. 2002) seen in submillimetre surveys, which might have a redshift distri-
bution quite different from galaxies in optically selected samples.

In this work I assess the contributions from all three of these modes of star
formation in generating the current cosmological density in stars Ω∗. I provide
estimates given current observations, and outline how future observations may
provide stronger constraints.

2. Definitions

The total density in stars in critical units is Ω∗ = ΩUV∗ + Ω
IR/Opt
∗ + ΩIR∗ .

The density of stars seen forming directly in optical galaxies, ΩUV∗ , equals
the integral of the uncorrected ultraviolet star formation rate density over red-
shift. The density of stars that formed in dusty regions within those same galax-
ies, Ω

IR/Opt
∗ , equals the integral of the ultraviolet star formation rate density

multiplied by an extinction correction (which may depend on z) over redshift.
Finally, the density of stars ΩIR∗ that formed in highly obscured regions whose
presence cannot be inferred from optical observations equals the infrared star
formation rate density (as measured by SCUBA or, in the future, ALMA) mi-
nus the contributions to the previous integral, integrated over redshift.

The partition between Ω
IR/Opt
∗ and ΩIR∗ is somewhat arbitrary. Here, we

put in ΩIR∗ all star formation in galaxies whose bolometric luminosity is greater
than some threshold luminosity corresponding to that at which the optical lumi-
nosity no longer tracks the bolometric (mainly far-infrared) luminosity; locally
this happens at a 60µm luminosity of 6.3 ×1010 L� (Rieke & Lebofsky 1986).
The extinction in these luminous galaxies surely comes from optically thick
dust. Optically thin extinction would tend to happen in galaxies contributing
to Ω

IR/Opt
∗ .

Star formation that happened in ULIGs would be included in ΩIR∗ .
The fraction of star formation that is obscured in any particular galaxy varies

from 0% to about 99% (Adelberger & Steidel 2000). Obscured star formation
at the low end of this range mostly contributes to Ω

IR/Opt
∗ , and at the high end

to ΩIR∗ . The host of GRB 010222 would be at the very high end of this range.
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3. The current cosmological stellar content: what needs to
be produced

The time integral of the cosmic star-formation rate must equal the luminos-
ity integral of the galaxy luminosity function,

Σi

∫
L

∫∫
L φi(L) Γi dL =

∫
t

∫∫
(z)

ρ̇∗ dt , (1)

where Γi is the mass-to-light ratio of stellar population i (this is derived from
stellar population synthesis models). From the combination of the SDSS sur-
vey measurements at the bright end (Blanton et al. 2001), and from CCD
mosaic surveys (e.g., Trentham & Tully 2002) at the faint end, the galaxy lu-
minosity function appears to be well-described by a Schechter function with
M∗

RM = −22.0 and α∗ = −1.28 brightward of MRM = −19, and a power law
with α = −1.24 faintward of MRM = −19. Performing the sum of integrals on
the LHS of this equation,

Ω∗ = 0.0036 ± 0.0020 (2)

in units of the critical density. About 3/4 of this is in spheroids and 1/4 in disks.
If a Salpeter, not KTG (Kroupa et al. 1993) IMF is used, Ω∗ is a factor of two
higher.

4. Observational Constraints

Field Galaxy Evolution. Multi-colour photometry of a near-infrared se-
lected sample of galaxies has permitted Dickinson et al. (2003) to measure the
evolution of Ω∗ with redshift. They found that about 40% of the present-day
stars in the Universe formed between z = 0 and z = 1. Between z = 1 and
z = 2, their best-fitting models suggest that a further fraction > 50% formed
and only a few per cent of the stars that we currently see had formed by z = 2.
However, there is considerable uncertainty in the star-formation histories used
in modelling the SEDs of the sample galaxies, and the fraction of stars in place
by z = 2 may be as high as 25%. An integral of the extinction-corrected
Madau Plot (Giavalisco et al. 2004) over redshift from z = ∞ up to z = 2
gives a fraction of about 25%.

Near-infrared surveys (Glazebrook et al. 2004) have shown that about 30%
of the massive early-type galaxies seen today were already in place by z = 2
– these are the distant red galaxies (DRGs). Therefore, most of the stars that
we believe formed at z > 2 are not only in massive galaxies today but were
already in massive galaxies by z = 2. If these formed within the large galaxies,
they would have had to form in very extreme bursts.

GRB host galaxies. Long-duration gamma-ray bursts (GRBs) are thought
to be linked to the deaths of massive stars, as suggested by the coincidence
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between SN 2003dh and GRB 030329 (Hjorth et al. 2003). Since massive
stars do not live long, this opens up the possibility of using GRB host galaxies
as a SFR-selected sample of galaxies.

There are, however, complications. In the context of a collapsar model
(MacFadyen & Woosley 1999), GRBs originate preferentially from stars of
high mass and low metallicity. This means that there will be more GRBs per
unit SFR in galaxies that have a high-mass biased IMF, or a low metallicity.
Perhaps these two effects explain the preponderance of GRBs in ULIGs at
z ∼ 1 (Berger et al. 2003) and Lyα emitters (Fynbo et al. 2003; see also
Vreeswijk et al. [2004] about the very low metallicity and high gas column
density of the host of GRB 030323), neither of which significantly contribute
to Ω∗.

Infrared and submillimetre backgrounds and counts. The extragalactic
background light (EBL) is high at infrared wavelength: COBE/DIRBE mea-
sured it as 32 ± 13 nW m−2 sr−1 at 140 µm and 17 ± 4 nW m−2 sr−1 at 240
µm (Schlegel et al. 1998). The submillimetre background is somewhat lower:
0.55 ± 0.15 nW m−2 sr−1 at 850 µm (Fixsen et al. 1998). The optical EBL
light also appears to be high: 12/15/18 nW m−2 sr−1 at 300/550/800 nm, with
an uncertainty of 50% (Bernstein et al. 2002a).

Madau & Pozzetti (2000) estimated the total EBL as 55± 20 nW m−2 sr−1.
This is lower than the value of 100±20 nW m−2 sr−1 quoted by Bernstein et al.
(2002b), the main difference being an additional component from the optical
background that was previously undetected (however see Matilla 2003).

Most of this background is generated by stars, not AGN, or else the lo-
cal density of supermassive black holes would be overproduced (Madau &
Pozzetti 2000). Assuming a recycling fraction of 0.4 (much of the material in
stars is returned to the ISM via winds and supernovae; Cole et al. 2000), the
EBL implies a stellar density of Ω∗ = 0.003 − 0.006 (cf. Section 3).

One reason the range here is quite large is that the redshift distribution of
infrared star-forming galaxies is unknown, and the contribution of each galaxy
to the EBL ∝ (1 + z)−1.

The submillimetre background has been resolved and redshifts determined
for a number of bright sources (Chapman et al. 2003). However, there are
indications (Chary et al. 2004) that the galaxies that dominate the infrared
background are a different population to the galaxies that dominate the sub-
millimetre background. The models described by Chary et al. (2004) suggest
that these infrared galaxies have lower bolometric luminosities and lower red-
shifts than the ULIGs observed by Chapman et al. (2003).

Optical/Infrared observations of star-forming galaxies. The instanta-
neous cosmic SFR at any redshift equals the infrared and optical contributions.
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Making extinction corrections to star-formation rates for high-redshift galax-
ies is a substitute for direct measurement at infrared wavelengths. Only at low
redshift, z < 1, can the two be measured directly. The CFRS+ISO survey
(Flores et al. 1999) showed that (i) about 30% of star formation at z < 1 was
visible at optical wavelengths, (ii) most of the remaining 70% that was in in-
frared galaxies was in disturbed systems with red (I − K) colours, and (iii)
about 18% of the star formation happened in ULIGs with SFRs in excess of
100 M� yr−1. An implication of these results is that most of the star formation
at z < 1 happened in infrared galaxies that are neither optical galaxies with
high internal extinction nor ULIGs of the kind seen by SCUBA.

The first Spitzer results (Chary et al. 2004) seem to point towards a similar
situation at higher redshifts. The main difference between low and high red-
shift is that while the redshift distributions of optical and infrared galaxies are
similar within the 0 < z < 1 range, they are very different at high redshift.

Another implication of these results is that in optically-selected star-forming
galaxies, most of the star formation is being observed directly and these are
at the low end of the obscuration range described by Adelberger & Steidel
(2000). Many of these may be blue compact emission-line galaxies of the type
described at this conference by Lowenthal and Bershady.

5. The IMF and density in infrared galaxies

The local star-forming region 30 Doradus has a stellar IMF that is Salpeter
(∝ m−2.35) above 3 M� (Selman et al. 1999). Lyman-break galaxies at high
redshift also have Salpeter IMFs at high masses, an inference based on optical
spectroscopy of cB58 at z = 2.7 (Pettini et al. 2000). This IMF is attractive
in that it evolves into the KTG IMF seen locally (Kroupa & Weidner 2003).
Unfortunately, no equivalent analysis can be made for infrared galaxies and it
remains a possibility that they have a different IMF – if it is high-mass biased,
then they will generate more energy per unit mass of stars formed than will
optical galaxies.

Stars that form in infrared galaxies probably form in dense star clusters
which need to dissipate in order to produce local galaxies. Dissipation time-
scales are long for dense clusters but are shorter if the cluster is embedded in
a gaseous medium. Simulations of this physical process (Lamers et al. 2005),
along with inferences about the star-formation history of the Universe from
stellar populations of nearby galaxies (Heavens et al. 2004) will provide addi-
tional constraints on the total amount of cosmic star formation that occurred in
infrared galaxies and when it happened.
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6. Concluding thoughts

My current thinking is that (i) roughly equal amounts of stars formed in each
of the following four types of environments: optically visible regions, dust-
enshrouded regions within optical galaxies, heavily obscured galaxies with
LIR < 1012 L� and ULIGs with LIR < 1012 L�, and (ii) most star formation
in optically visible regions was in small galaxies, while most star formation in
ULIGs happened at high redshift, perhaps producing the DRGs. But these are
not strongly held convictions and I share the optimism felt at this conference
that the puzzle of star formation in galaxies will be solved over the next few
years.
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Abstract SHADES is a new, major, extragalactic sub-mm survey currently being under-
taken with SCUBA on the JCMT. The aim of this survey is to map 0.5 square
degrees of sky at a depth sufficient to provide the first, major (� 300 sources),
unbiased sample of bright (S850 � 8 mJy) sub-mm sources. Combined with
extensive multi-frequency supporting observations already in hand, we aim to
measure the redshift distribution, clustering and AGN content of the sub-mm
population. Currently � 40% complete, the survey is due to run until early
2006. Here I provide some early example results which demonstrate the poten-
tial power of our combined data set, and highlight a series of forthcoming papers
which will present results based on the current interim sample of � 130 850µm
sources detected within the Lockman Hole and SXDF SHADES survey fields.

1. Survey Rationale

The sub-mm galaxy population continues to present a major challenge to
theories of galaxy formation (e.g., Somerville 2004, Baugh et al. 2005), as
current semi-analytic models cannot naturally explain the existence of a sub-
stantial population of dust-enshrouded starburst galaxies at high redshift. How-
ever, while now regarded as of key importance by theorists, the basic properties
of sub-mm galaxies are not, in fact, well defined. Several redshifts have been
measured (Chapman et al. 2003), some masses have been determined from
CO observations (Genzel et al. 2004), and several individual SCUBA-selected
galaxies have been studied in detail (e.g., Smail et al. 2003). However, these
follow-up studies have had to rely on small, inhomogeneous, and often delib-
erately biased (e.g., lensed or radio pre-selected) samples of sub-mm sources,
and until now no robust, complete, unbiased and statistically significant (i.e.,
> 100 sources) sample of sub-mm sources has been constructed.

SHADES (http://www.roe.ac.uk/ifa/shades), the Scuba Half
Degree Extragalactic Survey, was designed to remedy this situation. It aims to
map 0.5 square degrees with SCUBA to an r.m.s. noise level of � 2 mJy at
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Figure 1. Signal-to-Noise images of the current 850µm SHADES images of the SXDF (upper
plot), and Lockman Hole (lower plot). Sources confirmed by the multiple reductions are circled.
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850µm. The SHADES consortium consists of nearly the entire UK sub-mm
cosmology community, coupled with a subset of the BLAST balloon-borne
observatory consortium.

The survey has many goals (see Mortier et al. 2004), but the primary objec-
tive is to provide a complete and consistent sample of a few hundred sources
with S850 > 8 mJy, with sufficient supporting multi-frequency information to
establish the redshift distribution, clustering properties, and AGN fraction of
the bright sub-mm population. The aim is to provide this information, within
the 3-year lifetime of the survey, by co-ordinating the SCUBA mapping obser-
vations with (i) deep VLA and Merlin radio imaging, (ii) Spitzer mid-infrared
imaging, (iii) far-infrared maps of the same fields made with BLAST, (iv) op-
tical and near-infrared imaging with UKIRT and the Subaru telescope, and (v)
deep optical spectroscopy with Gemini, Keck and the VLT.

2. SCUBA mapping

SHADES is split between two fields – the Subaru SXDF field at RA 02h18m

00s, Dec −05◦00′00′′ (J2000), and the Lockman Hole centred on RA 10h52m

51s, Dec 57◦27′40′′ (J2000), with the goal being to map 0.25 square degrees in
each. These two fields were chosen both to provide a spread in RA (to allow
observation with the JCMT throughout the majority of the year), and because
each field offered unique advantages in terms of low Galactic cirrus emission
(crucial for BLAST and Spitzer observations) and existing/guaranteed support-
ing data at other wavelengths.

SHADES SCUBA observations commenced at the JCMT in December 2002.
Full details on the observing technique can be found in Mortier et al. (2004).

SCUBA Signal-to-Noise maps for the SXDF and Lockman SHADES fields
obtained by Spring 2004 are shown in Fig. 1. The total area covered by these
two maps is 700 square arcmin (402 square arcmin in the Lockman Hole, 294
square arcmin in the SXDF), of which an effective area of � 650 square arcmin
has complete coverage.

The survey is therefore � 40% complete, and to date has yielded a total of
130 sources, whose reality is confirmed by 4 independent reductions under-
taken within the consortium. (61 sources in the SXDF image [24 at > 4σ,
53 at > 3.5σ] and 69 sources in the Lockman Hole image [22 at > 4σ, 47
at > 3.5σ]). Based on this interim reduction, we predict a final source list of
� 300 sources.

3. VLA and Spitzer identifications

In Fig. 2 we show 20 example 20 × 20 arcsec2 postage stamps extracted
from our deep VLA 1.4 GHz images of the SHADES fields, centred on the
positions of the SCUBA sources. Contours from the radio images are shown
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LH850.1 LH850.3LH850.2 LH850.4
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LH850.17 LH850.18 LH850.19 LH850.20

Figure 2. VLA postage stamps centred on the positions of the top 20 SHADES sources in
the Lockman Hole field. 70% of these 20 sources have a VLA counterpart within the illustrated
search radius of 8 arcsec, and consideration of the lower-resolution B+C array data alone raises
this figure to 80% (see Fig. 3)

at 2, 3, 4, 5 and 10σ. The circles have a radius of 8 arcsec, which represents an
appropriate search radius for radio counterparts, given the uncertainties in the
SCUBA positions. What is striking about this plot is that � 15 (i.e., 75%) of
these sources have radio counterparts. This figure is significantly higher than
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LH850.2 LH850.2

LH850.5 LH850.5

Figure 3. Two examples of the power of combining high-resolution and low-resolution ra-
dio imaging (with the VLA at 1.4 GHz) with Spitzer IRAC 4.5µm and MIPS 24µm imaging
to determine the galaxy counterparts of SHADES sub-mm sources. The upper row of panels
are 20 × 20 arcsec2 postage stamp images extracted around the position of SHADES source
Lockman 850.2 from the VLA A+B+C array map, the VLA B+C array map, the Spitzer IRAC
4.5µm map, and the Spitzer MIPS 24µm map. The circle on the radio images has a radius of 8
arcsec, which is the typical search radius for identifying the counterpart of a SHADES source
with 95% confidence. For this source, the VLA imaging reveals two potential counterparts, but
the Spitzer imaging reveals that it is the southerly candidate which is dusty. The second row of
images shows the same information for SHADES source Lockman 850.5. In this example there
is no clear radio counterpart in the high-resolution radio map, but the tentative radio counterpart
provided by the lower-resolution radio imaging is confirmed as real by the Spitzer data. The ra-
dio data will be published in full by Ivison et al. (2005). The Spitzer data for the Lockman Hole
sources have been provided to the SHADES consortium by Eichii Egami and George Rieke.

found from the radio follow-up of any previous SCUBA survey. Such a high
radio-identification rate confirms the reality of the vast majority of the 850µm
sources. The fact that the figure is so high will also be in part due to the depth
and quality of the radio data, but nevertheless it already seems clear that few
of the SHADES sources can lie at redshifts significantly in excess of z � 3.
A corollary to this is that we can now realistically expect to obtain an accurate
(� 1 arcsec) position for the vast majority of the SHADES sources, providing
excellent prospects for subsequent unambiguous optical/IR identification, and
optical/infrared spectroscopy. Moreover, for those sources which escape opti-
cal spectroscopy, the existence of a radio detection will still assist enormously
in the derivation of accurate redshift estimates, especially in combination with
BLAST and Spitzer data.
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Even the high success rate of radio identification shown in Fig. 3 is not the
whole story. The production of lower-resolution B+C array VLA maps (i.e.,
deliberately leaving out the A-array data) has revealed that even when, at first
sight, a source appears to lack a radio identification, often an extended radio
counterpart is found to exist in the lower-resolution map (resolved out in the
A-array data). An example of this is shown in Fig. 3.

Also illustrated in Fig. 3 is the added value of combining the radio data with
Spitzer imaging. Spitzer data for SHADES is being provided for the Lockman
Hole field in collaboration with the Spitzer GTO consortium, and for the SXDF
as part of the SWIRE survey. Figure 3 shows how these data can help both to
differentiate between alternative radio counterparts, and to confirm the reality
and dusty nature of tentative radio identifications.

4. Forthcoming papers

Detailed predictions of the extent to which SHADES can constrain the red-
shift distribution and clustering of submm sources are presented by van Kam-
pen et al. (2004), while an overview of the survey strategy and design is pro-
vided in Mortier et al. (2004). In addition, three journal papers based on the
current interim data set are currently in preparation: Scott et al. (2005) will
present the current sub-mm maps, source list and number counts, Ivison et
al. (2005) will present radio and Spitzer identifications, and Aretxaga et al.
(2005) will report the estimated redshift distribution of the current SHADES
sample. This first set of data papers will be followed by publication of the full
multi-frequency study of SHADES sources, and by a detailed comparison of
our results with the predictions of current models of galaxy formation.

Acknowledgments

I thank the members of the SHADES consortium, and also the staff of the
JCMT, for their role in turning SHADES from a simulation into a real data set.

References
Baugh C.M., Lacey C.G., Frenk C.S., Granato G.L., Silva L., Bressan A., Benson A.J., Cole S.,

2005, MNRAS, 356, 1191
Chapman S.C., Blain A.W., Ivison R.J., Smail I., 2003, Nature, 422, 695
Genzel R., et al., 2004, in: Multiwavelength mapping of galaxy formation and evolution, Bender

R., Renzini A., eds., ESO Astroph. Symp., (Springer: New York), in press (astro-ph/0403183)
van Kampen E., et al., 2004, MNRAS, subm. (astro-ph/0408552)
Mortier A., 2004, MNRAS, subm.
Smail I., Ivison R.J., Gilbank D.G., Dunlop J.S., Keel W.C., Motohara K., Stevens J.A., 2003,

ApJ, 583, 551
Somerville R.S., 2004, in: Multiwavelength mapping of galaxy formation and evolution, Bender

R., Renzini A., eds., ESO Astroph. Symp., (Springer: New York), in press (astro-ph/0401570)



COMPACT EXTRAGALACTIC STAR FORMA-
TION: PEERING THROUGH THE DUST AT
CENTIMETER WAVELENGTHS
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Abstract We summarize results of arcsecond and milliarcsecond-resolution radio imag-
ing of starbursts. Thermal radio emission from young super star clusters (SSCs)
indicates that they are powered by the equivalent of hundreds to thousands of
O7 stars. Milliarcsecond imaging of Arp 299 reveals individual young super-
novae that are factors of ∼ 100 more powerful than Cas A, and that may show
the locations of older SSCs in which the most massive stars already have gone
supernova.

1. Introduction

Extragalactic star formation is studied at a variety of wavelengths, with
many different instruments. The unique capability of centimeter-wavelength
interferometry is that this technique is able to achieve high-resolution imaging
while peering through the dust that obscures the youngest regions of intense
star formation. Questions that can be influenced by results of sub-arcsecond
radio imaging include the following:

What are the properties of the youngest massive star clusters? How do
they evolve to become globular clusters today? What is the luminosity
function of super star clusters (SSCs)?

Is optical/infrared modeling of star formation in SSCs consistent with
radio observations?

How do supernovae evolve in dense environments? What is the lumi-
nosity function of radio supernovae in starbursts?

In this contribution, we review a few results from high-resolution radio
imaging that bear on the questions listed above.
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2. Radio Emission From Extragalactic Starbursts

The youngest starburst regions contain large quantities of dust, and optical
radiation from these regions may be obscured by more than 20 magnitudes of
visual extinction. Radio emission at centimeter wavelengths originates within
the starbursts from two principal causes. (i) The youngest starbursts contain
complexes of dense HII regions that are energized by SSCs. Thermal radio
emission from these complexes can be used to estimate the total ionizing flux
of the embedded stars, and hence to assess the massive star population. (ii) In-
dividual supernova remnants or young supernovae generate synchrotron radio
emission. Imaging of this radiation over time can be used to study the evolu-
tion of individual objects, which in turn may be used to infer an approximate
supernova rate.

The Very Large Array (VLA) has been the instrument of choice for imaging
extragalactic starbursts. Its present sensitivity and sub-arcsecond resolution
enable imaging of SSCs or SSC complexes out to distances of a few tens of
Megaparsecs, with sensitivity to embedded stellar populations ranging from a
few dozen O7-equivalent stars up to tens of thousands of such stars.

The stellar content of the thermal sources can be estimated by computing
the number of ionizing photons necessary to account for the radio emission:

N(UV) s−1 = 1051
( D

2.5 Mpc

)2(S5GHz

1 mJy

)
, (1)

where 1049 UV photons per second is the number expected from a single O7
star (e.g., Vacca 1994).

3. Stellar Content of SSCs

The nearby starbursts M82 and NGC 253, at distances near 3 Mpc, were first
imaged using the VLA in the 1980s (Kronberg & Sramek 1985, Antonucci
& Ulvestad 1987). At resolutions of a few parsecs and less, these starbursts
contained numerous thermal radio sources (flat or inverted radio spectra) and
young supernova remnants (steep radio spectra). Most of these compact radio
sources have shown little or no variability over time-scales of 10–20 years.
In NGC 253, the strongest compact thermal radio source emits ∼ 8 mJy at
5 GHz within a region just a few parsecs in diameter (Ulvestad & Antonucci
1997). For a distance of 2.5 Mpc, Eq. (1) implies that this source is powered by
ionizing photons from the equivalent of 800 O7 stars. Of course, an estimate
of the total stellar mass depends critically on the stellar mass function, which
is unknown in most individual SSCs.

Nearby dwarf galaxies often have all their radio and mid-infrared emission
dominated by SSCs; examples are He 2-10 (Johnson & Kobulnicky 2003) and
NGC 5253 (Turner & Beck 2004). The SSCs sometimes are optically thick
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even at long centimeter wavelengths, and observations at frequencies of 8 GHz
and higher may be necessary to reveal the intrinsic radio powers. Simple mod-
eling indicates that the SSCs have radii of a few parsecs, total masses of 105M�
or more, and central densities above 105 cm−3. Pressures are in the range
nT = P/kB ∼ 108 cm−3K or greater, much higher than in the typical galactic
interstellar medium (Johnson & Kobulnicky 2003, Turner & Beck 2004). The
compact ionized regions may be in pressure equilibrium with their parent dusty
molecular clouds or may be confined by the gravity of the embedded massive
stars.

Merger galaxies typically are at larger distances of tens of Megaparsecs.
The available sensitivity and resolution permits only complexes of multiple
SSCs to be imaged; examples are NGC 4038/9 (Neff & Ulvestad 2000) and
Arp 299 (Neff, Ulvestad & Teng 2004). In NGC 4038/9 (the “Antennae”), the
most powerful ionized complex requires ∼ 3 × 1053 UV photons to energize
the radio emission, corresponding to 30,000 O7-equivalent stars in a region
roughly 100 pc in diameter.

Figure 1. Radio spectra of the strongest thermal radio sources in a selection of SSCs and
star-formation regions.

Figure 1 shows the radio luminosity of the most luminous thermal radio
sources in a sample of starburst galaxies, along with the nearby galaxy M33
and the galactic source W49A. For two galaxies, Haro 3 and NGC 4038/9,
the size scales of 50–100 pc may include multiple SSCs, while the rest of the
points plotted generally refer to a single SSC or ionized region with diameter
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no larger than a few parsecs. The range of a factor of more than 1000 in radio
luminosity corresponds to a similar range in numbers of O7-equivalent stars.

4. Young Radio Supernovae

Dominance by thermal radio emission in many SSCs indicates that less than
a few million years have passed since the bulk of their star formation occurred.
The ionizing luminosity in an SSC is dominated by the highest-mass stars,
which have main-sequence lifetimes in the range of 3–4 Myr. For older SSCs,
the ionizing luminosity will drop dramatically as the most massive stars go su-
pernova. Then, the radio emission will be dominated by synchrotron radiation
from the young supernovae and supernova remnants, and these objects may be
used to distinguish the locations of the evolving SSCs.

Arp 299, at a distance of 41 Mpc, serves as an interesting illustration of an
older starburst. It is a merger of two disk galaxies, containing galaxy nuclei
(“A” and “B1”) that apparently underwent their peak star-formation episodes
6–8 Myr in the past (Alonso-Herrero et al. 2000). VLA imaging has shown
that the dominant radio nuclei are 1 arcsec (200 pc) or smaller at centimeter
wavelengths, and appear to be dominated by optically thin synchrotron radi-
ation. The Very Long Baseline Array (VLBA), sometimes augmented by the
Green Bank Telescope (GBT), has been used to search for even more com-
pact radio sources within these heavily obscured arcsecond nuclei. Because
of its long baselines, the VLBA acts as a spatial filter, resolving away all the
ionized regions with brightness temperatures of 104 K or less. Any detected
radio sources will have brightness temperatures in excess of 106 K, and must
be young supernovae, supernova remnants, or (perhaps) active galactic nuclei.

Neff et al. (2004) detected at least five milliarcsecond radio sources within
nucleus A of Arp 299, in an area roughly 0.5 arcsec (100 pc) in diameter.
Three of these sources were found within a diameter of ∼ 10 pc, and two were
separated by only 3 pc. It is likely that all of the compact radio sources are
young supernovae, and trace the locations of ageing SSCs in Arp 299. In fact,
one object has a strongly inverted radio spectrum, and is likely to be a very
young supernova that has not yet broken out of its circumstellar shell.

More recently, we have made repeated images of Arp 299 at intervals of six
months, in order to search for new supernovae and for evolution of the older
objects. By stacking multiple images, we have been able to detect more young
supernovae. Figure 2 shows a two-epoch VLBA+GBT image of nucleus A,
revealing at least 11 young supernovae, now spread over a diameter of nearly
200 pc. Four additional objects have been detected so far at 8.4 GHz, and
another four young supernovae now have been detected in nucleus B1. The
ratios of the numbers of supernovae in the nuclei A and B1 are plausibly con-
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sistent with respective supernova rates estimated at ∼ 0.6 yr−1 and ∼ 0.1 yr−1

(Alonso-Herrero et al. 2000).

Arp 299, Nucleus A, VLBA+GBT 2.3 GHz
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Figure 2. VLBA+GBT image of nucleus A in Arp 299. Radio contours are separated by
factors of 2, starting at 5 times the rms noise of 31 µJy beam−1.

Enough young supernovae have been detected in nucleus A of Arp 299 that
we can begin to assess the top end of the radio luminosity function of these
supernovae. Figure 3 shows a histogram of the radio luminosities at 2.3 GHz,
compared to the radio luminosities of young supernova remnants imaged in
M82 (Muxlow et al. 1994). The radio counts are roughly consistent with a
ratio of a factor of 6 in the relative supernova rates, although the small num-
bers of objects mean that the VLBI observations cannot be used by themselves
to estimate this ratio reliably. From Fig. 3, we see that the Arp 299 super-
novae have radio powers as high as 1020 W Hz−1, reaching the range of weak
active galactic nuclei, a factor of 100 or more above the Galactic supernova
remnant Cas A. Clearly, we are detecting only the youngest and most pow-
erful supernovae or supernova remnants in Arp 299, consistent with the fact
that the detected milliarcsecond sources contain only a few per cent of the total
centimeter radio emission observed by the VLA.
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Figure 3. Histograms of 2.3 GHz radio powers in Arp 299 (nucleus A) and M82. The M82
powers have been converted from the 5 GHz values (Muxlow et al. 1994) by using a spectral
index α = −0.7, where Sν ∝ ν+α.
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Abstract We make use of the on-going All-sky Imaging Survey of the UV GALEX satel-
lite, cross-correlated with the IRAS all-sky survey to build samples of galaxies
truly selected in the far-infrared or in the ultraviolet. We discuss the amount of
dust attenuation and the star-formation rates for these galaxies and compare the
properties of the galaxies selected in the FIR or in the UV.

Introduction

The measure of the star-formation rate (SFR) in galaxies is based on the
analysis of the emission from young stars that escapes the galaxies or is ab-
sorbed and re-emitted by the gas or the dust. In this paper, we will focus on
UV and IR emission. Emission at these wavelengths is closely related to the
energy budget at work in star-forming galaxies: the UV light that does not es-
cape the galaxy is absorbed by the interstellar dust and re-emitted in the far-IR.
Therefore, both types of emission originate from the same stellar populations
and their comparison is a powerful tracer of the dust attenuation (Buat & Xu
1996, Gordon et al. 2000). They are also closely related to the recent star-
formation rate over similar time-scales (Buat & Xu 1996, Kennicutt 1998). In
this paper we will combine the new GALEX data with the existing far-IR data
from IRAS.

1. The data

We have worked on 600 deg2 observed by GALEX in NUV (λ = 231
nm and FUV (λ = 153 nm) to build two samples of galaxies. The first one,
called the NUV-selected sample, includes all galaxies brighter than m(NUV)
= 16 mag (AB scale); among the 88 selected galaxies (excluding ellipticals
and active galaxies), only 3 are not detected by IRAS at 60 µm. The second
sample, called the FIR-selected sample, is based on the IRAS PSCz (Saunders
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et al. 2000): 118 galaxies from this catalog lie within our GALEX fields, only
1 is not detected in the NUV.

2. Dust attenuation in the nearby universe

Mean values of the dust attenuation. For both samples we measure the
dust attenuation using the F (dust)/F (NUV) ratio. This ratio is a quantitative
measure of the dust attenuation at UV wavelengths (e.g., Buat & Xu 1996,
Gordon et al. 2000). The formulae used here are adapted to the GALEX bands
(Buat et al. 2005). The total (8 − 1000µm) dust emission is calculated from
the fluxes at 60 and 100 µm using the Dale et al. (2001) recipe.

Moderate attenuation is found in the NUV-selected sample, with 0.8+0.4
−0.3

mag in the NUV and 1.1+0.5
−0.4 mag in the FUV. As expected, the dust attenuation

is greater in the FIR-selected sample with 2.1+1.2
−0.8 mag in the NUV and 2.9+1.2

−1.2

mag in the FUV.
A comparison of the FIR and UV luminosity densities from IRAS (Saunders

et al. 1990) and GALEX (Thilker et al. 2005) leads to a mean dust attenuation
at z ∼ 0 of 1.1 mag in the NUV and 1.6 mag in the FUV: the nearby Universe
is not very obscured.

The “IRX-β” relation. From their study of starburst galaxies, Meurer and
colleagues (e.g., Meurer et al. 1999) have found a strong correlation between
the slope, β, of the UV continuum (fitted as a power law F (λ) ∝ λβ between
1200 and 2500 Å) and F (dust)/F (FUV). They concluded that β is a reliable
tracer of the dust attenuation in galaxies. However, further studies showed that
this law is not universal and that ultra-luminous infrared galaxies (Goldader et
al. 2002) and normal spiral galaxies (Bell 2002) do not follow the relation for
starbursts.

The FUV−NUV color from the GALEX observations is directly linked to
β (Kong et al. 2004). We plot this color versus F (dust)/F (FUV) for our two
samples of galaxies in Fig. 1, and compared it to the predictions for starburst
galaxies. Obviously, β is not a reliable tracer of the dust attenuation in our
NUV and FIR-selected samples. Moreover, different types of behavior are
found within both samples: whereas the FIR-selected galaxies spread over a
large area of the diagram, most of the NUV-selected galaxies lie below the
starburst relation. This may be due to age effects in the stellar populations:
assuming a b parameter (defined as the ratio of the recent to the average past
SFR) equal to 0.25 leads to a reasonable fit using the models of Kong et al.
(2004).
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Figure 1. Top: log(F (dust)/F (FUV)) versus the FUV−NUV color for the NUV and FIR-
selected samples. The dashed line is the mean relation expected for starburst galaxies, the solid
line is the locus of Kong et al. (2004) models with b = 0.25 (see text). Bottom: SFR deduced
from the dust luminosity versus the SFR deduced from the NUV luminosity directly observed
(crosses) and corrected for dust attenuation (points) for the NUV-selected (left panel) and the
FIR-selected samples (right panel). The lines correspond to equality on both axes.
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3. The measure of the star-formation rate

UV and total dust emission can be calibrated in terms of a recent star-
formation rate assuming a recent (over ∼ 108 yr) star-formation history and
an initial mass function (Buat & Xu 1996, Kennicutt 1998). When using the
dust luminosity one must add an additional assumption regarding the absorp-
tion of the stellar light by the dust. The classical hypothesis (also adopted here)
is that all of the stellar light from the young stars is absorbed by the dust (Ken-
nicutt 1998). In this paper, we also assume a constant SFR over 108 yr, and a
Salpeter IMF. Using STARBURST99 synthesis models we obtain:

log(LNUV)(L�) = 9.73 + log(SFR)(M�yr−1) (1)

and

log(Ldust)(L�) = 10.168 + log(SFR)(M�yr−1) . (2)

In Fig. 1 we plot the SFR estimated from the NUV luminosity versus the
SFR from the dust luminosity. In both samples, the observed NUV luminosity
strongly underestimates the SFR, the effect being worse for the FIR-selected
sample. When the NUV-selected sample is corrected for dust attenuation the
agreement between both estimates of the SFR in the FIR-selected sample is
very good – as is expected, since we are dominated in each case by the dust
emission. Conversely, in the NUV-selected sample the SFR estimated from
the dust luminosity alone is found to underestimate the SFR, compared to the
NUV-corrected luminosity. The discrepancy increases toward the low SFRs, to
reach a factor 3 for SFR of ∼ 0.3 M� yr−1. Therefore, using the dust emission
alone to measure the total SFR in all galaxies can be misleading. The best
solution is to combine UV and IR emission to estimate reliable SFRs.
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Abstract We have combined the STARBURST99 code with the MAPPINGS IIIq nebular
modelling code, and a self-consistent 1D dynamical evolution model for HII

regions, to produce theoretical spectral energy distributions (SEDs) extending
from the Lyman Limit up to beyond 1 mm. We show that two parameters control
the form of the SED, the mean pressure in the ISM of the starburst, and the time-
scale required to dissipate the molecular clouds surrounding individual clusters.

1. Introduction

A knowledge of the star-formation rate (SFR) is fundamental if we are to
understand the formation and evolution of galaxies. In a much-cited seminal
paper, Madau et al. (1996) connected the star formation in the distant Uni-
verse to that estimated from low-redshift surveys, by plotting the estimated
star-formation rate per unit co-moving volume against redshift. However, at
the present time an unacceptable degree of uncertainty still attaches to the
Madau plot, and hence to our overall understanding of the evolution of star
formation in the Universe, so it is very important to understand the source of
these uncertainties, and how best they can be eliminated.

Part of the problem is that a wide variety of emission line or continuum tech-
niques contribute towards populating this diagram with observational points,
many of which have been discussed at this conference, and each of which has
its advantages and its problems. These techniques range from the very direct to
the quite indirect. As an example of a direct technique, we may use the contin-
uum produced by the stars, such as the UV flux (Calzetti 2001). A somewhat
less direct approach is to use the flux reprocessed into the far infrared by dust.
Both depend on the geometry of the dust with respect to the ionizing sources.
For example, the UV must give a lower limit on the SFR, and the far-IR meth-
ods will only give the correct SFR if the star-forming region is completely
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surrounded by a thick layer of dust. There are also systematic effects due to
both metallicity (low metallicity will allow escape of UV photons) and due
to the SFR itself, since a variety of studies show that the SFR correlates with
dustiness over a very wide range of SFR (Buat et al. 1999, Adelberger & Stei-
del 2000, Dopita et al. 2002, Kewley et al. 2002). Inoue (2002), and also Buat
(this conference), has discussed a number of these issues.

Amongst emission-line techniques, both recombination lines and [OII] lines
are frequently used. These are only sensitive to the SFR within the last 10
Myr. However, ionising photons may be lost by dust absorption within the HII

regions (Dopita et al. 2003), and the [OII] technique is, in addition, sensitive to
metallicity and ionisation parameters. With careful calibration, some of these
problems can be corrected for (Kewley et al. 2004).

Other techniques have also been proposed, including the use of the PAH
emission features (Roussel et al. 2001), which depend on the C abundance,
the X-ray emission, which depends on the X-ray binary population (Ghosh &
White, 2001), and the enigmatic non-thermal radio continuum. This depends
on Fermi acceleration of electrons in supernova remnants and on the loss of en-
ergy of these electrons in regions of high magnetic field (Bressan et al. 2002),
but which is nonetheless correlated with the far-IR emission over ∼ 5 decades
of magnitude and with less than 0.3 dex dispersion (Yun et al. 2001).

In order to calibrate many of these SFR indicators and ultimately to reduce
the scatter in the Madau plots, we have generated a series of theoretical pan-
spectral SED models which, for the first time take into account the physical
evolution of HII regions in the multi-phase interstellar medium of starburst
galaxies. These, and the main results, are briefly described in this paper.

2. The Model

In Dopita et al. (2005) we have used the most recent version of the STAR-
BURST99 code (Leitherer et al. 1999) to generate the theoretical stellar SEDs
for solar metallicity, a standard Salpeter initial mass function, and upper and
lower mass cut-offs of 120 M� and 1 M�, respectively on the zero-age main
sequence. We assume that the starburst region occupies a roughly spherical
region filled with individual HII regions surrounding clusters, of mean mass
104 M� and having all possible ages up to 10 Myr. The number of HII re-
gions is normalised to supply a mean SFR of 1.0 M� yr−1. These HII regions
expand as a consequence of the over-pressure produced by the energy deposi-
tion within them (given by the STARBURST99 models). They therefore have
a radius determined by both their age and by the pressure in the ISM. In high
pressure environments, the HII regions are smaller and denser, and the dust in
the surrounding photo-dissociation regions (PDRs) is therefore hotter.
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The radiative transfer through the HII regions and the surrounding PDRs is
computed using the MAPPINGS IIIq code. This includes all relevant gas and
dust physics needed to compute the gas ionisation and temperature structure,
the strengths of all emission lines and of the atomic continua. We also compute
the grain charge and the temperature distribution function of each grain size
and species, allowing an accurate computation of the shape of the far-IR spec-
trum. The dust grain model largely follows the formulation of Weingartner &
Draine (2001a,b). Our models also include PAH physics, including absorption,
photoelectric charging, photoelectric destruction, heating, and re-emission in
the PAH features in the IR. The assumptions relevant to the HII region SEDs
are given in Dopita et al. (2005), and the complete details of the computational
methods are given in Groves (2004).

3. Results

The fact that the HII regions are smaller in the high-pressure environments
means that the dust temperatures are, in general, higher in higher-pressure en-
vironments. This is clearly seen in Fig. 1. Thus warm IRAS sources can be
identified with regions of high specific star formation, since high pressure is
needed to confine them.

A second controlling factor on the SED is the time required to clear away
the molecular clouds. Alternatively, this could be thought of as the time taken
for the OB stars to diffuse away from the dense regions where they are born.
Both of these would have a similar effect on the SED. When the clearing time-
scale is long, the dust captures and reprocesses the UV photons for longer. This
depresses the UV flux, and means that the stars that are seen in the UV have
a greater average age. It also means that the far-IR flux is larger, and that the
peak of the far-IR occurs at longer wavelengths, because the dust shells have a
larger diameter, on average. These effects are evident in Fig. 2.

The SEDs shown in Figs. 1 and 2 do not include the absorption of any fore-
ground dust. Models of such attenuation in starburst galaxies show that it can
be well-represented by the effect of a (distant) foreground screen (e.g., Meurer
1999). In an earlier paper (Fischera et al. 2003) we showed that many features
of the Calzetti (2001) attenuation law for starbursts could be reproduced by a
turbulent screen having a log-normal local density distribution. In a later paper
(Fischera & Dopita 2005) we investigated mathematical properties of such a
screen and showed that it can be represented to high accuracy by a log-normal
column density distribution. This allows us to compute the absorption charac-
teristics over a wide variety of physical conditions and so model the SEDs of
starburst galaxies over the whole range from 912Å up to 1000µm.
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Figure 1. The variation of the starburst
SED with pressure in the ISM. In high-
pressure environments, the HII regions are
smaller in size, the dust temperatures are
hotter, and consequently the peak of the
SED in the far-IR is found at shorter wave-
lengths.

Figure 2. The variation of the starburst
SED with the time-scale over which the
molecular clouds are destroyed. When this
time-scale is long, less UV radiation es-
capes, the mean age of the stars seen in the
UV is greater, and the far-IR peak in the
SED occurs at longer wavelengths.
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Abstract Extragalactic starbursts induced by gravitational interactions can now be stud-
ied from z ≈ 0 to ∼> 2. The evidence that mergers of gas-rich galaxies tend
to trigger galaxy-wide starbursts is strong, both statistically and in individual
cases of major disk–disk mergers. Star-formation rates appear enhanced by fac-
tors of a few to ∼ 103 above normal. Detailed studies of nearby mergers and
ULIRGs suggest that the main trigger for starbursts is the rapidly mounting pres-
sure of the ISM in extended shock regions, rather than high-velocity, 50 – 100
km s−1 cloud–cloud collisions. Numerical simulations demonstrate that in col-
liding galaxies the star-formation rate depends not only on the gas density, but
crucially also on energy dissipation in shocks. An often overlooked character-
istic of merger-induced starbursts is that the spatial distribution of the enhanced
star formation extends over large scales (∼ 10 − 20 kpc). Thus, although most
such starbursts do peak near the galactic centers, young stellar populations per-
vade merger remnants and explain why (i) age gradients in descendent galaxies
are mild and (ii) resultant cluster systems are far-flung. This review presents an
overview of interesting phenomena observed in galaxy-wide starbursts and em-
phasizes that such events continue to accompany the birth of elliptical galaxies
to the present epoch.

1. Introduction

This brief review concentrates on three items. First, I report on recent
progress in our understanding of the dynamical triggers at work in merger-
induced starbursts. Then, I address two issues that are often ignored or mis-
understood, yet are of fundamental importance to the subject: the large spatial
extent of merger-induced starbursts, and the implications of such starbursts for
the formation of elliptical galaxies at low and high redshifts.

The basic reason why tidal interactions and mergers help fuel bursts of star
formation has been understood for over three decades. Under the headline
Stoking the Furnace? Toomre & Toomre (1972) wrote: “Would not the violent
mechanical agitation of a close tidal encounter – let alone an actual merger –
already tend to bring deep into a galaxy a fairly sudden supply of fresh fuel
in the form of interstellar material?” Subsequent numerical simulations that
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included gas have fully corroborated this notion (e.g., Negroponte & White
1983, Noguchi 1988, Barnes & Hernquist 1991).

Similarly, many observational studies have established beyond any doubt
that mergers invigorate star formation well beyond the levels observed in qui-
escent disk galaxies. As early as 1970, Shakhbazian pointed out the pres-
ence of extraordinary stellar “super associations” with luminosities of up to
MVMM ≈ −15.5 in the Antennae. In a landmark paper, Larson & Tinsley (1978)
showed that the UBV colors of Arp’s peculiar galaxies can best be explained if
tidal interactions engender short, but intense bursts of star formation involving
up to ∼ 5% of the total mass. Infrared observations confirmed the notion of su-
per starbursts in major disk–disk mergers (Joseph & Wright 1985). Since then,
a steady stream of papers from surveys (e.g., 2dF: Lambas et al. 2003; SDSS:
Nikolic et al. 2004) has continued to support and refine this picture. A nice
twist was the discovery – fostered by HST ’s high resolution – that star clus-
ters and, specifically, globular clusters form in large numbers during galactic
mergers (Schweizer 1987, Holtzman et al. 1992, Whitmore et al. 1993).

2. Gas Supply and Dynamical Triggers

Even after ∼ 13 Gyr of evolution, many present-day galaxies still have sig-
nificant gas supplies available for star formation during interactions and merg-
ers. The median gas fraction of neutral hydrogen alone, expressed relative to
the total baryonic mass, is 15%, 10%, and 4% for dIrr, Sc, and Sa galaxies,
respectively (Roberts & Haynes 1994). Even more impressive is the median
fraction of all gas relative to the dynamical mass, MHI + HMM 2/MdynMM ≈ 25%,
15%, and 3% for the same three types of galaxies (Young & Scoville 1991).
Since, even at high redshifts, no galaxy can be more than 100% gaseous, the
relatively high gas fractions of local Sc and later-type galaxies tell us that there
is less than one order-of-magnitude difference between the fractional gas con-
tents of many local disk galaxies and their high-z counterparts. Hence, the
often-heard objection that mergers at z ≈ 2 − 5 were completely different
from local mergers is weak, and studying local mergers can, in fact, help us
understand high-z mergers.

Molecular gas masses observed in local mergers and distant quasars sup-
port this point of view. Locally, MHMM 2 ranges from 0.6 × 1010 M� for an
aging merger remnant, like NGC 7252, through 1.5 × 1010 M� for an ongo-
ing merger, like the Antennae, to ∼3 × 1010 M� for extreme ULIRGs, while
MHMM 2 ≈ 2 × 1010 M� in a QSO at z = 2.56 (Solomon et al. 2003) and also in
one at z = 6.42 (Walter et al. 2003).

With gas amply available for star formation during mergers at both low and
high redshifts, what are the dynamical triggers for merger-induced starbursts?
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Figure 1. Simulations of star formation in the Mice for (left) density-dependent and (mid-
dle) shock-induced star-formation recipes; halftones mark old stars, points mark star forma-
tion. (Right) Star-formation rate vs. time for density-dependent (solid line) and various shock-
induced (dashed and dotted) star-formation recipes (from Barnes 2004).

During disk galaxy interactions, gravitational torques arise between the bars
induced in the gas and among the stars. Because the gaseous bar leads, the gas
experiences braking, which – in turn – leads to its infall. The resulting pressure
increase in the gas has long been understood to be the root cause of interaction-
induced starbursts (Noguchi 1988, Hernquist 1989, Barnes & Hernquist 1991).

Although the vehemence of this pressure increase clearly depends on such
factors as the presence or absence of a central bulge (Mihos & Hernquist 1996)
and the encounter geometry (Barnes & Hernquist 1996), the small-scale details
of the dynamical triggers have been less clear, until recently.

It now appears that shocks play a very major role, both in affecting the spa-
tial distribution of star formation (Barnes 2004) and in squeezing giant mole-
cular clouds (hereafter GMCs) into rapid star and cluster formation (Jog &
Solomon 1992, Elmegreen & Efremov 1997). Questions such as whether
cloud–cloud collisions are important and what role magnetic fields play are
just beginning to be addressed by observers, as detailed below.

Merger-induced shocks can be fierce. In a simulation of two merging equal-
mass disks (Barnes & Hernquist 1996), massive rings of dense gas form around
the center of each galaxy and collide, during the third passage, head-on with a
relative velocity of ∼ 500 km s−1! This extreme final smash is made possible
by the rapid ∼ 90% loss of orbital angular momentum that the two gas rings
experience within ∼ 1/4 disk rotation period.

Even during milder encounters, shock-induced star formation may dom-
inate. Because of the ubiquity of shocks in mergers involving gas, Barnes
(2004) proposes a new star-formation recipe that, in addition to the local gas
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density, ρgas, includes the local rate, u̇, of mechanical heating due to shocks
and PdV work:

ρ̇∗ = C∗ × ρn
gas × max(u̇, 0)m . (1)

Assuming that energy dissipation balances the heating rate, setting m > 0
and n = 1 yields purely shock-induced star formation, while setting m = 0
and n > 1 yields density-dependent star formation (with Schmidt’s law as a
special case). Barnes compares simulations run for these two limit cases of
star formation with observations of the Mice (see Fig. 1 here, and color figs. 3
and 4 in his paper) and shows convincingly that shock-induced star formation
is spatially more extended and occurs earlier during the merger, which is in
significantly better accord with the observations.

One long-standing question has been whether high-velocity cloud–cloud
collisions (50 − 100 km s−1) contribute significantly to the triggering of star-
bursts (Kumai, Basu & Fujimoto 1993) or not. To address this issue, Whitmore
et al. (in prep.) measured Hα velocities of the gas associated with young mas-
sive clusters in the Antennae, using HST/STIS and positioning the 52 arcsecT
long slit of STIS along different groups of clusters. From many clusters in 7 re-
gions, the measured cluster-to-cluster velocity dispersion is < 10−12 km s−1,
which argues against high-velocity cloud–cloud collisions as a major trigger
of starbursts. Instead, the squeezing of GMCs by the general pressure increase
in the ISM (Jog & Solomon 1992) appears favored.

The role of magnetic fields in triggering starbursts in mergers remains un-
clear at present, but is beginning to be studied observationally. Chyży & Beck˙
(2004) have used the VLA to produce detailed maps of radio total power and
polarization in NGC 4038/39 (see Chyży, these proceedings). The derived˙
mean total magnetic field of ∼ 20µG is twice as strong as in normal spirals
and appears tangled in regions of enhanced star formation. The field peaks at
∼ 30µG in the southern part of the Overlap Region, suggesting strong com-
pression where the star-formation rate is highest. The crucial question to ad-
dress over the coming years is whether the enhanced magnetic field observed in
mergers merely traces compression, or whether it contributes to the triggering
of starbursts.

3. Spatially Extended Starbursts

Interaction-induced starbursts tend to be spatially extended (∼ 10−20 kpc)
for most of their duration. Only relatively late in a merger do they become
strongly concentrated.

For example, any good HST, Spitzer, or Chandra image of NGC 4038/39T
shows that enhanced star formation extends over a projected area of ∼ 8 × 11
kpc (Fig. 2). In the optical, Hα and blue images are best at showing the ex-
tended nature of the starburst. In the infrared, a Spitzer/IRAC image at 8µm
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Figure 2. Extended starburst in NGC 4038/39, as imaged by (left) HST (∼ 8 × 11 kpc field
of view) and (middle) Chandra. Right: Metallicity map for hot ISM, showing spotty chemical
enrichment (from Whitmore et al. 1999, Fabbiano et al. 2004, and Baldi et al. 2005).

emphasizes the warm dust associated with star formation throughout the two
disks, glowing especially bright in the optically obscured disk contact (“Over-
lap”) region (Wang et al. 2004). And in X-rays, a deep Chandra image displays
not only two disks filled with superbubbles of hot gas (typical diameter ∼ 1.5
kpc, T ≈ 5 × 106 K, M ≈ 105−6 M�), but also two giant, 10 kpc-size loops
extending to the south (Fig. 2, middle panel). Their nature remains unclear
(wind blown, or tidal ejecta?). These images illustrate that early in a merger
the extended starburst heats the ISM in a chaotic manner, rather than leading
to well-directed bipolar superwinds.

An interesting consequence of the extended starburst in NGC 4038/39 is the
spotty chemical enrichment of the hot ISM, observed for the first time in any
merger galaxy (Fabbiano et al. 2004, Baldi et al. 2005). The high signal-to-
noise (S/N) ratio of the Chandra emission-line spectra permits the determina-
tion of individual Fe, Ne, Mg, and Si abundances in ∼ 20 regions. Figure 2
(3rd panel, also color fig. 3 in Fabbiano et al. 2004) shows a metallicity map,
with various shades of gray marking individual elements. The α elements are
enhanced by up to 20 − 25× solar and follow an enhancement pattern dis-
tinctly different from Fe, as one would expect if they were recently produced
by SNe II. A question for future study is how such spotty chemical enrichment
may affect stars still to form.

Another important consequence of the large spatial extent of merger-induced
starbursts is that newly-formed stars decouple from the inward-trending gas
continuously and at many different radii. This process differs sharply from
the widely held misconception that such starbursts occur mainly in the central
kiloparsec, where they are being fueled by infalling gas. As a result of this ex-
tended star formation, radial age gradients in merger remnants are weak (e.g.,
Schweizer 1998). This is also the likely reason why in ellipticals age gradients
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Figure 3. Radial distributions of second-generation globular clusters (data points) and back-
ground V -band light (lines) in the merger remnants NGC 3921 (Schweizer et al. 1996) and NGC
7252 (Miller et al. 1997). The far-flung cluster distributions are remnant signatures of extended
starbursts.

are near zero, and mean metallicity gradients are only ∼ 40% per decade in
radius (Davies et al. 1993, Trager et al. 2000, Mehlert et al. 2003).

The strongest evidence linking extended starbursts to merger remnants and
ellipticals is the wide radial distribution of the resultant star clusters. In both
remnants (Fig. 3) and Es, second-generation metal-rich globular clusters track
the underlying light distribution of their host galaxies with surprising accuracy.
It is true that they tend to be more centrally distributed than metal-poor globu-
lars, but only by little. Typically, half of them lie within Reff ≈ 3− 5 kpc from
the center. This is consistent with some additional gaseous dissipation, but
completely inconsistent with nuclear-only (∼< 1 kpc) starbursts. Hence, wide-
flung globular-cluster systems are signatures of ancient extended starbursts.

4. Cosmological Implications

In 1972, Toomre & Toomre put forth the bold hypothesis that most giant
ellipticals might be the remnants of major disk–disk mergers. Toomre (1977)
elaborated on this idea, proposing a sequence of 11 increasingly merged disk
pairs and refining the argument that from the current merger rate one could
expect between 1/3 and all local ellipticals to be remnants of ancient mergers.
Much evidence has since been accumulated to support this hypothesis.

Yet, beginning with the 1996 release of the Hubble Deep Field data, a new
generation of astronomers has begun to study galaxy formation directly at high
redshifts, often with remarkable success, but too often also making claims
about elliptical formation that run afoul of the merger hypothesis and its strong
supporting evidence in the local Universe. For example, claims about (i) an
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“E formation epoch” ending around z ≈ 2 and (ii) constant co-moving space
densities of ellipticals since then abound, but are clearly mistaken.

Few astronomers would contest that disk–disk mergers are occurring locally
(z ≈ 0), and form remnants remarkably similar to young ellipticals. Evidence
that some field Es contain intermediate-age stellar populations is also increas-
ingly being accepted. What remains controversial is how most older ellipticals
formed, say the majority that formed during the first half of the Hubble time
and now appear uniformly old, crammed as they are into a small, 0.3 dex loga-
rithmic age interval. Did they form by major disk mergers as well, or did they
form by a process more akin to “monolithic collapse”?

First, the similarities between recent, ∼< 1 Gyr-old merger remnants like
NGC 3921 or NGC 7252 and giant Es (e.g., Toomre 1977, Schweizer 1982,
1996, Barnes 1998) are worth re-emphasizing. The above two remnants cur-
rently have luminosities of ∼ 2.8L∗

V and will still shine with ∼ 1.0L∗
V after

10 – 12 Gyr of evolution. They feature r1/4-type light distributions, power-law
cores, UBVI color gradients, and velocity dispersions typical of Es. Both also
possess many young, metal-rich halo globular clusters. They show integrated
“E + A” spectra indicative of b ∼> 10% starbursts (Fritze-v. Alvensleben &
Gerhardt 1994), as do many other similar young merger remnants in the lo-
cal Universe (Zabludoff et al. 1996). Hence, claiming that E formation ceased
around z ≈ 2 is as mistaken as would be any claim that star formation ceased
then. Local starbursts and merger remnants tell a different story.

Second, although the age distribution of local E and S0 galaxies is clearly
weighted toward old ages, it does show a tail of youngish galaxies, especially
in the field, with luminosity-weighted mean population ages of ∼ 1.5 − 5 Gyr
(González 1993, Trager et al. 2000, Kuntschner et al. 2002). Hence, in the field
E + S0 formation has clearly not ceased yet.

Third and to astronomers’ surprise, massive disk galaxies not unlike the
Milky Way have been discovered at 1.4 ∼< z ∼< 3.0 (Labbé et al. 2003) and
thus were available for major mergers at the epoch of peak QSO formation.
These galaxies seem to represent ∼ half of all galaxies with LV ≥ 3L∗

V at
those redshifts. Complementing such IR–optical observations, Genzel et al.
(2003) have found a large disk galaxy at z = 2.8, whose rapidly rotating CO
disk indicates a dynamical mass of ∼> 3 × 1011 M�. Even more surprising
is a massive old disk galaxy at z = 2.48 that shows a pure exponential disk
(α ≈ 1.7 kpc) and no bulge, has a luminosity of ∼ 2L∗

V , and has not formed
stars for the past ∼ 2 Gyr (Stockton et al. 2004). This galaxy indicates that
massive Milky Way-size disks were available for E formation through major
mergers even at z > 3.

With this high-z availability of disks and the above evidence that disk merg-
ers continue to form E-like remnants to the present epoch, it is instructive to
revisit Toomre’s (1977) argument that most ellipticals may be merger rem-
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Figure 4. Merger rates and numbers of merger remnants as functions of cosmic epoch. Left:
Toomre’s (1977) original sketch; Right: a modern version of it. For details, see text.

nants. Figure 4 shows, to the left, his original sketch of the merger rate, Ṅ(t),
as a function of time, t, and, to the right, a modern version of it, in which I
have plotted the rate and computed number of remnants vs. (1 + z). From
the ∼ 10 ongoing disk–disk mergers among ∼ 4000+ NGC galaxies and their
mean age of ∼ 0.5 Gyr, Toomre argued that there should be at least 250 rem-
nants among these NGC galaxies, had the rate stayed constant, and more likely
∼ 750 remnants if the merger rate declined as t−5/3 (assuming a flat distribu-
tion of binding energy for binary galaxies). The latter number being close to
the number of Es in the catalog, he suggested that most such galaxies may be
old merger remnants.

The top panel of the modern diagram shows the same rate, Ṅ ∝ t−5/3,
plotted vs. (1 + z) assuming that major disk merging began 1 Gyr (dotted
lines) or 2 Gyr (solid) after the Big Bang, with the corresponding numbers
of remnants labeled N1NN and N2NN in the bottom panel. Dashed lines mark the
case of constant Ṅ(t) for comparison, and epochs for the standard ΛCDM
cosmology are given at the top. Notice that major disk mergers beginning at
1 Gyr (z ≈ 5.6) would produce more remnants than needed to explain all
Es among present-day NGC galaxies, while such mergers beginning at 2 Gyr
(z = 3.15) would produce just about the right number. Interestingly, half of
the N2NN remnants would already have formed at z = 1.64 (dot on N2NN curve),
which may explain why observers are having a hard time deciding whether the
co-moving space density of Es changes from z ≈ 1.5 to 0 or not.

In summary, with massive disk galaxies already present at z ∼> 3, major
disk mergers must have contributed to a growing population of elliptical galax-
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ies ever since. Like star formation, E formation through major mergers is an
ongoing process in which gaseous dissipation and starbursts play crucial roles.
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Abstract Starbursts in interacting galaxies are mediated by the dynamical response of the
host galaxy to the collisional perturbation. Environmental effects may lead to
systematic differences in the nature of the encounter such that the properties of
induced starbursts are likely to be different in cluster and field environments. I
first discuss these differences in the context of numerical simulations of inter-
acting galaxies, then describe the role of cluster tides in influencing interaction-
induced star formation.

1. Introduction

Collisions and mergers of galaxies provide an efficient mechanism for driving
starburst activity in galaxies. Interacting galaxies show evidence for elevated
star-formation rates in all star-formation tracers, including Hα luminosities,
infrared emission, and radio continuum. Samples of ultraluminous infrared
galaxies are dominated by interacting systems, with a strong tendency toward
late-stage mergers (see, e.g., the review by Kennicutt 1998). However, the
detailed star-forming properties of interacting systems depend on a variety of
factors, and can be very different between the cluster and field environments.

2. Interactions: The Dynamical Trigger

Computational modeling of interacting galaxies has illustrated the dynami-
cal mechanism by which interactions drive starburst activity in disk galaxies.
After the initial encounter, the self-gravity of the disk amplifies the m = 2 per-
turbation of the companion into spiral arms or a central bar, which mediates
an inflow of gas to the central regions of the disk. If the interaction is strong
enough that the galaxies ultimately merge, a second phase of inflow can occur
during the coalescence phase. Strong starbursts are not confined to this late
phase, however; depending on the strength of the initial inflow, strong central
starbursts can result well before the galaxies merge.
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Because of the connection between the self-gravity of the disk and the trig-
gering of inflows, the detailed pattern of star formation in interacting systems
depends strongly on the structure of the host galaxies (Mihos & Hernquist
1996, Mihos et al. 1997). Suppressing the self-gravity of the disk, either
through the presence of a dominant central bulge or reduced disk surface den-
sity, results in milder inflows. This shifts the mode of star formation from
central starbursts to a milder, disk-wide increase in star-forming activity.

Figure 1 illustrates this behavior, showing the star-forming response of a
pair of equal-mass galaxies on a prograde orbit (disks inclined 45◦ to the or-
bital plane) with closest approach of rperi = 5 disk scale lengths. In this
encounter, one galaxy is a pure disk + dark halo model, while the other galaxy
possesses a central bulge (with a 1:3 bulge:disk ratio). The curves marked
“Slow” show the evolution of the star-formation rate during a slow, parabolic
encounter representative of collisions in field galaxies. In this encounter, the
disk-dominated model (left) develops an intense central starburst shortly after
perigalacticon (at t = 24), while the disk/bulge model shows a more modest
(but still significant) increase in the global SFR.

Certainly, the detailed star-formation evolution in models such as these are
sensitive to the parameterization of the star-formation law and treatment of
feedback from supernovae and stellar winds into the ISM. Nonetheless, the
overall picture of the timing and relative intensity of starbursts being mediated
by disk instabilities has been proven fairly robust in a variety of computational
studies with different approaches towards star formation and feedback (Mihos
& Hernquist 1996, Bekki 1998, Gerritsen 1998, Springel 2000; although see
interesting differences noted by Barnes 2004).

3. Cluster vs. Field Interactions

While the internal dynamics of the interacting galaxies play a crucial role
in the star-forming response, so too do the parameters of the interaction. Of
particular interest is the relative encounter velocity; the encounter velocities
in galaxy clusters can be much higher than in the field, making the pertur-
bation more impulsive in nature. To investigate the resulting behavior of the
star-formation rate, the simulations described above were repeated with a hy-
perbolic encounter velocity twice that of the slow, parabolic encounter. The
curves marked “Fast” in Fig. 1 show the star-formation evolution in this sim-
ulation. In the pure disk galaxy, the disk still amplifies the perturbation into a
strong bar (although it takes longer to develop), driving a central starburst. The
model with a central bulge, however, proves quite impervious to the interac-
tion: the combination of a fast encounter and the stabilizing effect of a central
bulge means that the disk/bulge galaxy experiences little evolution in its SFR
at all.
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Figure 1. Evolution of the global star-formation rate (in relative units) vs. time for slow and
fast collisions of equal mass disk galaxies with and without central bulges. Unit time is roughly
13 Myr, and closest encounter occurs at t = 24. The encounters are distant enough that the
galaxies do not merge over the timescales shown here. Note the scale change in the vertical axis
between the two figures.

These simulations suggest that the evolution of interacting galaxies depends
strongly on both the environment and the nature of the progenitor. Large, early-
type cluster spirals may be relatively impervious to collisionally-induced star-
bursts, while late-type spirals will react more strongly. If late-type low surface
brightness spirals are preferentially dark matter dominated (de Blok & Mc-
Gaugh 1998), the suppression of disk instabilities may reduce their response
over that shown in the pure disk/halo models in Fig. 1 (Mihos et al. 1997), but
in this case repeated encounters may ultimately drive strong evolution (Moore
et al. 1996).

Other caveats remain. It is not clear at all that the typical encounter velocity
of infalling cluster galaxies should be so high; galaxies are accreted in infalling
groups, where the relative encounter velocities may be more like those in the
field. Also, ram-pressure stripping by the hot intracluster gas may deprive
galaxies of gas to fuel a starburst response; however, many blue and post-
starburst galaxies in clusters appear to be interacting systems (e.g., Lavery &
Henry 1994, Caldwell et al. 1999), which argues that ram-pressure stripping
cannot completely inhibit interaction-induced starburst activity.

4. The Role of Tidal Debris

Aside from star formation induced in the main body of the galaxies, the tidal
debris may also participate in the star-forming response of the system. Star-
forming knots have been observed in many tidal tails, and have been suggested
to be the progenitors of dwarf galaxies (e.g., Duc et al. 2000). Additionally,
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gas expelled in tidal tails during a merger will fall back into the remnant over
long timescales (Hibbard & Mihos 1995), leading to late star formation and
perhaps the reformation of low-mass disks (Hibbard et al. 1994, Schweizer
1998, Barnes 2002).

These scenarios have been well-demonstrated in field mergers through nu-
merical simulations showing compression and collapse of tidal debris (Barnes
& Hernquist 1992, Elmegreen et al. 1993) as well as late infall and disk forma-
tion (Mihos & Hernquist 1996, Barnes 2002), the efficacy of these mechanisms
in the cluster environment will be strongly suppressed. The tidal field of the
cluster can efficiently strip the loosely-bound tidal debris from interacting sys-
tems, even well outside the cluster core. Factor in ram-pressure stripping of
the low density, patchy gas in the tidal debris, and the possibility for star for-
mation in the tidal debris is small indeed – the efficacy of building tidal dwarfs
in this environment is questionable. Similarly, late infall of stripped material
is strongly curtailed — disk rebuilding (like that which may be occurring in
Centaurus A) will be impossible in cluster galaxies. This presents significant
problems for models for the production of cluster S0’s which rely on the re-
accretion or reformation of disk gas during strong encounters with the cluster
environment.
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Abstract Current empirical evidence on the star-formation processes in the extreme, high-
pressure environments induced by galaxy encounters (mostly based on high-
resolution Hubble Space Telescope observations) strongly suggests that star clus-
ter formation is an important and perhaps even the dominant mode of star forma-
tion 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 sup-
port to the scenario that GCs, which were once thought to be the oldest building
blocks of galaxies, are still forming today. Here, I present a novel empirical
approach to assess the shape of the initial-to-current YMC mass functions, and
hence their possible survival chances for a Hubble time.

1. Star clusters as starburst tracers

The production of luminous, massive yet compact star clusters seems to be a
hallmark of the most intense star-forming episodes in galaxies. Young massive
star clusters (YMCs; with masses often significantly exceeding MclMM = 105M�)
are generally found in intense starburst regions, often in galaxies involved in
gravitational interactions of some sort (e.g., de Grijs et al. 2001, 2003a,b,c,d,e,
and references therein).

An increasingly large body of observational evidence suggests that a large
fraction of the star formation in starbursts actually takes place in the form of
such concentrated clusters, rather than in small-scale star-forming “pockets”.
YMCs are therefore important as benchmarks of cluster formation and evolu-
tion. They are also important as tracers of the history of star formation of their
host galaxies, their chemical evolution, the initial mass function (IMF), and
other physical characteristics in starbursts.

Using optical observations of the “Mice” and “Tadpole” interacting galaxies
(NGC 4676 and UGC 10214, respectively) – based on a subset of the Early Re-
lease Observations obtained with the Advanced Camera for Surveys on board
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the Hubble Space Telescope (HST) – and the novel technique of pixel-by-pixel
analysis of their colour-colour and colour-magnitude diagrams, we deduced
the systems’ star and star cluster formation histories (de Grijs et al. 2003e).
In both of these interacting systems we find several dozen YMCs (or, alterna-
tively, compact star-forming regions), which overlap spatially with regions of
active star formation in the galaxies’ tidal tails and spiral arms (from a com-
parison with Hα observations that trace active star formation; Hibbard & van
Gorkom 1996). The tidal tail of the Tadpole system is dominated by star-
forming regions, which contribute ∼ 70% of the total flux in the HST F814W
filter (decreasing to ∼ 40% in the F439W filter). If the encounter occurs be-
tween unevenly matched, gas-rich galaxies then, as expected, the effects of
the gravitational interaction are much more pronounced in the smaller galaxy.
For instance, when we compare the impact of the interaction as evidenced by
star cluster formation between M82 (de Grijs et al. 2001, 2003b,c) and M81
(Chandar et al. 2001), or the star cluster formation history in M51 (Bik et
al. 2003), which is currently in the process of merging with the smaller spiral
galaxy NGC 5194, the evidence for enhanced cluster formation in the larger
galaxy is minimal if at all detectable.

Nevertheless, we have shown that star cluster formation is a major mode of
newly-induced star formation in galactic interactions, with ≥ 35% of the active
star formation in encounters occurring in YMCs (de Grijs et al. 2003e).

The question remains, however, whether or not at least a fraction of the nu-
merous compact YMCs seen in extragalactic starbursts, may be the progenitors
of GC-type objects. If we could settle this issue convincingly, one way or the
other, the implications of such a result would have profound and far-reaching
implications for a wide range of astrophysical questions, including (but not
limited to) our understanding of the process of galaxy formation and assembly,
and the process and conditions required for star (cluster) formation. Because of
the lack of a statistically significant sample of similar nearby objects, however,
we need to resort to either statistical arguments or to the painstaking approach
of one-by-one studies of individual objects in more distant galaxies.

2. From YMC to old globular cluster?

The present state-of-the-art teaches us that the sizes, luminosities, and –
in several cases – spectroscopic mass estimates of most (young) extragalactic
star cluster systems are fully consistent with the expected properties of young
Milky Way-type GC progenitors.

However, the postulated evolutionary connection between the newly formed
YMCs in intensely star-forming areas, and old GCs similar to those in the
Galaxy is still a contentious issue. The evolution and survivability of YMCs
depend crucially on the stellar IMF of their constituent stars (cf. Smith &
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Gallagher 2001): if the IMF is too shallow, i.e., if the clusters are signifi-
cantly depleted in low-mass stars compared to (for instance) the solar neigh-
bourhood, they will disperse within a few (galactic) orbital periods, and likely
within about a billion years of their formation (e.g., Smith & Gallagher 2001,
Mengel et al. 2002). Ideally, one would need to obtain (i) high-resolution
spectroscopy of all clusters in a given cluster sample in order to obtain dynam-
ical mass estimates (we will assume, for the purpose of the present discussion,
that our YMCs are fully virialised) and (ii) high-resolution imaging (e.g., with
the HST) to measure their luminosities and sizes. However, individual YMCTT
spectroscopy, while feasible today with 8m-class telescopes for the nearest sys-
tems, is very time-consuming, since observations of large numbers of clusters
are required to obtain statistically significant results. Instead, one of the most
important and most widely used diagnostics, both to infer the star (cluster) for-
mation history of a given galaxy, and to constrain scenarios for its expected
future evolution, is the distribution of cluster luminosities, or – alternatively
– their associated masses, commonly referred to as the cluster luminosity and
mass functions (CLF, CMF), respectively.

Starting with the seminal work by Elson & Fall (1985) on the young cluster
system in the Large Magellanic Cloud (LMC; with ages ≤ 2 × 109 yr), an
ever increasing body of evidence, mostly obtained with the HST, seems toT
imply that the CLF of YMCs is well described by a power law. On the other
hand, for the old GC systems in the local Universe, with ages ≥ 10 Gyr, the
CLF shape is well established to be roughly lognormal (Whitmore et al. 1993,
Harris 1996, 2001, 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 (and CMF) will be rapidly transformed into a lognormal distribu-
tion (e.g., Elmegreen & Efremov 1997, Gnedin & Ostriker 1997, Ostriker &
Gnedin 1997, Fall & Zhang 2001). We recently reported the first discovery of
an approximately lognormal CLF (and CMF) for the star clusters in M82’s fos-
sil starburst region “B”, formed roughly simultaneously in a pronounced burst
of cluster formation (de Grijs et al. 2003b; see also Goudfrooij et al. 2004).
This provides the very first sufficiently deep CLF (and CMF) for a star cluster
population at intermediate age (of ∼ 1 Gyr), which thus serves as an important
benchmark for theories of the evolution of star cluster systems.

The CLF shape and characteristic luminosity of the M82 B cluster system is
nearly identical to that of the apparently universal CLFs of the old GC systems
in the local Universe. This is likely to remain virtually unchanged for a Hubble
time, if the currently most popular cluster disruption models hold. With the
very short characteristic cluster disruption time-scale governing M82 B (de
Grijs et al. 2003c), its cluster mass distribution will evolve toward a higher
characteristic mass scale than that of the Galactic GC system by the time it
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reaches a similar age. Thus, this evidence, combined with the similar cluster
sizes (de Grijs et al. 2001), lends strong support to a scenario in which the
current M82 B cluster population will eventually evolve into a significantly
depleted old Milky Way-type GC system dominated by a small number of
high-mass clusters (de Grijs et al. 2003b). This implies that (metal-rich) GCs,
which were once thought to be the oldest building blocks of galaxies, are still
forming today in galaxy interactions and mergers.

3. The LV − σ0 relation as a diagnostic tool

We have recently started to explore a new, empirical approach to assess
the long-term survival chances of YMCs formed profusely in intense starburst
environments (de Grijs, Wilkinson & Tadhunter 2005). The method hinges
on the empirical relationship for old Galactic and M31 GCs, which occupy
tightly constrained loci in the plane defined by their V -band luminosities, LV

(or, equivalently, absolute magnitudes, MVMM ) and central velocity dispersions,
σ0 (Djorgovski et al. 1997 and references therein; see Fig. 1).

Encouraged by the tightness of the GC relationship, we also added the avail-
able data points for the YMCs in the local Universe, including nuclear star
clusters (objects 1–5), for which velocity dispersion information was readily
available. In order to be able to compare them to the ubiquitous old Local
Group GCs, we evolved their luminosities to a common age of 12 Gyr, adopt-
ing the “standard” Salpeter IMF covering masses from 0.1 to 100 M�, and
assuming stellar evolution as described by the GALEV SSPs (cf. Anders &
Fritze–v. Alvensleben 2003). Based on a careful assessment of the uncertain-
ties associated with this luminosity evolution, we conclude that the most im-
portant factor affecting the robustness of our conclusions is the adopted form
of the stellar IMF.

We find that if we adopt the universal solar neighbourhood IMF as the
basis for the YMCs’ luminosity evolution, the large majority will evolve to
loci within twice the observational scatter around the best-fitting GC relation-
ship. In the absence of significant external disturbances, this implies that these
objects may potentially survive to become old GC-type objects by the time
they reach a similar age. Thus, these results provide additional support to
the suggestion that the formation of proto-GCs appears to be continuing until
the present. Detailed one-to-one comparisons between our results based on
this new method with those obtained previously and independently based on
dynamical mass estimates and mass-to-light (M/L) ratio considerations lend
strong support to the feasibility and robustness of our new method. The key
characteristic and main advantage of this method compared to the more com-
plex analysis involved in using dynamical mass estimates for this purpose is
its simplicity and empirical basis. Where dynamical mass estimates require
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Figure 1. Diagnostic figure used to predict the chances of survival to old GC-type ages for
YMCs with (central) velocity dispersion measurements available in the literature. The filled
symbols correspond to the old GCs in the Local Group (see legend); the best-fitting relation
for these old clusters is shown by the long-dashed line. The short-dashed lines are displaced
from this best-fitting relationship by, respectively, 2, 3, and 4 times the scatter in the data points
around the best-fitting line, σscatter. The dotted line is the Faber-Jackson relationship for el-
liptical galaxies (see de Grijs et al. 2005), which bisects the locus of the ultracompact dwarf
galaxies (UCDs). The numbered open circles are the locations of the YMCs with measured
velocity dispersions, which we have evolved to a common age of 12 Gyr (represented by the
dotted arrows) using the GALEV SSP models for the appropriate metallicity and age of these
objects. The remaining open circles are the young compact clusters in the LMC and SMC. The
most massive GCs in both the Galaxy and M31 (ω Cen and G1, respectively) are also indicated.

one to obtain accurate size estimates and to make assumptions regarding a sys-
tem’s virialised state and M/L ratio, these complications can now be avoided
by using the empirically determined GC relationship as reference. The only
observables required are the system’s (central or line-of-sight) velocity disper-
sion and photometric properties.

Careful analysis of those YMCs that would overshoot the GC relationship
significantly if they were to survive for a Hubble time show that their unusually
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high ambient density likely has already had a devastating effect on their stellar
content, despite their young ages, thus altering their present-day mass function
(PDMF) in a such a way that they have become unstable to survive for any
significant length of time. This is, again, supported by independent analyses,
thus further strengthening the robustness of our new approach. The expected
loci in the LV − σ0 plane that these objects would evolve to over a Hubble
time are well beyond any GC luminosities for a given velocity dispersion, thus
leading us to conclude that they will either dissolve long before reaching GC-
type ages, or that they must be characterised by a PDMF that is significantly
depleted in low-mass stars (or highly mass segregated). This, therefore, allows
us to place moderate limits on the functionality of their PDMFs.
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Abstract New hydrodynamic models with feedback show that feedback-driven turbulence
and subsequent relaxation can drive recurrent starbursts, although most of these
bursts fizzle due to premature, asymmetric ignition. Strong bursts are terminated
when the turbulence inflates the multiphase central disk. The period between
bursts is about twice a free-fall time onto the central disk. Transient spirals and
bars are common through the burst cycle.

There has been much discussion at this meeting on triggering mechanisms
for starbursts. This topic is especially interesting when galaxy interactions,
bar-driven inflows and other obvious sources of triggering are absent. Two
other interesting questions are, what turns off starbursts, and are starbursts nat-
urally recurrent given an adequate gas supply? And finally, if they are recur-
rent, is the process deterministic or stochastic?

There are many candidate mechanisms for terminating bursts (see review of
Leitherer 2001), including (i) gas consumption, (ii) gas loss to the wind, (iii)
conversion of cold gas to warm/hot phases, and (iv) inflation of the central disk
without total conversion to hot phases (as in dwarf galaxy models). The lat-
ter two allow recurrence, the first two do not. Since there are many complex
processes involved, with incomplete sampling in any one observational wave-
band, it is hard to assemble a complete picture. Many models have been made
of particular parts of the coupled starburst plus wind phenomena.

Although models for all of the thermo-hydrodynamic aspects of the star-
burst/wind phenomena are not possible, exploratory models of some of the
important couplings can shed light on the questions above. As a step towards
that goal, I present here some preliminary results of numerical hydrodynami-
cal models. These are N -body/SPH models carried out with the HYDRA3.0
code of Couchman, Thomas & Pearce (1995), which includes optically thin
radiative cooling (Sutherland & Dopita 1993) for temperatures above 104K.
The model galaxies consist of three components: a dark matter halo (10,000
collisionless particles), a stellar disk (9,550 collisionless particles), and a gas
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disk (9,550 SPH particles). The mass per particle is 6 × 106 M�, and the total
galaxy mass is 1.75 × 1011 M�.

A feedback prescription was also added to the HYDRA code. A gas particle
is marked as star forming in this prescription when its temperature is less than
a threshold value of about 104K, its density is above a threshold value of about
0.14 cm−3, and these thresholds are not re-crossed during a time of about 107

yr. The latter condition is a computationally cheap way of insuring that the
cold, dense region is likely bound. The small value of the density threshold is
a symptom of the modest particle resolution. Regions that are much denser are
rarely resolved, but we assume that they exist within the densest regions.

Once the heating is initiated it is maintained for 107 yr, and the particle in-
ternal energy is increased by 10% in each time-step (typically about 105 yr)
until a maximum temperature of about 106K is reached. This corresponds to
an energy input of 1.1×1054 erg per star-forming particle. (This feedback for-
mulation is discussed in more detail, and compared to others, in Smith [2001].)

If we assume that a typical supernova (SN) injects about 1051 erg into the
gas, then about 1100 SNe are needed to generate this feedback energy. If we
assume that the mass of a typical SN is about 10 M�, and adopt a Salpeter mass
function over a range of 0.2 − 100 M�, then about 10% of the stars are SN
progenitors, and we need to form a star cluster of mass � 105 M� to obtain the
needed energy. This is about 2% of the gas particle mass. Gas consumption is
not included in these models, or equivalently we assume instant replenishment
of the (small) losses.

These energy estimates do not include losses due to cooling (until the heat-
ing is terminated). However, feedback heating should not be directly equated
to thermal energy. It is also an algorithm for inducing increased kinetic energy
and mass motions via local pressure effects, which begin at a “sub-grid” scale.
Once the heating is turned off, the affected particles can cool rapidly due to
both adiabatic expansion and radiative cooling. The net pressure generated by
the feedback, and its effects on surrounding particles seem generally realistic,
even if the thermal details are unresolved. In the future, these details must be
resolved to determine quantities like the mass fractions and scale heights of
different thermal phases.

The first result is that with sufficient gas supply, and reasonable feedback
parameter values, the models are intrinsically bursty at a moderate level, see
Fig. 1 (and the accompanying CD-ROM for supplementary material). The ini-
tial model was allowed to relax with an adiabatic equation of state plus cooling,
but without feedback. The feedback was turned on at the start of these runs,
which resulted in some large amplitude bursts. After that the models settled
down to a more “steady, bursty” character with the following characteristic
properties. (i) The largest bursts are roughly periodic, with a period of a bit
less than 100 Myr. This period is much longer than the time delays of the feed-
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back model. (ii) The amplitude of the largest bursts varies substantially. The
horizontal line in the figure serves as a useful guide. The case shown by the
dashed curve has about an equal number of burst peaks above this line and just
below it. The case shown by the solid curve has bursts that peak significantly
below the line for most of a Gyr, then several bursts that peak above it, includ-
ing the double burst between the vertical lines. (iii) The burst durations are
typically about 10 Myr (like the feedback time delay), but double or multiple
echo bursts are not uncommon.
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Figure 1. The number of actively heating (feedback) particles, assumed proportional to the
SFR, as a function of time in two models with essentially identical initial conditions. The
horizontal line in the figure is drawn at the level of the mean plus 2 standard deviations, see text.

I have analyzed the bursts that peak above the 2σ horizontal line, but ex-
cluding the initial transients, in more detail. Adopting the star-formation (SF)
mass per particle and IMF described above, the stellar mass produced in these
bursts ranges from (4− 50)× 106 M�, with a mean of 30× 106 M�. The cor-
responding star-formation rate (SFR) ranges from 1.6 − 3.6 M� yr−1. These
seem to be fairly reasonable values for an isolated core starburst in a late type
galaxy, and so support the parameter values used in the feedback algorithm.
However, a number of questions remain.

What determines the burst period? The burst period is slightly less than
twice the free-fall time of a particle at 2 − 3 kpc above the disk plane, or the
time for a boosted gas particle to travel to the top of its trajectory and return to
the plane, as observed in the models.

Why do the burst peaks vary so much? Viewed from above, the nuclear
disk gas is usually found to be concentrated in flocculent spirals, and transient,
rather irregular bars. After a starburst large bubbles and voids often appear,
and the spirals and bars are disrupted or rearranged. A great deal of turbulence
is generated. The next burst is more likely to be of large amplitude if these
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waves reform symmetrically and transfer a relatively large amount of gas to the
center. More frequently, these waves develop asymmetrically, and an off-center
gas concentration triggers a SF hot spot prematurely. This often leads to some
propagating SF, but destroys the chance for a large burst. In the case, shown
by the solid curve in Fig. 1, successive “fizzles” extend the time between large
bursts to nearly 1.0 Gyr.

Where is the wind? Observations indicate that the wind mass is roughly
equal to the mass of stars produced in the burst (see Strickland 2004). The hot
wind is not resolved in these models. The models do suggest that the SF that
generates it occurs in patchy concentrations. Thus, the wind is probably a sum
of local gusts. This seems in accord with recent observations of M82 and Arp
284 presented at this meeting and observations of other starburst galaxies.

What about all the gas boosted out of the plane? First, there is evidence
indicating that substantial masses of gas are kicked out over kpc distances by
bursts. This evidence includes the large HI scale heights in M82 and NGC
2403 (Fraternali et al. 2004), extended dust distributions in edge-on galaxies
(e.g., NGC 891; Howk & Savage 2000), evidence that molecular clouds are
broken down but not destroyed in starburst regions (Gao & Solomon 2004),
and the small filling factor of the hot gas in wind galaxies (Strickland 2004).
The high-latitude gas in the models has a wide range of thermal phases.

In summary, the simulations suggest a mosaic model for core starbursts,
with the following properties. (i) Star clusters form in the densest regions, cre-
ate hot spots, which may eventually break out as wind gusts. (ii) Hot spots also
drive turbulence over a wider area, and can propagate the SF. (iii) Eventually,
central regions become so turbulently stirred, shredded and puffed up that SF
crashes. (iv) If not too much gas is consumed or blown out, clouds reform
and generate recurrent bursts. The models suggest that starbursts are naturally
recurrent. We have not yet undertaken models of bursts driven by rapid mass
transfer or merging, but it seems likely that they can overcome the fizzle effect
and drive large burst amplitudes.
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Abstract The most extreme starbursts occur in galaxy mergers, and it is now acknowl-
edged that dynamical triggering has a primary importance in star formation. This
triggering is due partly to the enhanced velocity dispersion provided by gravita-
tional instabilities, such as density waves and bars, but mainly to the radial gas
flows they drive, allowing large amounts of gas to condense towards nuclear re-
gions on a short time scale. Numerical simulations including several gas phases,
taking into account the feedback to regulate star formation, have explored the
various processes, using recipes like the Schmidt law, moderated by the gas in-
stability criterion. Perhaps the most fundamental parameter in starbursts is the
availability of gas: this sheds light onto the amount of external gas accretion
in galaxy evolution. The detailed mechanisms governing gas infall in the inner
parts of galaxy disks are discussed.

1. Introduction

The most spectacular evidence for dynamical triggering of starbursts is that
ULIRGs are all mergers of galaxies (e.g., Sanders & Mirabel 1996). They have
much more gas, dust and young stars than normal spiral galaxies, but they are
quite rare objects in the nearby Universe. However, interacting galaxies do not
exhibit intense starbursts (e.g., Bergvall et al. 2003, but see Barton et al. 2000,
Nikolic et al. 2004), or only in their centers. From many observational studies,
it appears that galaxy interactions are a necessary condition, but not a sufficient
condition to trigger a starburst. Another necessary condition, of course, is the
presence of large amounts of gas.

For small systems, interactions are even not necessary, since spontaneous
star formation can occur intermittently in bursts. Starbursting dwarf galaxies
have no excess of companions (Telles & Maddox 2000, Brosch et al. 2004,
except Blue Compact Dwarfs according to Hunter & Elmegreen 2004). Thus,
for dwarf galaxies tides are not very important. It is possible instead that the
gas in these objects, having been accreted recently, is not yet in dynamical
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equilibrium: observed asymmetries could be due to gas sloshing inside dark
haloes.

It is possible today to trace the star formation and chemical enrichment his-
tory of nearby galaxies, by studying their stellar populations and their metallic-
ity in detail. The star-formation history in the Small Magellanic Cloud reveals
some bursts corresponding to pericenters with the Milky Way (Zaritsky & Har-
ris 2004). The tidally-induced fraction of star formation could be between 10
and 70%. A good fit is impossible, however, without large amounts of gas in-
fall, at least 50%. For two local dwarfs, Skillman et al. (2003) conclude also
that the bulk of star formation is recent, unlike the predictions of an exponen-
tially decreasing star-formation history, if the system had acquired most of its
mass at early times (Fig. 1).

Figure 1. Star formation and metal enrichment histories derived for IC 1613 and the Leo I
dwarf by Skillman et al. (2003). It is remarkable that the bulk of the star formation and metal
enrichment has occurred since z = 1.

2. Dynamical Processes

Empirically, star formation is observed to obey a global Schmidt law, where
the rate of SF per unit surface area is a power n = 1.5 of the average gas
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surface density in a galaxy (e.g., Kennicutt 1998). It is remarkable that this law
holds with the same slope and is continuous, for interacting and non-interacting
objects, pointing to the gas supply as the main factor.

This empirical law can be interpreted through several processes: Jeans in-
stability, since the SFR is then proportional to the density, ρ, and inversely pro-
portional to the dynamical time in ρ−1/2, or cloud-cloud collisions (Elmegreen
1998), contagious star formation, associated with feedback (generating chaotic
conditions), etc. These processes are able, without dynamical trigger, to yield
episodic bursts of star formation, and this is well suited to dwarf galaxies, see
Fig. 2 (Köppen et al. 1995, Pelupessy et al. 2004)

Figure 2. Star-formation history of a simulated dwarf galaxy. The dotted line indicates the
SFR for a run with 50% reduced feedback strength (from Pelupessy et al. 2004).

For larger systems, large-scale dynamical instabilities must be invoked. Den-
sity waves, in creating shocks and concentrations of mass in spiral arms, can
favor star formation, but starbursts require gathering large amounts of gas in
a small area. Radial gas flows due to bars, or spiral torques are then at work,
leading to molecular gas concentrations, and circumnuclear starbursts (e.g.,
Buta & Combes 1996, Sakamoto et al. 1999, Knapen 2005). In galaxy clus-
ters, star formation could be induced by shocks due to interactions with the
intra-cluster medium (Bekki & Couch 2003).

ULIRGs

Ultraluminous infrared galaxies have not only more gas and star formation,
but also an enhanced star-formation efficiency (SFE), defined as the ratio of
SFR traced by the far-infrared luminosity to the available fuel, traced by the
CO emission (for the H2 gas). More generally, in interacting galaxies, the CO
emission relative to blue luminosity is multiplied by 5 and more concentrated
(Braine & Combes 1993). This certainly means that the H2 content is larger;
the interpretation in terms of a lower CO-to-H2 conversion factor would lead
to an excessive star-formation efficiency SFE = L(FIR)/M (H2).

This enhanced gas amount and concentration can be explained by the grav-
itational torques of the interactions driving gas very quickly to the centers.
Gas in ULIRGs is concentrated in central nuclear disks or rings (Downes &
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Solomon 1998). The condition to have a starburst is to accumulate gas in a
time short enough that feedback mechanisms have no time to regulate. Also,
the tidal forces are generally compressive in the centers, which favors cloud
collapse.

Compressive tidal forces

For a spherical density profile, modelled as a power-law ρ(r) ∼ r−α, the
corresponding acceleration is in r1−α, so the gravitational attraction can in-
crease with distance from center, if 0 < α < 1. Therefore the tidal force is
then compressive: FtidFF ∼ (1 − α)r−α, in particular for a core with constant
density (α = 0). The rotation curve VrotVV in r1−α/2, would then be almost
rigid rotation. Molecular clouds inside the core are then compressed, and star
formation can be triggered.

This phenomenon can also explain the formation of nuclear starbursts and
young nuclear stellar disks in some barred galaxies. Decoupled stellar nuclear
disks are frequently observed in double-barred Seyfert galaxies (Emsellem et
al. 2001). The observed velocity dispersion reveals a characteristic drop in
the center. The proposed interpretation invokes star formation in a decoupled
nuclear gas disk (Wozniak et al. 2003).

Star-formation recipes

Numerical simulations use recipes for star formation and feedback phenom-
ena, since this is sub-grid physics (Katz 1992, Mihos & Hernquist 1994, 1996).
These recipes include the Schmidt law with exponent n = 1.5, together with a
gas density threshold. The star-formation rate is, however, generally decreas-
ing exponentially with time in isolated systems, even taking into account stellar
mass loss (see Fig. 3). When comparing the star-formation history in an iso-
lated galaxy with respect to a merger, the exponential law dominates, unless
the SFR is normalised to the isolated case.

According to the detailed geometry, mass ratios or dynamical state of the
merging galaxies, star formation can be delayed until the final merger, but the
availability of gas is the main issue.

Importance of gas accretion

Galaxies in the middle of the Hubble sequence have experienced about con-
stant SFR during their lives (Kennicutt et al. 1994, Brinchmann et al. 2004
[SDSS]). The study of stellar populations in the large SDSS sample has shown
that only massive galaxies have formed most of their stars at early times, while
dwarfs are still forming now (Heavens et al. 2004). Only intermediate masses
have, on average, maintained their star-formation rate over a Hubble time.
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Figure 3. Star-formation history during a major merger of two Sb spiral galaxies: Left: the
star-formation rate versus time, showing the global exponential decline; Right: the ratio between
SFR in the merger run and the corresponding control run with the two galaxies isolated.

Even taking into account stellar mass loss, an isolated galaxy should have
an exponentially decreasing star-formation history. Galaxies must therefore
accrete large amounts of gas mass during their lives to fuel star formation.

Large amounts of gas accretion are also required to explain the observed
present-day bar frequency (Block et al. 2002). Numerical simulations reveal
that bars in gaseous spirals are quickly destroyed, and only gas accretion can
trigger their reformation (Bournaud & Combes 2002). To have the right fre-
quency of bars at the present time, gas accretion must double the galaxy mass
in 10 Gyr. This gas cannot come from dwarf companions: they can provide at
most 10% of the required gas and their dynamical interactions heat the disk.
What is required is continuous cold gas accretion, which could come from the
cosmological filaments in the close proximity of galaxies.

3. Conclusion

Star formation depends essentially on the gas supply. External gas accretion
is essential for the efficiency of dynamical triggering. Galaxy interactions,
and the accompanying bars and spirals, help to drive the accreted gas radially
inwards and trigger central starbursts.
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Gas accretion regulates not only the star-formation history in galaxies, but
also their dynamics (bars, spirals, warps, m = 1, ...), since bars require gas to
reform, in a self-regulating process.

Depending on the environment, hierarchical merging or secular evolution
prevail. In the field, accretion is dominant, and explains bars and spirals, and
the constant star-formation rate for intermediate types. In rich environments,
galaxy evolution is faster, interactions and mergers are much more important;
secular evolution of galaxies is halted at z ∼ 1, since galaxies are stripped
from their gas reservoirs.
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Abstract Integral field optical fiber spectroscopy obtained with the INTEGRAL system,
together with archival HST (WFPC2 and NICMOS) images, is used to carry
out a program aimed at studying the internal physical structure and kinematics
of a representative sample of Ultraluminous Infrared Galaxies (ULIRGs). Our
goals are to characterize each individual system in order to infer generic proper-
ties of ULIRGs, and to perform simulations of high-redshift galaxy observations
with JWST instruments. This work will be useful for stablishing connections
between local ULIRGs and high-z galaxies, such as sub-mm galaxies, Lyman
break galaxies and Spitzer galaxies. Here, we present results related to the kine-
matic properties of these systems, and the implications when deriving dynamical
masses of high-redshift galaxies. Some results for IRAS 16007+3743 are shown
too.

1. Introduction

ULIRGs (Lbol ≈ LIR ≥ 1012 L�) are the most luminous objects in the
local Universe. With large amounts of gas and dust, the vast majority of the
local ULIRGs show signs of interactions and mergers (Bushouse et al. 2002),
which trigger the intense starburst activity; this activity is believed to be their
major energy source (Genzel et al. 1998). On the other hand, ULIRGs seem to
be transforming gas-rich disk galaxies into moderate mass (< M∗) ellipticals
through merging processes (Genzel et al. 2001). This could be the physical
mechanism for forming the massive old galaxies recently detected at high z
(Cimatti et al. 2004).

At high redshift, sub-mm galaxies (SMGs) have large quantities of internal
gas and dust, and intense starburst activity triggered by mergers and/or AGN
activity (Blain et al. 2002); for these reasons the sub-mm sources are believed
to be ULIRGs at high redshift. One of the fundamental parameters of the
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galaxies is the dynamical mass, which has not yet been studied in detail at high
z; this parameter will be derived by measuring the kinematics of the warm,
ionized gas with optical emission lines, through studying the CO emission lines
of the cold molecular gas, or the absorption lines of the near-IR CO band. Thus,
it is important to investigate the agreement between the different methods used
to trace the mass, and to establish how reliable they are in a sample of low-z
ULIRGs.

2. The sample of ULIRGs

Our program is based on Integral Field Spectroscopy (IFS) data of low-z
ULIRGs using the INTEGRAL system, complemented with HST high-resolu-
tion images. The sample consists of 20 galaxies, and covers different phases
of interaction processes and all types of activity, from starbursts to QSO-like
galaxies. Warm (f25ff µm/f60ff µm ≥ 0.2) and cool (f25ff µm/f60ff µm < 0.2) galaxies
are included in the sample too; all objects have z < 0.2.

The IFS data were obtained with INTEGRAL, a fiber system on the William
Herschel Telescope (WHT; Arribas et al. 1998). The current configuration
provides a 12 × 16 arcsec2 FOV, a fiber diameter of 0.9 arcsec, and is capable
of obtaining ∼ 200 spectra simultaneously, covering the range 5000− 9000 Å
at ∼ 4.5 Å resolution.

3. IRAS 16007+3743

As an example, the 2D maps obtained from INTEGRAL spectra are shown
for the galaxy IRAS 16007+3743 (García-Marín 2005), a ULIRG with LIR =
1012.11 L�, located at z ∼ 0.18; for this redshift 1 arcsec = 3.0 kpc (H0HH = 70
km s−1 Mpc−1, Ωm = 0.3 and ΩΛ = 0.7).

The HST I-band image compares well with the IFS red continuum, when
the different spatial resolutions are taken into account. The system is composed
of two galaxies in the process of merging, with two well-differentiated nuclei,
identified as A and B in Fig. 1. Morphologically, this ULIRG shows a complex
structure including well-developed tidal tails and plumes, as observed in many
other ULIRGs.

The brightest Hα, Hβ and [OIII]λ5007 emission (identified as C) shows the
location of star-forming regions along the tidal tail, whereas the peak of the red
continuum (nucleus B) is located about 9 kpc to the south. On the other hand,
the [SII] emission-line peak coincides spatially with that of the red continuum.

As expected, dust is concentrated in the nuclear zones, and produces a visual
extinction ranging from AV = 2.2 (region C) to AV = 5.6 (nucleus B) magni-
tudes. Although region C has an apparent Hα flux � 2 times larger than that of
nucleus B, the extinction-corrected Hα luminosities correspond to 2.4 × 1041

erg s−1 (region C) and 5.9 × 1042 erg s−1 (nucleus B). The Hα-derived star-
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Figure 1. This panel summarizes the results for IRAS 16007+3743 from INTEGRAL IFS
data, and an HST/WFPC2T I-band (F814W) image. The stellar component is traced by the red
(0.7µm) continuum, while the ionized gas is traced by different emission lines (Hα, Hβ, [SII]
and [OIII]).

formation rate (Kennicutt 1998) values are ∼ 1.9 M� yr−1 (region C), and
∼ 46.6 M� yr−1 (nucleus B).

The IFS data allow us to classify different regions of the system using the
standard relations between different emission-line ratios. We find that region
C and nucleus B have line ratios that correspond to those of HII regions. We
measure log([OIII]/Hβ) � 0.01, log([NII]/Hα) � −0.56 and log([SII]/Hα)
� −1.04 for region C, and log([OIII]/Hβ)� 0.08, log([NII]/Hα) � −0.27 and
log([SII]/Hα) � −0.77 for nucleus B.

4. 2D kinematics results

A 2D kinematics study of a small sample of ULIRGs has recently been
done to determine the best indicator of the dynamical mass of these systems.
In this study the kinematic properties of the ionized gas from IFS data have
been compared to those of the CO molecular gas and the stellar near-IR CO
bands. In this section, a few results will be discussed (for more details see
Colina et al. 2005).

The central velocity amplitude for the ionized gas is defined as half the
peak-to-peak velocity difference at radii of 1 − 2 arcsec on either side of the
galaxy. The stellar and ionized gas velocities agree (with some discrepances),
while the cold molecular gas shows, on average, a central velocity amplitude a
factor two larger than the stars and ionized gas (Fig 2, left panel). These results
suggest that, in general, the stars and ionized gas share the same velocity field
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Figure 2. The stellar (filled circle) and cold molecular gas (filled triangle) kinematics versus
the warm ionized gas values are presented for the central velocity (left panel) and the velocity
dispersion (right panel).

in the central regions of the galaxy, which is not necessarily that governing the
molecular gas.

The central velocity dispersion shows that the stellar and cold gas velocity
dispersions correlate well with the value obtained for the warm ionized gas
(Fig 2, right panel), supporting the idea that the central velocity dispersion of
the ionized gas is dominated by the gravitational potential of the system (i.e.,
its mass) as traced by the stellar velocity dispersion. Based on these results, the
central velocity amplitude is not a reliable observable to trace the dynamical
mass, while the velocity dispersion is a homogeneous tracer of the internal
kinematics, and therefore a more robust indicator for the dynamical mass of
the system, independent of the observational method used.

If high-z galaxies, such as sub-mm galaxies or Lyman break galaxies, show
merger morphologies similar to those observed in local ULIRGs, the central
velocity dispersion will be the preferred method to determine the dynamical
mass, while in general the velocity gradients should be treated with caution.
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Abstract We describe the dynamical properties which may be inferred from HST/STIST
spectroscopic observations of luminous compact blue galaxies (LCBGs) be-
tween 0.1 < z < 0.7. While the sample is homogeneous in blue rest-frame
color, small size and line width, and high surface brightness, their detailed mor-
phology is eclectic. Here, we determine the amplitude of rotation versus random,
or disturbed motions of the ionized gas. This information affirms the accuracy of
dynamical mass and M/L estimates from Keck integrated line widths, and hence
also the predictions of the photometric fading of these unusual galaxies. The
resolved kinematics indicates this small subset of LCBGs are dynamically hot,
and unlikely to be embedded in disk systems.

1. Introduction

The evolution of LCBGs is a matter of debate. These galaxies are unusual
in their blue colors, small sizes and line widths, yet large luminosities. We
have suggested that at least a subset of these sources are the progenitors of dEs
such as NGC 205 (Koo et al. 1995, Guzmán et al. 1998), while others counter
these are bulges in formation (Hammer et al. 2001, Barton & van Zee 2001).
Surveys at intermediate redshift are not uniformly defined, and each contains
heterogeneous samples – objects span a range in size, color, luminosity, surface
brightness, and image concentration. The broad “LCBG” class contributes as
much as 45% of the co-moving SFR between 0.4 < z < 1 (Guzmán et al.
1997); the proposed dE progenitors are a fraction of this class. Here, we focus
on an extreme LCBG subclass that are among the smallest, bluest and highest
surface brightness (Koo et al. 1995): MBM ∼ −21 (H0HH = 70 km s−1 Mpc−1,
Ω=1, ΩΛ=0.7), rest-frame (B − V ) ∼ 0.25, half-light radii of Re ∼ 2 kpc,
mean surface brightness within Re of ∼ 19 mag arcsec−2 (rest-frame B band),
and integrated line widths of σgas ∼ 65 km s−1. Many of these are good dE
progenitor candidates. If so, their internal kinematics should reveal they are
dynamically hot, while deep imaging should show they lack outer disks.
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2. STIS Spectra: Are LCBGs Dynamically Hot or Cold?

We have derived ionized-gas position–velocity and position–line width dia-
grams from STIS long-slit measurements along what appears to be the photo-
metric major axes of 6 LCBGs between 0.2 < z < 0.7, and one other source
at z ∼ 0.1 which is 2–3 mag lower luminosity than the others. One example
is given in Fig. 1. With 0.2 arcsec slits, STIS delivers instrumental resolutions
(σ) of 13–19 km s−1. Line emission is not always centered on the continuum
(Hoyos et al. 2004); the continuum centroid is adopted as the kinematic center.

We find Keck HIRES integrated line widths (Koo et al 1995) agree in the
mean with the resolved velocity dispersions from STIS spectroscopy: inte-
grated dispersions are not due to large-scale, bulk, motion. This secures our
previous dynamical estimates of M/L and their use as constraints on photo-
metric fading (e.g., Guzmán et al. 1998). Only the low-L, low-z system shows
clear rotation and substantially different integrated versus resolved line-widths.

Figure 1. Morphology and kinematics of LCBG 313088 at z = 0.44. Left: HST/WFPC2T
image showing distorted, tail-like source morphology and mean STIS slit positions (0.2 and
0.5 arcsec). STIS spectra for low and high-resolution gratings are at bottom. Right: Position
vs. velocity, line width, and line flux for two sets of high-resolution data taken at two position
angles varying by ∼ 13◦. (Hα spectrum not shown). Spectral data consistently show extended
line emission with little velocity gradient, no evidence for rotation, and dispersions that agree
in the mean with Keck HIRES integrated measurements (dashed line, middle panel).

The lack of rotation coupled with their ellipticity squarely places these sources
in the “spheroidal” region of the V/σ – ellipticity plane, illustrated in Fig. 2.



Internal Kinematics of LCBGs 179

E, dE

SA bulges

SB bulges

DISKS

SPHEROIDS

0 .2 .4 .6 .8
0

1

2

3

ellipticity

V/σ

inclination (deg)
19 26 38 47 55 69 90

MR = −17

MR =−19

−20−21−23

N7673

↑↑

313088

313385

110601

105482
1070421010

434206134134

Figure 2. V/σ versus ellipticity or inclination for LCBGs (dotted stars), NGC 7673 (cir-
cle/lower limit) and early-types galaxies from Simien & Prugniel (2002; circles, dotted dia-
monds). Lines represent trajectories as a function of inclination for disk galaxies of different
luminosity, assuming they lie on the Tully-Fisher relation and σgas = 25 km s−1 (Andersen et
al., in prep.). Shaded regions are adopted from Kormendy & Kennicutt (2004).

For fair comparison to local samples, ellipticities are measured at the half-light
radius near rest-frame V band from HST images; rotation velocities are set to
half the difference between minimum and maximum velocities; and σ is the
observed central velocity dispersion. While there is a range of observed V/σ,
LCBGs lie well below the region inhabited by disk systems, with values com-
parable to local dEs and other spheroidals, particularly if recent observations
of dEs with larger rotational components are considered (Pedraz et al. 2002,
van Zee et al. 2004): LCBGs are dynamically HOT.

3. Progenitors and Descendants

Do we know that we are not just sampling a bulge, or a face-on nuclear star-
burst? NGC 7673 has been suggested by Homeier et al. (2002) as a nearby
example. Indeed, this source has the right color, surface brightness, size, lumi-
nosity and integrated line width, and has a faint, extended outer disk. However,
Homeier & Gallagher’s (1999) Hα velocity map shows clear evidence for rota-
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tion in the inner, starburst region. Our re-analysis confirms this: we would see
similar structure if it existed in our STIS spectra. Independently, deep CFHT
imaging reveals no strong evidence for extended, normal disks around the types
of (and specific) sources presented here (Barton et al., in prep.).

In summary, the preponderance of evidence is against bulge formation in
disk systems and in favor of a dE-like descendant scenario for all of the spe-
cific sample presented here with MBM < −20 (6 out of 7). However, the dis-
turbed morphology and kinematics makes clean interpretations difficult. What
is the gas really telling us about dynamics? Are these systems in dynamical
equilibrium? While their morphology and resolved kinematics would argue
otherwise, the agreement between integrated velocity dispersions and resolved
profiles indicates the systems cannot be too far out of equilibrium. Stellar ve-
locity and dispersion profiles would provide a much clearer dynamical picture.

Finally we comment on issues raised at the conference about environment:
is NGC 205 a good example of a faded, LCBG descendant? If so, where
are the M31-like neighbors? Are there field dEs? If dSphs are the low-mass
cousins of dEs, then the presence of isolated dSphs such as Tucana, Cetus, and
the recently discovered Apples 1 (Pasquali et al. 2005) should give us pause
about accepting assertions that dEs do not exist outside of rich environments
or far from massive galaxies. The space density of LCBGs presented here is
(1.25 ± 0.15) × 10−5 Mpc−3 for MBM < −20 between 0.3 < z < 0.7. Even
allowing a factor of ∼ 20 higher relic density (given the time interval in this
redshift slice and assuming the LCBG phase is a few ×108 yr) to find even one
descendant requires an all-sky local survey volume reaching out to ∼ 10 Mpc.
At this distance, the half-light radius of NGC 205 is ∼ 12 arcsec. Are our local
surveys this complete?
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Abstract The question of how a starburst is fuelled is closely related to some of the main
outstanding problems in our understanding of starbursts, namely which com-
bination of physical conditions leads to the triggering of the burst, and how
long the burst can last. There is observational evidence that galactic bars and
galaxy-galaxy interactions can lead to starburst activity, but this may be limited
to specific and/or extreme cases, and not all bars or interactions lead to star-
bursts. Nuclear rings are mild circumnuclear starbursts, which are usually (but
not always) triggered by bars, and which allow the study of both the dynamical
relation of the host galaxy to the starburst, and the physical conditions of the
latter. As an example, the case of NGC 278 is briefly reviewed.

1. Introduction

There are many open questions relating to starburst activity in galaxies, and
some of the most important of those are what specific combination of physical
conditions can lead to the triggering of the burst, and what is the time span
over which the starburst can be sustained. These questions are, in turn, closely
linked to the question of how a starburst is fuelled. One obvious prerequisite
for the occurrence of a starburst is the availability of sufficient gaseous fuel, of
the right physical conditions, e.g., temperature, density, and dynamics, and at
the right location at the right time.

In this short paper, we will first briefly describe the current observational
evidence for fuelling starbursts by means of non-axisymmetries in the galac-
tic potential, specifically bars and interactions. We will then discuss some
of the most salient aspects of nuclear rings, a specific morphological class of
low-luminosity starbursts, and specifically discuss recent results on the ring in
NGC 278.

2. Starburst fuelling

The so-called “fuelling problem” in starbursts does not refer so much to the
amount of gas present, but to the issues involved in transporting this gas from
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the main body of the host galaxy to the central region where it is needed to
feed the star formation. Assuming typical starburst gas consumption rates and
lifetimes (of, say, a few solar masses per year and of order 107 − 108 years),
it is easily seen that the outer regions of the host galaxies of starbursts will, in
general, contain more than enough gas to fuel the burst. The problem, then, is
how to deliver this gas to the starburst region in the centre of the galaxy. To
transport the gas radially inward, it must lose most of its angular momentum,
for which a number of mechanisms can be invoked. The most important of
these are gravitational, driven by a non-axisymmetry in the galactic potential
set up by a bar, or a galaxy interaction or merger, and effective on spatial
scales of tens of parsecs to kiloparsecs, and possibly even smaller than that. For
more complete discussions, the reader is referred to reviews by, e.g., Shlosman,
Begelman & Frank (1990) or Knapen (2004, 2005a).

Bars lead to gas concentration toward the central regions of galaxies because
gas in the bar can lose angular momentum due to torques and shocks. There
is some direct observational evidence that bars instigate central concentration
of gas (e.g., Sakamoto et al. 1999, Jogee et al. 2005), and the question is
then whether this concentration also leads to central starburst activity. Indeed,
nuclear starbursts show a clear preference for barred hosts, although this result
is possibly restricted to strong bars (SB) and to early-type galaxies only (Huang
et al. 1996, Roussel et al. 2001).

Interactions between galaxies can also lead to angular momentum loss of in-
flowing material and thus to the fuelling of starbursts. This is most obviously
the case for the ultraluminous infrared galaxies (ULIRGs), powered mainly by
very powerful starbursts (Genzel et al. 1998), and firmly associated with galax-
ies involved in mergers or other strong interaction processes (e.g., Sanders &
Mirabel 1996). However, although the most extreme of the starbursts are def-
initely related to galaxy mergers, it is much less clear whether interactions
lead to enhancements of the star-formation activity in general. For instance,
Bergvall, Aalto & Laurikainen (2003) find no evidence for significantly en-
hanced star-forming activity among interacting/merging galaxies compared to
non-interacting galaxies, although they do report a moderate increase in star
formation in the very centres of their interacting sample galaxies.

3. Nuclear rings

Nuclear rings and pseudo-rings are common, occurring in around one fifth
of all disk galaxies (Knapen 2005b). They can form in the vicinity of res-
onances in a gaseous disk, usually set up by a bar or other form of non-
axisymmetry in the gravitational potential. Gas concentrates near such reso-
nances, can become unstable, and collapse to lead to the massive star formation
associated with rings. Nuclear rings, with typical radii of 0.5 − 1 kpc, form
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significant numbers of stars, which can help shape a pseudo-bulge, and so drive
secular evolution (Kormendy & Kennicutt 2004), but which also contribute a
few percent to the overall star-formation rate of the local Universe.

Figure 1. Hα view of the inner region of the galaxy NGC 278. The area shown is about
100 arcsec on a side, or about 5 kpc. The area between the two concentric white circles indicates
the nuclear pseudo-ring, with a radius of 1.1 kpc. No massive star formation occurs outside the
region shown here. Image data from Knapen et al. (2004).

Although almost all nuclear rings occur in barred galaxies, some do not.
A nice example of the latter category is the ring-like zone of enhanced star
formation in NGC 278, a small, nearby and isolated spiral galaxy classified
as SAB(rs)b in the RC3, but without any evidence for the presence of a bar
from either HST/WFPC2 or ground-based NIR imaging (Knapen et al. 2004).T
The optical disk of NGC 278 shows two distinct radial regions, an inner one
with much enhanced star formation, shown in Fig. 1, and an outer one which
is almost completely featureless, of low surface brightness, and rather red.
NGC 278 has an HI disk which is large compared to the optical extent of the
galaxy. The HI disk is morphologically and kinematically disturbed (Knapen et
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al. 2004). These disturbances suggest a recent minor merger with a small gas-
rich galaxy, perhaps similar to a Magellanic cloud, and it is this past interaction
which we believe has set up a non-axisymmetry in the gravitational potential,
which in turn, in a way very similar to the action of a classical bar, leads to the
formation of the enhanced star formation in the ring.

4. Conclusions

In this short paper, we have briefly reviewed relevant observational evidence
for the fuelling of starbursts by gas from their host galaxies, specifically by ex-
ploring the connections between galactic bars and galaxy-galaxy interactions,
and the occurrence of starburst activity. Such connections exist, but may be
limited to extreme and/or specific cases. We also present an example of a nu-
clear pseudo-ring, namely the one in the unbarred galaxy NGC 278. By far
most nuclear rings occur in barred hosts, but this example shows how a past
minor merger event can lead to the formation of a nuclear ring by the same
dynamical mechanism.
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Abstract Thanks to an array of major new ultraviolet, infrared, and visible-wavelength
imaging and spectroscopic surveys, it has become possible to map the star for-
mation in thousands of nearby galaxies, and derive integrated star-formation
rates for hundreds of thousands of objects. This, in turn, will make it possi-
ble to quantify robustly the characteristic frequencies, strengths, and durations
of starbursts, as well as the dependence of these quantities on the properties and
environments of the host galaxies. Here we use results from several recent Hα
surveys to characterize the local population of star-forming galaxies, and illus-
trate how such data can be applied to constrain the properties and incidence of
starbursts.

1. Introduction

We are in the midst of a revolution in the study of star-formation rates
(SFRs) in galaxies, as data pour in from an array of new surveys in the vis-
ible, ultraviolet, and infrared. These promise to revolutionize our ability to
measure reliable SFRs for individual galaxies, and provide for the first time
the kinds of large and statistically robust samples that are needed to derive the
frequency distributions of SFRs (and other SFR properties), and measure the
incidence and properties of starbursts in a rigorous manner.

The first wave of these 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 redshifts of a few tenths, and is continuing
with GALEX, which will provide UV-based SFRs for similar-sized samples
of galaxies. At the same time, the Spitzer Space Telescope is providing in-
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grant NAG5-8426.
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frared imaging and spectra with unprecedented spatial resolution for galaxies
spanning the entire range of redshifts. And nearly a dozen large Hα spec-
troscopic (UCM, KISS, NFGS, K/M) and imaging surveys (e.g., GoldMine,
HαGS, SINGG, SINGS, STARFORM, AMIGA, MOSAIC Cluster, 11HUGS,
SMUDGES) will provide emission-line based SFRs for thousands of galaxies,
and publicly-available image libraries for most. Among these many surveys
are a handful that are specifically designed to obtain data across the electro-
magnetic spectrum, to deal with dust attenuation and wavelength-dependent
selection effects in a robust manner. These include three Spitzer Legacy sur-
veys, SINGS, SWIRE, and GOODS. SINGS is also mated to large ground-
based HI, CO, and Hα Fabry-Perot surveys, which will enable us to correlate
the observed SFRs with the distributions and kinematics of interstellar gas, and
thereby probe the complex interplay between star formation and the surround-
ing ISM (Kennicutt 2003).

The new data are especially powerful for extending our understanding of
the nature and populations of starbursts and their host galaxies. The term
“starburst” has expanded to encompass an enormous range of scales and phe-
nomena (the current lexicon includes GEHRs, SSCs, HIIGs, ELGs, CNELGs,
W-R galaxies, UVCGS, BCGs, BCDs, LCBGs, LIGs and LIRGs, ULIGs and
ULIRGs, HLIGs and HLIRGs, HUGs, LEGOs, E+A galaxies, K+A galaxies,
nuclear and circumnuclear starbursts, clumpy irregular galaxies, Lyα galaxies,
LBGs, DRGs, EROs, submillimeter and SCUBA galaxies!), and with the ad-
vent of complete data sets we can now adopt consistent physical definitions
for starbursts and study their host environments and evolution quantitatively.
Beyond that, one should be able to derive robustly the present-day frequencies
of starbursts and their contribution to the total SFR of the local Universe, and
trace the evolution in both over cosmic time. Finally, we can begin to reliably
constrain the duty cycle of starbursts: the distributions of strengths, durations,
and the multiplicity of bursts within individual galaxies, and the fraction of
stars in various types of galaxies that are formed in bursts. The data may
also allow us to address the more challenging problem of understanding the
ubiquity of starbursts – to what extent starbursts are a general characteristic
of galaxies as opposed to a phenomenon unique to particular types of galax-
ies and galaxy environments – and to understand which underlying properties
of galaxies make them especially prone to bursts. And by testing and extend-
ing the scaling laws that appear to characterize starbursts (e.g., the Schmidt
star-formation law, extinction vs. bolometric luminosity relation), we will gain
deeper insights into the connections between the various starburst classes and
the physical processes responsible for the bursts.

The agenda outlined above is an ambitious one, and a key science driver
for several of the ongoing surveys cited above. In this review, we illustrate
the kinds of insights that can be gained from these new data sets, by using a
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few recent Hα surveys to characterize the demographics of local star-forming
galaxies, define starburst galaxies, and roughly estimate the fractional contri-
butions of starbursts to the local cosmic star-formation budget. These results
are all quite preliminary, and are intended not as definitive products on their
own but rather as examples of what will be learned in the near future.

2. Parameterizing Global SFR Properties of Galaxies

Traditionally, authors have defined starbursts in many different ways, and
often in a qualitative and subjective manner. If we consider quantitative defini-
tions of a starburst, three possibilities come to mind, and all have been applied
at one time or another in the literature (and by other speakers at this confer-
ence). One can define a starburst in terms of its absolute SFR. This definition is
commonly applied to infrared luminous galaxies, which are defined in terms of
an absolute IR luminosity, ≥ 1011 L� for Luminous Infrared Galaxies (LIGs
or LIRGs), and ≥ 1012 L� for Ultraluminous Infrared Galaxies (ULIGs or
ULIRGs). For galaxies whose luminosity is powered by dust-obscured star
formation these limits correspond to approximate SFRs of 18 and 180 M�
yr−1, respectively (Kennicutt 1998a). One can also define a threshold for a
starburst in terms of its SFR surface density or intensity, i.e., the SFR per unit
area (e.g., Meurer et al. 1997, Lanzetta et al. 2002, James et al. 2004). Fi-
nally, one can define a starburst galaxy as one whose SFR exceeds the average
past value by a fixed amount. This definition extends back to the original pa-
pers on star-formation bursts by Tinsley and others, and is probably the most
physically meaningful definition for galaxies at the present epoch. It usually is
characterized in terms of the birth-rate parameter b ≡ SFR / 〈SFR〉past.

Figures 1 and 2 show the distribution of star-formation properties of nearby
galaxies in terms of these three parameters, absolute SFR vs. SFR density (Fig.
1) and SFR vs. b (Fig. 2). The data are taken from three recent Hα surveys, a
volume-limited survey of all known spiral and irregular galaxies in the local 11
Mpc volume (11HUGS; Kennicutt et al., in prep.), the HαGS survey (James
et al. 2004), a survey of early-type spirals by Hameed & Devereux (1999),
and a database of SFRs of galaxies in the Virgo cluster from the GoldMine
database (Gavazzi et al. 2003). The 11HUGS sample is the only one to fairly
represent the relative numbers of galaxies in various parts of the diagram, but
we have added the others to fill in the coverage for more massive galaxies and
early-type galaxies, which are rare in the local 11 Mpc volume. The data have
been corrected for [NII] emission and dust extinction using statistical recipes
(updated versions of Kennicutt 1983). The scaling radius used is the diameter
of the actively star-forming region, rather than the photometric radius of the
galaxy, as this seems to be more tightly correlated with the physical properties
of the system (Kennicutt 1998b, Martin & Kennicutt 2001).
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Figure 1. Distribution of SFRs and SFR densities in local star-forming galaxies. Data are
taken from our own 11HUGS survey, James et al. (2004), Hameed & Devereux (1999), and the
GoldMine database, as described in the text. The diagonal lines denote constant radius of the
star-forming regions, from 0.1 to 10 kpc (top to bottom). The horizontal and vertical dashed
lines denote the typical values delineating starburst galaxies, as discussed in the text.

Figure 1 illustrates the enormous diversity of the galaxy population, with
SFRs and SFR densities each spanning millionfold ranges. Note also that the
two parameters are only very loosely correlated with each other; at a fixed SFR
there is a variation of more than 105 in SFR density and vice versa. Despite the
scatter across the entire sample, however, there is a clear bimodality in the dis-
tribution of SFR properties. Most galaxies lie on a sequence extending across
the lower half of the diagram, with SFR densities of 0.001–0.1 M� yr−1 kpc−2.
These trace out the normal Hubble sequence of spiral and irregular galaxies.
The smattering of galaxies at higher SFR densities represent starbursts, as dis-
cussed below.

A similar diversity is seen in Fig. 2, which plots the disk-averaged birth-rate
parameter b vs. the SFR. For these data, b was estimated from the equivalent
width of the Hα emission line, following the methods given by Kennicutt,
Tamblyn & Congdon (1994). Once again, we see a strong concentration of
galaxies in a main sequence with an average b ∼ 0.5, when averaged across
all of the types in the sample (but beware, the composite sample plotted is not
complete!). We should emphasize that the absolute values of b are somewhat
dependent on the recipe that is used to correct the Hα equivalent widths for
dust attenuation. Here we have not applied any correction at all, assuming that
Hα and the underlying continuum suffer comparable amounts of extinction. A
more realistic recipe would be to adopt a higher extinction for the line emis-
sion, as done in Kennicutt et al. (1994), and adopting that would increase the



Starburst Galaxy Demographics 191

values of b in Fig. 2 by about 30 to 50%. However it would not qualitatively
change the distributions or the results presented here. The smattering of points
in the upper part of the diagram again represent starbursts.

Figure 2. Similar to Fig. 1, except that the SFRs are plotted against the ratio of the current
to average past SFR (b). Data from the 11HUGS survey and James et al. (2004). The diagonal
lines now denote loci of constant stellar disk mass, increasing from top to bottom from 108

to 1011 M�. The horizontal dashed line is an approximate value delineating starbursts, with
b ≥ 2, as discussed in the text.

If one plots the third dimension of this parameter space (SFR density vs.
b), one finds a significant degree of correlation between the two quantities,
especially when considering the extremes in the distributions. This correlation
has its physical root in the Schmidt law (Kennicutt 1998). In the context of the
present discussion, it means that most galaxies that are defined as starbursts in
terms of having a high SFR density also generally have a high b value, hence
the two definitions of starburst are roughly self-consistent. There are prominent
exceptions, however, for example circumnuclear starbursts in barred galaxies,
which can have a very high SFR density but represent relatively low SFRs
when compared to the global average in the galaxy (Kormendy & Kennicutt
2004).

When one plots these relations for different host galaxy Hubble types, sev-
eral interesting trends emerge (Kennicutt et al., in prep.). Intermediate-type
spiral galaxies (types Sbc–Sd) are remarkably homogeneous in terms of their
mean SFR densities and b values, over many orders of magnitude in absolute
SFR. We suspect the reason has to do with the influence that star formation
has on galaxy classification. By contrast, there is a much higher diversity of
properties among the earliest-type disk galaxies (S0/a–Sab) and the Magel-
lanic spiral and irregular galaxies (Sm–Im). In the former case, this is due
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to a bimodality between low-level disk star formation and circumnuclear star
formation (Kennicutt 1998a), whereas in the irregular galaxies the dispersion
in SFR properties appears to be due to a stronger role of starbursts in these
systems.

3. Application to Starburst Galaxies

We now can apply the three physical criteria described earlier to define the
regions in Figs. 1 and 2 that represent starburst galaxies. If one collapses the
data in Fig. 1 vertically, the resulting histogram of points is the SFR distri-
bution function (i.e., the Hα luminosity function). The data plotted here are
inappropriate for defining this function, because the data are blended from 3
different surveys with varying completeness properties. However, such lumi-
nosity functions have been constructed for the UCM and KISS prism surveys
(Gallego et al. 1995 and Gronwall 1999, respectively). They are well fit-
ted by Schechter functions with exponential scale SFR∗ � 5 M� yr−1, when
converted to H0HH = 75 km s−1 Mpc−1 and consistent extinction corrections.
Therefore, I have defined an arbitrary dividing line for starbursts of 2 SFR∗, or
10 M� yr−1, as denoted by the dashed vertical line in Fig. 1. The absence of
many points above this limit confirms the rarity of such starburst galaxies in
the local Universe. Most of them are heavily dust-obscured galaxies that are
very rare locally, as discussed later.

One can use a similar procedure to define a dividing line for starbursts in
terms of the SFR intensity ΣSFR. Collapsing the data in Fig. 2 horizontally
yields a distribution function of SFR intensities. This distribution shows a
roughly Gaussian distribution, with a tail extending to high intensities. The
tail extends approximately above an intensity of 0.1 M� yr−1 kpc−2, and we
adopt this as our dividing line for starbursts, as denoted by the horizontal dotted
line in Fig. 1. This also happens to coincide with the value often adopted by
other authors.

Finally, we follow the same procedure to define starbursts in terms of the
ratio of present to past SFR (b) in Fig. 2. The distribution function for b
also follows a roughly Gaussian distribution, in this case with tails in both
directions. The upper tail extends above values of b ∼ 2, and we have adopted
that as our definition for a starburst, as denoted by the horizontal line in the
figure. Note that since the typical value of b for quiescent disks is roughly 0.5,
this threshold corresponds to a SFR that is typically ∼ 4 times higher than the
mean SFR among the non-bursting objects. It is a sensible definition from a
physical point of view, independent of the distributions in Fig. 2.

It is instructive to plot previously published samples of starbursts in the
same diagram, to see how these subjectively defined samples conform to our
new physically-based definitions of starbursts. This is illustrated in Fig. 3,
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Figure 3. Similar to Fig. 1, except that we have overplotted 3 different types of starburst sam-
ples from the literature, luminous and ultraluminous star-forming infrared galaxies (large solid
points), blue compact starburst galaxies (open circles), and circumnuclear starbursts identified
in the optical (crosses). The reference sample from Fig. 1 is plotted as small solid points. See
text for relevant references.

which shows the same reference sample from Fig. 1 (plotted as small solid
points), along with 3 sets of starbursts. The large solid points denote infrared
luminous and ultraluminous star-forming galaxies from the samples of Soifer
et al. (2000, 2001) and Dopita et al. (2002). As anticipated earlier, these
objects extend the range of absolute SFRs to values of hundreds of solar masses
per year. The open circles are blue compact galaxies (BCGs) from the study
of Gil de Paz et al. (2003), and the crosses denote a sample of circumnuclear
starbursts compiled from a variety of sources and discussed in Kormendy &
Kennicutt (2004). Interestingly, there is reasonable consistency between our
physical definitions and these subjective classifications.

As a simple illustration of these applications, we have used the surveys de-
scribed above in various subsets to estimate the total contribution of starbursts
to the total SFR in the local Universe. The 11HUGS data provide a direct esti-
mate of the SFR fraction in systems with b ≥ 2 or ΣSFR ≥ 0.1 M� yr−1 kpc−2;
across the entire sample this fraction is ∼ 4–6%. Circumnuclear starbursts
contribute up to another 3–5% (with the uncertainty arising from the extinc-
tion corrections applied), though part of this is double counted with the first
contribution. The burst fraction of low-luminosity galaxies is much higher, but
the total SFR budget is dominated by intermediate-mass galaxies (Brinchmann
et al. 2004). The fraction of star formation from infrared-luminous star forma-
tion must be estimated independently, using the infrared luminosity function of
galaxies. Soifer et al. (1987) show that LIGs and ULIGs contribute 6% of the
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total far-infrared luminosity of the local Universe. Depending on how much of
the infrared luminosity is associated with star formation at various luminosi-
ties this implies that such objects contribute about 4–8% of all star formation
locally.

Combining these results and taking into account double counting gives an
estimated contribution by starbursts of ∼ 15% to the present-day total star
formation. I caution that these numbers are crudely estimated (as indicated by
the uncertainties quoted above), and the total could easily change by up to 50%
after we perform more careful analyses. This will include a comprehensive
analysis of dwarf galaxy burst duty cycles by Janice Lee, as part of her ongoing
Ph.D. thesis. However the rough results above are in good agreement with
independent estimates using other methods (e.g., Brinchmann et al. 2004). We
hope in any case that we have illustrated the kinds of analyses that are being
enabled by the new data explosion.
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Abstract We summarize some of the key results on red galaxies presented in the first five
papers from the Gemini Deep Deep Survey (GDDS). The GDDS is an ultra-deep
(K < 20.6 mag, I < 24.5 mag) spectroscopic redshift survey, which prefer-
entially targeted galaxies in the redshift range 0.8 < z < 2. The survey was
completed in 2004, and the data is publicly available. The primary goal of the
GDDS was to make the first direct measurement of the evolving stellar mass
function over 0.8 < z < 2. We find that ∼ 15% of the local stellar mass density
is already in place by z = 1.8, rising to 40–50% by z = 1. Nearly half the stel-
lar mass density at z = 1.8 is in massive “red-and-dead” galaxies. Almost all of
these red-and-dead galaxies exhibit early-type morphologies, although around
20% of these show tidal distortions consistent with recent (dry?) merger activ-
ity. A decomposition of the star-formation history of the Universe into the sum
of individual histories for mass-segregated galaxy populations reveals strong ev-
idence for the “down-sizing” paradigm espoused by Cowie et al. (1997). We
find that the most massive galaxies form early in the history of the Universe and
galaxy formation proceeds from larger to smaller mass scales.

1. The Gemini Deep Deep Survey

The Gemini Deep Deep Survey (GDDS) is an ultra-deep (K < 20.6 mag,
I < 24.5 mag) redshift survey targeting galaxies in the “redshift desert” be-
tween 0.8 < z < 2. The primary goal of the survey is to constrain the space
density at high redshift of evolved high-mass galaxies. We obtained 309 spec-
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tra in four widely-separated 30 arcmin2 fields using the Gemini North tele-
scope and the Gemini Multi-Object Spectrograph (GMOS). Integration times
of 20–30 hours per field allowed us to obtain high-quality spectra even for faint
galaxies near our completeness limit. The spectra define a one-in-two sparse
sample of the reddest and most luminous galaxies near the (I − K) vs. I
color-magnitude track mapped out by passively evolving galaxies in the red-
shift interval 0.8 < z < 1.8. This sample is augmented by a one-in-seven
sparse sample of the remaining high-redshift galaxy population.

2. What We’ve Learned

It is impossible to summarize the first five GDDS papers in the space allotted
in these proceedings, so I will focus on some selected highlights. I omit much
of the discussion of the chemical evolution in the blue star-forming galaxy
population in our survey, since this has recently been reviewed in Savaglio et
al. (2004). Based on the principle that a picture is worth a thousand words, I
will focus on some key plots generated by the survey team.

The main result from the GDDS is that there is a very significant popu-
lation of red and massive galaxies at 1.3 < z < 2, whose integrated light is
dominated by evolved stars (Abraham et al. 2004, Glazebrook et al. 2004, Mc-
Carthy et al. 2004). The evidence for this is summarized in the left-hand panel
of Fig. 1. Note that these galaxies are red because they are old, and not because
of dust extinction. Preliminary estimates for the ages of these z ∼ 1.5 galax-
ies give a median age of 1.2 Gyr and a median redshift of formation around
z = 2.4, with 1/4 of the sample having a redshift of formation of z > 4 (Mc-
Carthy et al. 2004). These galaxies are a major contributor to the stellar mass
density at 1 < z < 2 (Fig. 1, right panel). At z = 1 the mass densities for the
M > 1010.8 M� sample are 38 (±18)% of their local value (Cole et al. 2001);
at z = 1.8 this becomes 16 (±6)% (Glazebrook et al. 2004). This appears
consistent with some recent results based on photometric redshifts (Fontana et
al. 2003, Bell et al. 2003, Rudnick et al. 2003, Dickinson et al. 2003, Chen et
al. 2002). On the basis of these estimates, it is clear that an extinction correc-
tion is essential for UV SFR estimates to be consistent with local stellar mass
measurements (Cole et al. 2001).

Figure 2 shows the star-formation rate density and its dependence on galaxy
stellar mass over the redshift range 0 < z < 2, using our data Juneau et al.
(2005) and that from Brinchmann et al. (2004). The star-formation rate density
in the most massive galaxies (M > 1010.8 M�) was six times higher at z = 2
than it is today. It drops steeply from z = 2, reaching the present-day value at
z ∼ 1. In contrast, the star-formation rate density of intermediate-mass galax-
ies (1010.2 M� < M < 1010.8 M�) declines more slowly and may peak or
plateau at z ∼ 1.5. We use the characteristic growth time, defined as the star-
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Figure 1. Left: Spectra of evolved GDDS galaxies with z > 1.3, taken from McCarthy et al.
(2004). The SDSS Luminous Red Galaxy composite has been overlaid on each spectrum and
an offset has been applied to each, in steps of 10−18 erg s−1 cm−2 Å−1. The locations of the
stellar MgIIλ2800 and MgIλ2852 lines are indicated by the dashed lines. Right: Mass-redshift
distribution for GDDS galaxies, taken from Glazebrook et al. (2004). Points are shaded accord-
ing to observed K magnitude. Solid and open symbols denote spectroscopic and photometric
redshifts, respectively. Circles denote objects redder in (V − I) than a standard model Sbc
galaxy template, while objects shown using star symbols are bluer than this standard template.
The symbol size is keyed to the I band magnitude. The horizontal line denotes M∗ in the local
Universe (Cole et al. 2001). The solid curve shows how the K flux limit translates into a mass
completeness limit for a maximally old SSP. The dashed curve shows an example mass limit for
bluer objects (SFR = constant model).
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Figure 2. Two figures (based on those in Juneau et al. 2005) that summarize the evidence
for galaxy down-sizing in the GDDS. Left: Star-formation rate density in different stellar mass
intervals. Symbol shading encodes the mass bin in which the object belongs: Open circles
correspond to 109 M� < M∗MM < 1010.2 M�; gray circles correspond to 1010.2 M� < M∗MM <
1010.8 M� and solid circles correspond to 1010.8 M� < M∗M < 1011.5 M�. Horizontal error
bars show the width of the redshift bins used. Vertical error bars combine shot noise and mass-
completeness corrections. Symbol shape corresponds to the method used to obtain the star-
formation rate (see Juneau et al. 2005 for details). Both the sampling and the spectroscopic
completeness corrections given in Abraham et al. (2004) have been applied. Values found
locally by Brinchmann et al. (2004) are shown at far left. The compilation made by Hopkins
(2004; for all masses), where all the values are converted to a (Ωm = 0.3, ΩΛ = 0.7, h = 0.7)
cosmology, are overplotted with open diamonds. The line is the fit derived by Cole et al. (2001),
assuming AV = 0.6 mag (solid line). Right: Characteristic timescale of galaxy growth obtained
by dividing the stellar mass density by the star-formation rate density. Symbols are as shown
at left. The vertical error bars are statistical. The dashed line shows the age of the Universe in
our adopted cosmology. It indicates the transition from quiescent SF mode to burst SF mode
(gray area). Massive galaxies transition from burst mode to quiescent mode at around z = 2,
intermediate-mass galaxies make the transition at around z = 1, and low-mass galaxies remain
in burst mode at the lowest redshift probed by the GDDS. Along the dotted lines, lookback time
to the present allows galaxy stellar mass to increase by a factor of 2, 5 or 10, if the SFR remains
constant, as labeled.
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formation rate density divided by the stellar mass density, tSFR ≡ ρM∗/ρSFR,
to provide evidence of an associated transition in massive galaxies from a burst
to a quiescent star-formation mode at z ∼ 2. Intermediate-mass systems transit
from burst to quiescent mode at z ∼ 1, while the lowest-mass objects undergo
bursts throughout our redshift range. The most massive galaxies formed most
of their stars in the first ∼ 3 Gyr of cosmic history. Intermediate-mass ob-
jects continued to form their dominant stellar mass for an additional ∼ 2 Gyr,
while the lowest-mass systems have been forming over the whole of cosmic
time. This view of galaxy formation clearly supports “down-sizing” in the
star-formation rate, where the most massive galaxies form first and galaxy for-
mation proceeds from larger to smaller mass scales.

The morphological evidence supports the view that most of the massive
red population in our data are early-type galaxies (Abraham et al., in prep.).
Therefore, our results point toward early formation for a significant fraction of
present-day massive elliptical galaxies (but see the next section for a caveat).
The derived ages and most probable star-formation histories suggest a high
star-formation rate (∼ 300 − 500 M� yr−1) phase in the progenitor popula-
tion.

3. Predictions, Caveats and Conclusions

Galaxies associated with luminous sub-mm sources have the requisite star-
formation rates and space densities to be the progenitor population of the mas-
sive red galaxies probed by the GDDS, but current estimates of their redshift
distribution suggest such sub-mm sources form at lower redshifts than many
of the galaxies in our sample. Our observations lead to a natural predic-
tion that many higher-redshift sub-mm sources are waiting to be discovered,
and that their clustering properties, which are on the border of being measur-
able with surveys such as SHADES, should echo those of early-type galax-
ies. (See see http://www.roe.ac.uk/ifa/shades/ for information
on the SHADES sub-mm program.)

Despite this prediction, it is dangerous to conclude that all early-type galax-
ies formed at high redshift. The strong trends we see with stellar mass mean
that blanket statements about the formation epoch of various aspects of the
Hubble sequence are meaningless unless one carefully specifies the mass range
of the galaxies being described. The observation that most very massive early-
type systems formed at high redshifts still leaves open the possibility that most
intermediate and low-mass early-type galaxies formed more recently. After
all, only 15% of the local stellar mass density is in place at z ∼ 2, and while
this might (or might not, depending on which theorist you ask) pose challenges
for hierarchical models, it certainly leaves a lot of room for activity at lower
redshifts (Glazebrook et al. 2004). It seems to me that the basic statistical
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arguments presented by Toomre back in 1977 still remain valid today. Toomre
showed that the 11 strong ongoing mergers seen in the New General Catalog
correspond to > 250 galaxies in the NGC having participated in major mergers
over the lifetime of the Universe. This is pretty similar to the ∼ 300 ellipticals
in the whole catalog. Despite some obvious weaknesses in this line of rea-
soning (which Toomre clearly spelled out in his original paper), I find that (on
balance) this is still a pretty persuasive argument for forming many early-type
galaxies via recent mergers. A key testable prediction that follows from this is
that most of these young ellipticals should be low-mass systems.

Finally, I would like to conclude by noting explicitly what should be obvious
from the references given above, namely that many of the same conclusions
reached by the GDDS team were also reached at more-or-less the same time by
other groups, e.g., by the K20 team working with shallower spectroscopic data
but over a wider area, and by some groups working with photometric redshifts.
For example, compare the GDDS and K20 results for masses (Glazebrook et
al. 2004, Fontana et al. 2004), and ages (McCarthy et al. 2004, Cimatti et
al. 2004). I think that much of the credibility underlying the mini paradigm
shift that has occurred over the last couple of years – in which the view that the
most massive galaxies formed early seems to have transformed from heresy to
orthodoxy – is due to the way in which observations based on very different
experimental designs seem to have converged onto the same basic picture.
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Abstract I review the basic modes of quiescent star formation and starbursts. Star-for-
mation efficiency is the key to reconciling hierarchical galaxy formation with
observed galaxy colours and counts. A unified viewpoint is that all star forma-
tion is, at some level, bursty. This is motivated both by local observations and by
theory. I describe how self-regulation of star formation provides prescriptions
for the star-formation rate and efficiency, and for starburst-driven mass outflows.

1. Introduction

It has long been argued on the basis of galaxy colours that star formation
is bimodal. Disks are blue and have extended star formation over a Hubble
time. Ellipticals, S0s and bulges are red, and are required to have formed in
a burst of star formation that lasted ∼< 1 Gyr. Indeed, modelling of spectral
energy distributions requires the star-formation rate in disks, conveniently pa-
rameterised by b = SFR/〈SFR〉, to vary from ∼ 0.1 in early-type disks to ∼ 10
in late-type disks. Moreover, the starburst duration is inferred, from studies of
ongoing and recent starbursts, to last from ∼ 0.01 − 0.1 Gyr. Many nearby
early-type galaxies, ellipticals and S0s, show traces of ongoing or recent star
formation when observed in the FUV. The rates are low, and consistent with
b = 0.01 − 0.001. Clearly, the concept of two modes of global star formation
is likely to be an oversimplification of the physical situation.

2. Star-formation modes

Cold disks are gravitationally unstable, both to local and global modes, the
latter requiring non-axisymmetric perturbations. A hybrid disk containing cold
gas and stars is unstable if a suitably generalised Toomre criterion is satisfied,
QT ∼< 1. One can very approximately write (Rafikov 2001) 1/QT ≈ 1/QT

g +

1/QT∗ , where QT
g ≈ κσg/GΣg, and QT∗ ≈ κσ∗/GΣ∗, so that cold gas controls

the instability if Σg/σg > Σ∗/σ∗. Here, κ is the epicyclic frequency, σg is the
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gas velocity dispersion, and σ∗ is the stellar radial velocity dispersion. Also,
Σg is the surface density of cold gas and Σ∗ is the surface density of stars.

This condition is satisfied at least initially, since the gas cools and the stellar
distribution heats up once the instability begins to operate. For instability,
Σg must exceed a critical value, but a supply of cold gas is also required to
maintain a low value of σg. The disk instability is controlled by the cold gas
supply. If continuous, as with accretion, the resulting star formation is quasi-
steady. If discrete, as would be the case for infalling gas-rich satellites, a more
sporadic history of star formation is likely.

There is empirical evidence for a reservoir of cold gas in the high-velocity
halo clouds, although the disk accretion rate cannot amount to more than a
tenth of the star-formation rate, otherwise the clouds would be too massive
and visible around nearby galaxies. However, the circumgalactic ratio of hot
(∼ 300, 000 K) to neutral (∼< 1000 K) gas may be substantial, as evidenced by
OVI absorption studies (Danforth & Shull 2005, Tripp et al. 2005). Infall is
also inferred indirectly from chemical evolution of the disk, in order to account
for the paucity of metal-poor G dwarfs.

Quiescent mode. Consider first how quiescent star formation might have
proceeded. The maximum growth rate for the disk instability is ∼ Ω, the rota-
tion rate. A plausible ansatz for the star-formation rate is that, at any galacto-
centric distance where the surface density is above the Toomre threshold,

dΣ∗
dt

= εΩΣg. (1)

The star-formation efficiency parameter, 2πε, is defined to be the fraction of
gas converted into stars per galactic rotation period. The linear instability cri-
terion cannot yield ε. Rather, it must come from feedback and self-regulation,
which motivate the proportionality to rotation rate and cold gas surface density
(Silk 1997). The observed Kennicutt law, with a universal value of ε ≈ 0.017,
fits this simple expression over a wide range of star-formation rates and galac-
tic disk radii (Kennicutt 1989). The gas e-folding depletion time is enhanced
by around 50 per cent when allowance is made for gas return. It requires about
3 e-foldings to arrive at the observed gas fraction, and this takes about 10 Gyr.
Cold gas accretion probably plays a minor role in replenishing the disk gas
reservoir, at least in the later stages of disk star formation.

The disk instability explanation of the star-formation law is inadequate, not
only because the star-formation efficiency is unspecified, but also because the
wavelength corresponding to the most rapidly growing mode corresponds to
larger masses than are observed, even for giant molecular clouds. Because of
this mismatch and the lack of any star-formation physics, the Kennicutt law
cannot be considered to provide an explanation of global star formation in
terms of disk instability. Indeed, star formation is found to occur beyond the
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threshold value, in the outer disk. A non-linear description involving cloud-
cloud collisions, triggered by spiral density waves, is one attempted explana-
tion (Wyse 1986). This can also provide a Kennicutt-like law, and allows star
formation below the Toomre threshold. However no prescription for star for-
mation is provided in this approach, that is, again, ε is unspecified.

It is clear that other factors must play a role. The most promising of these is
interstellar gas turbulence. This is motivated both by observations of edge-on
disks and by merger simulations, and will be described below.

Starburst mode. It has long been conjectured that mergers of gas-rich
galaxies trigger violent star formation. There is persuasive empirical evidence
that the ultraluminous infrared galaxies are undergoing mergers or strong tidal
interactions. Near-infrared surface brightness profiles of recent mergers in-
dicate that a de Vaucouleurs profile has been generated, demonstrating that
spheroid formation can occur within a merger time-scale. The incidence of
close galaxy pairs, potential merger candidates, increases with increasing red-
shift, consistent with the predictions of hierarchical galaxy formation theory.
Detailed merger simulations, while invariably one step or more behind the ob-
servations of starbursts, confirm that the gas concentration is strongly aug-
mented by the action of tidal torques and the ensuing enhanced gas dissipation
during a merger.

This interpretation of starbursts is necessarily incomplete. There is no de-
tailed modelling of the conversion of gas into stars and hence of the star-
formation efficiency. It is remarkable how well the Schmidt-Kennicutt star-
formation law, in which the star-formation rate per unit area is proportional
to the product of the gas surface density and the disk rotation rate, fits nearby
disks and starbursts. Nevertheless, the application of this empirical law to
modelling of the star-formation rate in semi-analytical galaxy formation and
hydrodynamical merger simulations is inadequate on at least two fronts.

Incorporation of a Schmidt-Kennicutt star-formation law relating the star-
formation rate to the local cold gas density fails to explain the extended nature
of the star formation observed in merging galaxies (Schweizer, these proceed-
ings). Moreover, adoption of a universal star-formation efficiency results in
challenges to the comparison of semi-analytical galaxy formation models with
observational data. The predicted colour and age distributions, α element-to-
iron abundance ([α/Fe]) ratios w.r.t. solar, and infrared/sub-mm galaxy counts
are all in conflict with results from recent surveys (e.g., Thomas et al. 2005).

Nevertheless, merging is well-motivated as a description for starbursts. The
challenge is to derive an empirical star-formation law. Theory suggests that
both mergers and accretion play important roles in providing the gas supply
that regulates star formation. In fact, gas accretion is just the limiting case
of minor mergers. In a unified picture, we might just consider the physics of
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mergers. Indeed, the Milky Way is an interesting case study. There is increas-
ing evidence for past minor mergers from combining chemical and dynamical
tracers of high-velocity stars. Chemical signatures associated with the disrup-
tion of the Arcturus stream and with ωCen, and kinematical modelling of the
Sagitarius dwarf tidal stream, all point towards a merging history which leaves
behind relic stellar tracers (Navarro, Helmi & Freeman 2004, Helmi 2004).
Such merging events would have injected a sporadic supply of gas that tem-
porarily reinvigorated star formation. Evidence for such “mini starbursts” is
seen in the local history of star formation as traced by chromospheric dating of
nearby stars (Rocha-Pinto et al. 2000).

Perhaps one of the strongest arguments for a mini-starburst history in galax-
ies of stellar mass up to ∼ 1010 M� comes from recent studies of luminous
infrared galaxies at z > 0.4 (Hammer et al. 2005) and of the mass-metallicity
relation in the local Universe (Tremonti et al. 2004). The high frequency
of so-called LIRGs argues for an episodic or bursty star-formation history in
intermediate-mass galaxies. Moreover, evidence for metal loss via winds is in-
ferred not just for dwarfs, but for moderately massive galaxies. Quiescent disk
star formation cannot drive outflows from such galaxies. A series of blow-
out events associated with mini starbursts may suffice. Indeed, accumulating
evidence from studies of the local Universe suggests that nearby starbursts typ-
ically occur in sub-L∗ galaxies and have outflows of order the star-formation
rate, at least for the handful of well-studied examples (e.g., Martin 2003).

3. A Unified Model for Starbursts and Disk Star
Formation

Global simulations of the multiphase interstellar medium have inadequate
dynamical range and resolution to be able to trace out the complex interplay
of cold gas accretion into clouds, supernova heating, cloud cooling, fragmen-
tation, and star formation. I describe a simple analytic model that appears to
incorporate at least some of the crucial physics and that has been tested against
simulations of a kiloparsec cube of the interstellar medium.

The basic model is that supernovae explosively blow hot bubbles into the
interstellar medium. The bubbles decelerate by sweeping up shells of cold gas
and eventually break up when the expansion is halted by the ambient pressure.
If the rate of bubble formation is sufficiently high, the bubbles overlap and a
multi-phase medium develops of hot shell-shocked gas in which dense cold
shell fragments are embedded. If the hot gas permeates through the cold gas
scale height, galactic fountains and disk outflows will result.

To develop a simple model, I set the disk outflow rate equal to the product of
the supernova rate, the hot gas filling factor, and the mass loading factor. The
latter depends on such effects as Kelvin-Helmholtz instabilities that entrain
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cold gas into the hot phase. The filling factor fhff can be expressed in terms
of the hot-gas porosity (which I define as Q) by 1 − e−Q. If the porosity is
low, then fhff ≈ Q. As the porosity becomes large, the hot-gas filling factor
approaches unity. The porosity may be defined as the product of the supernova
rate and the maximum 4-volume attained by a supernova-driven bubble,

Q ∼ (SN bubble rate per unit volume) × (maximum bubble 4-volume) .
(2)

Now the radius of a bubble is computed from the approximately momentum-
conserving phase, when the shell shock velocity has dropped well below the
critical velocity at which radiative cooling sets in, namely vc ≈ 400 km s−1.
One finds that R3

ata, where Ra is the maximum bubble size achieved at time
ta, is proportional to p−1.4

turb , where pturb is the ambient, mostly turbulent, in-
terstellar gas pressure that limits the bubble expansion. I conclude that the
star-formation rate is proportional to Qp1.4

turb. Including the correct normalisa-
tion, I can now write

SFR = QεΩρgas , (3)

where ε = (σgas/σf)
2.7, σf ≈ 20 km s−1

(
ESN/1051erg

)0.6
(200M�/mSN)0.4,

and Ω is the disk rotation rate. Here, ESN is the kinetic energy output of the
supernova and mSN is the mass in stars formed per Type II supernova (approx-
imately 200 M� for a Kroupa IMF).

The analogy with the empirical Schmidt-Kennicutt law is suggestive. Firstly,
we may anticipate that the porosity self-regulates as long as the gas supply
is maintained, in such a way that Qε ≈ constant. The argument is simple:
if Q � 1, the cold gas supply is exhausted and massive star formation is
quenched, and if Q � 1, there is no impedance to runaway star formation via
supernova-induced turbulent pressure. This latter argument does assume that
supernovae initially exert positive feedback, that is when the porosity is low.
Of course, once the porosity is high, the disk will vent hot gas and the feed-
back will be negative. Moreover, the star-formation rate cannot exceed the gas
supply, so Qε ∼< 1. Secondly, we recognise a new addition to the phenomeno-
logical star-formation rate: a factor εQ that we can identify with star-formation
efficiency and that is proportional to the product of the porosity and the turbu-
lent velocity dispersion of the ambient gas raised to the 2.7th power.

It is plausible that the interstellar turbulence driven by the supernova ejecta
approximately conserves momentum. I write the Kennicutt coefficient as α∗ =
Σ̇∗/ΣgasΩ. Momentum balance suggests that α∗ ≈ σgasvcmSNE−1

SN , and

α∗ = 0.02(σgas/10 km s−1)(vc/400 km s−1)(mSN/200M�)(1051erg/ESN).
(4)

The observed value of α∗ is 0.017. Our derived star-formation rate suggests
Q = (HgasHH /H∗)α∗ε−1, where HgasHH and H∗ are the cold gas and stellar scale
heights, respectively. Thus, Q ∼ 0.5 in a disk but Q � 1 in a starburst.
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We infer that in extreme turbulence, the porosity is likely to be small, and
that in typical disks where self-regulation yields Q ∼ 1, turbulence enhances
star formation. On the scale of individual star-forming clouds and young stel-
lar associations, there is empirical evidence that star formation is accelerating
(Palla & Stahler 2000), and this has been interpreted as evidence for mini star-
bursts (Silk 2005). In this regime, the feedback is positive. Globally, however,
disk venting results in negative feedback. Hence, enhanced turbulence in disks
effectively controls star formation by reducing the cold gas reservoir.

Turbulence-driven star formation has further implications. There is positive
feedback if turbulence is injected, for example, in a galaxy merger. The result-
ing star formation is distributed more broadly than if the star-formation rate
depends only on the local density. The characteristic star-formation time tsf is
defined by ρ∗/SFR and is f∗ff /(Qε) dynamical times, where f∗ff ≡ ρ∗/ρgas. We
may say that a starburst occurs (but this is not a unique definition!) when tsf is
less than a dynamical time, or in a gas-rich environment where f∗ff < Qε. Star
formation ceases, largely due to gas consumption in star formation and to the
onset of outflows.

The estimated value of σf assumes spherically symmetric bubbles in a ho-
mogeneous medium. This will inevitably be an underestimate, since both geo-
metrical effects and the inclusion of Rayleigh-Taylor instabilities will increase
the porosity and hence the effective value of σf . Disk galaxies typically have
σgas ≈ 10 km s−1, and the gas turbulence is limited by the escape velocity from
the kinematically cold disk. Hence we may draw two preliminary conclusions.
Star formation is quenched in dwarf galaxies. Also in merging galaxies, where
σgas � σf , and a starburst occurs, the porosity is low, which means that (at
least nuclear) outflows are suppressed.

Simulations generally confirm these analytical results. Hitherto, a cubic
kiloparsec of the interstellar medium has been modelled at 10 parsec resolu-
tion, including a multiphase treatment of star formation and supernova feed-
back (Slyz et al. 2005). The computed star-formation rate follows the naive
porosity-based prediction. The only adjustable parameter is the star-formation
efficiency, to which the results seem relatively insensitive. The gas is ther-
mally unstable as supernova feedback maintains approximate pressure balance.
The adopted periodic boundary conditions mean that it is not straightforward
to generalise this result to an entire galaxy. The following results, however,
emerge from the simulations.

The analytic porosity formulation gives a good match to the simulated star-
formation rate. Insight into why there initially is positive feedback indicates
that this arises because the computational resolution allows one to track the
stellar kinematics and to explode stars in regions less dense than their natal
material. Over the lifetime of an OB star, the star drifts out of the dense core
where it formed and explodes in a region of lower density. The resulting explo-
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sions further compress the gas and induce further star formation. This process
is limited by the availability of cold gas. The star-formation rate peaks in a
burst that declines as the gas supply is exhausted.

The preceding model applies equally well to disks and to nuclear starbursts.
Disk star formation is envisaged as a series of mini starbursts. In a disk,
σgas ≈ 10 km s−1, so that Qε ≈ 0.03. The observed efficiency, according
to Kennicutt, is inferred from Σ̇∗ = 0.017ΣgasΩ, and is globally about 2 per
cent. This means that Q ≈ 0.5, as is observed for the Milky Way.

In a starburst, however, the star formation efficiency is necessarily higher
because ε ∝ σ2.7

gas. The remarkable phenomenological result is that starbursts

also lie on the same Kennicutt fit, Σ̇∗ = QεΣgasΩ, with Qε = 0.017. How-
ever there are two differences with quiescent disk star formation. The porosity
is low, since ε is necessarily large. And the overall efficiency of star forma-
tion is high because of the enhanced stellar scale height associated with the
starburst. Spatially extended star formation is seen in mergers. This has been
successfully modelled for a pair of merging galaxies (the Mice) by including a
turbulence-motivated prescription for the star formation law (Barnes 2004).

To better understand the Kennicutt law implications, we may write Ṁ∗MM =
Qε(H∗/HgasHH )2MgasMM Ω, so that in a starburst one might plausibly expect that
Ṁ∗MM ∼< MgasMM Ω. Because HgasHH � H∗, this would allow extremely efficient star
formation, with no feedback since the porosity is low; gas depletion occurs on
a dynamical time-scale. This might be the case for ULIRGs, or more generally
for nuclear starbursts. This is in contrast to the inefficient star formation and
long-lived gas supply at high porosity in disks where H∗ ≈ HgasHH .

The difference in star-formation characteristics between massive and low-
mass disks has received attention in a recent study of edge-on disks (Dalcanton,
Yoachim & Bernstein 2004). The case is made that the scale height increases
sharply (by a factor of about 2) as the rotational velocity drops below 120 km
s−1, simultaneously with an increase in disk gravitational stability to axisym-
metric perturbations. This could be due to an increase in gas turbulence or to
a decrease in disk surface density. One would expect star-formation efficiency
to globally increase with lower turbulence, due to the reduced effects of disk
venting via chimneys and fountains. This trend may be seen in the edge-on
disk sample, although detailed simulations are needed in order to explore the
theoretical implications that involve the interaction of disk gravitational insta-
bilities, molecular cloud evolution, disk outflows and star formation.

Lower-mass disks are generally gravitationally stable and not self-regulating.
The star-formation rate is low presumably because the gas supply provided by
gravitational instability is reduced. Systematically lower star-formation effi-
ciency in low-rotation, low-mass disks seems to be indicated by the data.
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4. Conclusions

Starbursts are ubiquitous at high redshift. In fact, starbursts are limited by
the local gas supply. If the gas supply is stochastic, this favours a series of
(mini)bursts. Infalling satellites yield a stochastic gas supply. A simple self-
regulation hypothesis yields the star-formation rate in a range of physical sit-
uations, thereby accounting for the Schmidt-Kennicutt law. One can regard
quiescent disk star formation as a series of mini starbursts, which seamlessly
progresses into the major starburst regime as the gas-supply rate is enhanced.
The fact that the phenomenological star-formation law accounts both for qui-
escent disks and starbursts can therefore be accommodated.
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Abstract Starbursts produce large numbers of Young Star Clusters (YSCs). Multi-color
photometry, in combination with a dedicated SED analysis tool, allows to derive
ages, metallicities, E(B − V ), and masses, including 1σ uncertainties, for indi-
vidual clusters and, hence, mass functions for YSC systems. The mass function,
known to be Gaussian for old Globular Cluster (GC) systems, is still controver-
sial for YSC systems. GC formation is expected in massive gas-rich spiral–spiral
mergers because of their high global star-formation efficiencies, and observed in
≥ 1 Gyr-old merger remnants. Yet, it has not been possible to identify young
GCs among YSC populations. We suggest a compactness parameter involving
masses and half-light radii of YSCs to investigate if young GCs are formed in
starbursts and if the ratio of young GCs to more loosely bound star clusters de-
pends on galaxy type, mass, burst strength, etc.

1. Star Formation Efficiencies & Star Cluster Formation

Both burst strengths, b, defined by the relative increase of the stellar mass in
the course of starbursts, b ≡ ∆Sburst

StotalS , and Star Formation Efficiencies (SFEs),
defined as the total stellar mass formed from the available mass of gas, SFE
≡ ∆Sburst

G , are difficult to determine. Reasonable estimates are only possible
in young post-starbursts. As long as a burst is active, only lower limits can be
given. Once a burst is over, or if a burst lasts longer than the lifetimes of the
most massive stars, the amount of stars already died needs to be accounted for.
The stellar and gaseous masses before the burst can only be estimated on the
basis of Hubble types, HI observations, etc. The strongest bursts are reported
in mergers of massive gas-rich galaxies, with total burst durations on the order
of a few 100 Myr. Bursts in massive interacting galaxies are much stronger and
last much longer than those in isolated dwarf galaxies. Blue Compact Dwarf
galaxies (BCDs), for instance, feature bursts with durations of the order of a
few Myr, b � 0.1, SFE ≤ 0.01, and a trend of decreasing burst strengths for
increasing total galaxy masses (including HI) (Krüger et al. 1995). Massive
interacting galaxies feature bursts that are stronger and more efficient by one to
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two orders of magnitude, similar to the progenitors of E+A galaxies in clusters,
ULIRGs, SCUBA galaxies, and optically identified starburst galaxies in the
early Universe. The post-burst spiral–spiral merger remnant NGC 7252, with
two long, gas-rich tidal tails pointing at an age of ∼< 1 Gyr after the onset of
the strong interaction, and its blue and radially constant colors and very strong
Balmer absorption line spectrum, must have experienced a very strong and
global starburst, increasing its stellar mass by as much as ∼ 40 % between 600
and 1,000 Myr ago. Conservative estimates still lead to a very high SFE ≥ 30%
(Fritze–v. Alvensleben & Gerhard 1994). A large number of Star Clusters
(SCs) formed throughout the main body, many of them apparently so strongly
bound that they managed to survive for 500 − 900 Myr the violent relaxation
phase that restructured the remnant into a de Vaucouleurs profile (cf. Fritze–v.
Alvensleben & Burkert 1995; see Schweizer [2002] for a recent review). Most
of these star clusters are young GCs, based on their ages, luminosities, and
radii. How many clusters were already destroyed since the onset of the burst?
An analogous system at a younger age is NGC 4038/39 where the two spiral
disks are just starting to overlap. Its burst around the two nuclei, along the tidal
structures, and – strongest – in the optically obscured disk–disk overlap region
is in its initial stage. Thousands of bright YSCs are seen, with luminosities
ranging from those of individual red supergiant stars to MVMM ≥ −15. How
many of these will survive for � 1 Gyr and become GCs?

Hydrodynamic modelling shows that the formation of long-lived strongly
bound GCs requires SFEs � 10%, originally thought to only occur in the
early Universe. In normal SF in spirals, irregulars, and starbursting isolated
dwarfs, like BCDs, GC formation should not be possible. In the high-pressure
ISM with its strong shocks in spiral–spiral mergers, however, GC formation
is observed in reality, as well as in high-resolution hydrodynamical models
(Yuexing et al. 2004). Hence, young and intermediate-age GCs are tracers of
high SFE periods in their parent galaxies. A number of very fundamental ques-
tions are still open at present: Does the amount of SF that goes into massive,
compact, long-lived SCs scale with burst strength and/or (local/global) SFE?
Or is there a threshold in SFE, below which only field stars and weakly bound,
less massive SCs or OB-associations can be formed that dissolve on timescales
of 108 yr, and above which GCs can be formed or even become the dominant
component? Does the same star and SC formation mechanism work in vastly
different environments and scale over a huge dynamical range, or are there
two different modes of SF, like “normal” and “violent”? SCs are seen to form
in many environments, from normal Irrs and spirals through dwarf starbursts,
spiral mergers, and ULIRGs, constrained to nuclear regions (e.g., in ULIRGs),
over their main body (e.g., NGC 4038/39), and all along tremendous tidal tails
(e.g., the Tadpole; cf. de Grijs et al. 2003). The spatial extent of a starburst
probably depends on the orbit and relative orientations of the interacting galax-
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ies, on whether or not they had massive bulges and/or dark matter halos. Are
all these YSC systems similar, or systematically different in terms of masses,
mass functions, sizes, compactness or degree of binding and, hence, survival
times?

SCs are Simple Stellar Populations (SSPs), with all stars having the same
age and chemical composition. Evolutionary synthesis models like GALEV de-
scribe the evolution of SCs over a Hubble time, from the youngest stages of 4
Myr all the way to the oldest GC ages ≥ 14 Gyr for 5 different metallicities
−1.7 ≤ [Fe/H] ≤ +0.4. The TP-AGB phase is very important for age-dating
SCs between 100 Myr and a few Gyr on the basis of their (V − I) colors
(cf. Schulz et al. 2002). Gaseous emission in terms of lines and continuum for
the respective metallicities makes important contributions to broad-band fluxes
and colors at young ages (Anders & Fritze–v. Alvensleben 2003). Lick absorp-
tion indices significantly help disentangle ages and metallicities of older SCs
(Lilly & Fritze–v. Alvensleben, in prep.). GALEV models yield the detailed
spectral evolution of SCs from 90 Å through 160 µm, luminosities, M/L ratios,
and colors in many filter systems (Johnson, HST, Washington, Strömgren,T . . . )
and can be retrieved from http://www.uni-sw.gwdg.de/∼galev/.

2. Analysing Star Cluster Systems

The time evolution of luminosities, colors, and M/L ratios significantly de-
pends on metallicity in a way that is different in different wavelength regimes.
For young SC systems, such as in NGC 4038/39, extinction is an important
issue. Older starbursts, like in NGC 7252, are significantly less extincted. An
ESO/ASTROVIRTEL project provides us with HST and VLT multi-λ photome-
try for SC systems from young to old that have been observed in 4 or more
passbands. A dedicated Spectral Energy Distribution (SED) analysis tool,
ANALYSED, compares observed SC SEDs with an extensive grid of 117,000
SSP model SEDs for 5 different metallicities, 1,170 ages from 4 Myr to 14
Gyr, and 20 extinction values 0 ≤ E(B − V ) ≤ 1. We use Calzetti et al.’s
(2000) starburst extinction law, since internal extinction is only an issue in on-
going starbursts. A probability p(n) ∼ exp(−χ2) is assigned to each model
SED by a maximum likelihood estimator χ2 =

∑
λ(mobs

λ − mmodel
λ )2/σ2

obs.
The best-fit model is the one with the highest probability. Probabilities are
normalised to

∑
n p(n) = 1. Summing models with decreasing probabilities

until
∑

n p(n) = 0.68 provides ±1σ uncertainties for ages, metallicities, ex-
tinction values, and masses of individual SCs (Anders et al. 2004a). Testing
ANALYSED with artificial SCs, we found that there are good and bad passband
combinations, slightly depending on the ages and metallicities of the clusters,
and we identified a combination of 4 passbands U, B, V or I , and H or K with
observational photometric accuracy ≤ 0.2 mag as optimal for YSC systems.
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We agree with the independent investigation by Cardiel et al. (2003), that
for typical photometric accuracies broad-band photometry with useful pass-
band combinations is as powerful in disentangling ages and metallicities as is
spectroscopy with typical S/N. The ANALYSED tool is currently extended to
also include Lick indices for analyses of intermediate-age and old GC systems
(Lilly et al., in prep.; see also Lilly et al., these proceedings). In the dwarf star-
burst galaxy NGC 1569 we identify 169 YSCs on the ASTROVIRTEL images,
the bulk of them with ages ≤ 25 Myr, low extinction and metallicities. Their
masses are typically in the range from 103 to 104 M�, only the two Super SCs
have masses in the mass range of GCs (see Fig.1 and Anders et al. 2004b).

Figure 1. Distribution of YSC masses in NGC 1569 (histogram), compared to the Milky Way
GC mass function, normalised to the same number of clusters (Gaussian curve).

We conclude that the starburst in the dwarf galaxy NGC 1569 did not form
many GCs, whereas the starburst in the spiral–spiral merger NGC 7252 did.
Does SC formation produce a continuum in masses and binding energies, or
are there different modes of SC formation that produce open and globular clus-
ters, respectively? With increasing burst strength, an increasing number of SCs
is formed. Does the statistical effect of having a higher chance to have a more
massive cluster within a larger sample explain the difference between cluster
masses in NGC 1569 and NGC 7252? Probably not. Mass Functions (MFs)
are power laws for open cluster systems and Gaussians for old GC systems.
Initial MFs derived from models for survival and destruction of GCs in galac-
tic potentials are controversial. Vesperini (2001) favors an initially Gaussian
shape for GC MFs that is essentially conserved by the competing destruction
effects of low-mass GCs through tidal disruption and of high-mass GCs by
dynamical friction. Gnedin & Ostriker (1997) favor an initial power-law GC
MF that is secularly transformed into a Gaussian by higher destruction rates
for lower-mass GCs. The MF of the young SC system in NGC 4038/39, that
very probably comprises a mixture of OB associations, open, and GCs, as
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derived from HST photometry, is also controversial. Whereas Zhang & Fall
(1999) derive a power-law MF using reddening-free Q1–Q2 indices, we find
a Gaussian MF (Fritze–v. Alvensleben 1998, 1999). Both approaches have
their drawbacks. Zhang & Fall (1999) excluded a significant number of clus-
ters from the ambiguous age range in the Q1–Q2 plot, while we assumed a
uniform average reddening in the WF/PC UVI data. If we exclude the same
SCs as Zhang & Fall (1999), we also find a power-law. The dust distribution in
NGC 4038/39 is clearly patchy and a re-analysis of ASTROVIRTEL UBVIK data
from HST/WFPC2 and VLT/ISAAC is underway (Anders et al., in prep.). TheT
shape of the MF need not correspond to the shape of the Luminosity Function
(LF) for a young SC system, as age spread effects can distort the shape of the
LF with respect to that of the underlying MF – to the point of transforming a
Gaussian MF into a power-law LF up to the observational completeness limit.
The key to survival or destruction is the strength of a SC’s internal gravitational
binding, as measured for Galactic GCs by their concentration parameter, c. By
definition, c ≡ log rt

rc
involves the tidal and core radii. Very young clusters

need not yet be tidally truncated, and tidal radii could not be measured for the
bulk of the YSCs on top of the bright galaxy background in NGC 4038/39 any-
way. Therefore, we define the compactness of a young SC by the ratio between
its mass and half-light radius (Anders et al., in prep.), a robust quantity that can
be measured reliably, and is predicted by dynamical SC evolution models to not
significantly change over a Hubble time. To this aim, we first have to improve
upon the determination of SC radii by using appropriate aperture corrections.
Improved SC radii, in turn, lead to improved SC photometry, and, hence, to
improved photometric masses (see Anders et al., these proceedings).

3. Conclusions and Perspective

From the ages, masses, and radii of their SCs we know that major gas-rich
mergers can form significant secondary populations of GCs in their strong and
global starbursts. SFEs in mergers are higher by 1–2 orders of magnitude than
in normal SF galaxies and (non-interacting) dwarf galaxy starbursts. Compar-
ing good precision photometry in at least 4 reasonably chosen passbands (e.g.,
UBVK) toKK GALEV evolutionary synthesis models for SCs with a given age,
metallicity, extinction, and mass by means of a dedicated SED analysis tool
(ANALYSED) allows us to reliably determine individual SC ages, metallici-
ties, extinction values, and masses, including their respective 1σ uncertainties.
The first dwarf galaxy starburst analysed in detail in this way shows only very
few clusters with masses in the range of GCs among its ∼ 170 YSCs. Clearly,
both more major merger and dwarf galaxy starbursts need to be analysed in de-
tail. Pixel-by-pixel analyses (de Grijs et al. 2003) or integral-field spectroscopy
can provide burst strengths and SFEs. From a comparison with HST multi-λ
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imaging of their YSC systems the relative ratios of SF in field stars, short-lived
open clusters, and long-lived GCs, respectively, can be determined. A key
question is whether or not these quantities, as well as the intrinsic properties of
the YSCs, like masses and half-mass radii, depend on environment, in a smooth
way or with some threshold. A comparison of starbursts in dwarf and massive,
interacting and non-interacting starbursts should tell if SF and SC formation
are universal processes or depend on environment. GC age and metallicity dis-
tributions will allow to trace back a galaxy’s violent (star) formation history
and constrain galaxy formation scenarios (Fritze–v. Alvensleben 2004). This
requires B through NIR photometry and medium-resolution spectra to measure
Lick indices. With only one observed color, we cannot disentangle the age–
metallicity degeneracy of intermediate-age and old stellar populations, and see
if more than one GC population is hidden in the red peak of many elliptical
galaxies’ bimodal color distributions.
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Abstract The cluster populations of nearby starburst galaxies provide a valuable tool for
unlocking the detailed star-formation histories of these systems, and for shed-
ding light on the processes governing star formation in starburst events. We
have obtained broad and narrow-band HST/WFPC2 images of the active regionsTT
of three nearby starburst galaxies (M83, NGC 3077, and NGC 5253). Our analy-
sis of their cluster populations reveals sharp, short-duration starburst events in
each galaxy. In NGC 5253 we find no clusters older than 20 Myr, perhaps evi-
dence for accelerated cluster destruction processes in that galaxy.

1. Introduction

It is now clear that throughout the history of the Universe, a significant frac-
tion of the stellar mass has formed in rapid starburst events. These events play
important roles in the ionization, chemical enrichment, and overall evolution
of their host galaxy. Because starburst events are often observed in interact-
ing galaxies and merger remnants, it is reasonable to infer that gravitational
interactions trigger starburst activity. In the context of the hierarchical merger
scenario of galaxy formation, it is probable that a large fraction of a typical
galaxy’s stellar content was formed during a starburst event.

Despite their ubiquity and significance for understanding the origins of stel-
lar populations, we currently have only a rudimentary understanding of the
cause, nature and evolution of starburst events. Nearby starburst galaxies pro-
vide an important opportunity to study galaxy-scale star formation in great de-
tail. We have obtained broad (F300W, F547M, and F814W) and narrow-band
(F487N, F507N, and F656N) images of the active regions of three nearby star-
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burst galaxies: M83, NGC 3077, and NGC 5253, in order to study their star
cluster populations and interstellar media.

2. Measuring the Cluster Populations

Cluster Identification

To construct catalogs of cluster candidates in each galaxy, we use the DAO-
PHOT FIND routine to identify point-like sources in each image. However,
not all of the pointlike sources are star clusters; some may be foreground
stars or very luminous stars in the target galaxy. The target galaxies are 3.5–
4 Mpc away; at these distances, typical star clusters are slightly resolved in
the WFPC2 images. We therefore measure the profile size of each candidate
object and reject objects whose profiles are not larger than the angular size of
known stars in the images. We also require the objects to be detected in each
of the three broad-band filters.

Photometry and Extinction

These data present challenges to both of the standard methods of measur-
ing photometry of point-like sources. Aperture photometry suffers from the
crowded environments of the images, and from the variable background galaxy
light. Profile-fitting photometry suffers from the fact that the clusters have
variable profile shapes: some are larger than others, making it difficult to fit
the sample with a single profile model. To mitigate these problems, we have
adopted a hybrid approach. We use the profile-fitting technique to clean crowd-
ing neighbors from the images, and then perform aperture photometry on the
neighbor-cleaned images (see Harris et al. 2004 for details).

To correct the photometry for the highly-variable interstellar extinction in
these galaxies, we employ our F487N and F656N images to construct a map
of the Hα/Hβ ratio, which gives a reliable estimate of the extinction at the
position of each cluster.

3. Cluster Age and Mass Estimates

Once we have the extinction-corrected photometry for each cluster, we de-
termine the mass and age of each cluster by comparing its photometry to
a STARBURST99 population synthesis model (Leitherer et al. 1999) whose
metallicity matches that of the galaxy. We plot the cluster photometry in a
two-color diagram, and identify the point along the model curve which most
closely matches the colors of each cluster (Fig. 1). The age of the matching
model point is adopted as the age of the cluster. Mass estimates then follow
by simply assuming the data/model flux ratio is equal to their mass ratio (the
models adopt a mass of 106 M�). By acccounting for the photometric and ex-
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tinction uncertainties, we actually determine plausible ranges for the age and
mass of each cluster.

The mass and age estimates for the cluster populations in each galaxy are
shown in Fig. 2. Each galaxy shows evidence for a recent, short-duration burst
of cluster formation activity. However, only in NGC 5253 do we see a complete
absence of clusters older than 10–20 Myr.

4. Summary

We have measured the photometry of star clusters in three nearby starburst
galaxies (M83, NGC 3077, and NGC 5253), and used this information to de-
termine the age and mass of each cluster. We find short burst durations in
each of the galaxies. Furthermore, we find no clusters in NGC 5253 older than
10–20 Myr. While it is possible that the starburst event in NGC 5253 did not
begin until ∼ 20 Myr ago, we suggest that cluster destruction rates may be
accelerated in NGC 5253, due to a stronger tidal field at its center.
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Figure 1. Two-color diagrams for the cluster populations in the two dwarf starburst galaxies,
NGC 3077 (left) and NGC 5253 (right). For each cluster, the observed colors are shown in grey,
and the extinction-corrected colors are shown in black. A circle whose size is proportional to
the F547M flux of each cluster is centered on each extinction-corrected point. The thick curve is
the STARBURST99 model track for the metallicity of the galaxy, and this curve is labeled with
the ages of several points along the model, in Myr.

Figure 2. Mass and age estimates for the cluster populations of the three starburst galaxies.
The top panels show mass vs. age, and the bottom panels show the age histograms for each
cluster population. The curves in the top panels represent the 50% completeness limits for each
galaxy.
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Abstract Young star clusters with masses well in excess of 105 M� have been observed
not only in merging galaxies and large-scale starbursts, but also in fairly normal,
undisturbed spiral and irregular galaxies. Here, we present virial mass estimates
for a sample of 7 such clusters and show that the derived mass-to-light ratios are
consistent with “normal” Kroupa-type stellar mass distributions.

1. Introduction

Young star clusters with masses in the range 104−106 M� (“young massive
clusters”; YMCs) are frequently observed in a wide variety of external galaxies
(see review in Larsen 2004). Determining the mass-to-light (M/L) ratios of
YMCs is a matter of considerable interest, because this may lead to constraints
on the stellar mass function (MF). The MF, in turn, is of interest not only for
the general question as to whether or not there is a universal MF, but also for
the long-term survival of YMCs. Here, we discuss new results for a sample of
7 YMCs, for which we have attempted to constrain the MF using dynamical
M/L ratios.

2. Data

Three of our target clusters are located in spiral galaxies (one in NGC 6946
and two in NGC 5236), and were selected from the sample of Larsen & Richtler
(1999). The other four are in dwarf irregulars (2 each in both NGC 4214 and
NGC 4449) and were selected from Billett et al. (2002) and Gelatt et al. (2001).
Archival HST/WFPC2 imaging is available for all of our targets, and the clus-T
ters are all free of crowding, and appear superimposed on a reasonably smooth
background. The host galaxies have estimated distances in the range 2−6 Mpc,
making the clusters appear well resolved on HST images, although a correction
for instrumental resolution is still necessary when measuring the sizes. Based
on photometry, ages were estimated to be in the range 11 − 800 Myr and all
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Table 1. Data for the YMCs. Rhl is the half-light radius, MvirMM is the virial mass, vx is the
line-of-sight velocity dispersion and ρ0 is the estimated central density.

ID Rhl vx log(Age) Mvir ρ0

[pc] [km s−1] [yr] [105 M�] [M� pc−3]

N4214-10 4.33 ± 0.14 5.1 ± 1.0 8.3 ± 0.1 2.6 ± 1.0 (2.5 ± 1.0) × 103

N4214-13 3.01 ± 0.26 14.8 ± 1.0 8.3 ± 0.1 14.8 ± 2.4 (1.9 ± 0.6) × 105

N4449-27 3.72 ± 0.32 5.0 ± 1.0 8.9 ± 0.3 2.1 ± 0.9 (1.9 ± 0.8) × 103

N4449-47 5.24 ± 0.76 6.2 ± 1.0 8.5 ± 0.1 4.6 ± 1.6 (6.8 ± 2.4) × 103

N5236-502 7.6 ± 1.1 5.5 ± 1.0 8.0 ± 0.1 5.2 ± 0.8 (2.8 ± 1.0) × 103

N5236-805 2.8 ± 0.4 8.1 ± 1.0 7.1 ± 0.2 4.2 ± 0.7 (1.6 ± 1.1) × 104

N6946-1447 10.2 ± 1.6 8.8 ± 1.0 7.05 ± 0.1 17.6 ± 5 (2.3 ± 0.8) × 104

clusters have photometric mass estimates greater than 105 M�. The expected
velocity dispersions are of order 5 − 10 km s−1.

The two clusters in NGC 5236 were observed with the UVES echelle spec-
trograph on the ESO/Very Large Telescope, while the remaining clusters were
observed with HIRES and NIRSPEC on the Keck I telescope. The spectral
resolution was between λ/∆λ = 25000 and λ/∆λ = 60000 and the S/N
ratio was typically about 20–30, or better, per resolution element. Velocity
dispersions were measured using the cross-correlation technique of Tonry &
Davis (1979). In brief, the cluster spectra were first cross-correlated with
the spectrum of a suitable (red supergiant) template star. The template star
spectrum was then cross-correlated with the spectrum of another template star.
The velocity dispersion of the cluster spectrum was then essentially given as
the difference in quadrature between the Gaussian dispersions of the peaks
of the two cross-correlation functions. The cluster sizes were derived from
the HST/WFPC2 images by convolving EFF models (Elson, Fall & FreemanT
1987) with the WFPC2 point-spread function and solving for the best fit to the
observed images (Larsen 1999). Cluster ages and reddenings were estimated
by comparing multi-colour photometry with Bruzual & Charlot (2003) simple
stellar population (SSP) models. For further details regarding the data reduc-
tion and analysis we refer to Larsen et al. (2004; for NGC 4214, NGC 4449
and NGC 6946) and Larsen & Richtler (2004; for NGC 5236).

3. Virial mass-to-light ratios and the MF

Our results for the 7 YMCs are summarised in Table 1. As expected from
the photometry, all clusters have virial masses in excess of 105 M�, and two
have masses > 106 M�. Interestingly, there is little, if any, correlation between
cluster mass and half-light radius. Central densities, estimated from the EFF
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Figure 1. Comparison of observed M/L ratios with SSP models

fits, are listed in the last column and range from ∼ 1000 M� pc−3 to greater
than 105 M� pc−3.

In Fig. 1 we compare the observed M/L ratios with predictions by SSP mod-
els for various MFs. The solid line shows the MVMM magnitude per solar mass
for solar metallicity and a Salpeter (1955) MF with a lower mass limit of 0.1
M�, from Bruzual & Charlot (2003). The other curves show our calculations
for Salpeter MFs with lower mass limits of 0.01, 0.1 and 1.0 M� (long dashed,
dot-dashed and triple dot-dashed lines, respectively) and a Kroupa (2002) MF
(short-dashed line), obtained by populating solar-metallicity isochrones from
Girardi (2000) according to the various MFs. It is not strictly correct to put
all YMCs on the same plot, since the clusters in NGC 4214 and NGC 4449
may have metallicities of only 1/4–1/3 solar (Larsen et al. 2004). However,
the V -band M/L ratios are predicted to change by less than 0.2 for models of
one-fifth solar metallicity (shifting the curves in Fig. 1 upwards).

The comparison in Fig. 1 suggests that our data are mostly consistent with
a Kroupa-type or a Salpeter MF extending down to 0.1 M�. At the present
level of accuracy, we cannot distinguish between these possibilities. It should
also be noted that there is a degeneracy between the MF slope and the lower
mass limit. However, there is no suggestion that any of the YMCs studied here
may have significantly top-heavy MFs. It should be kept in mind that the virial
mass estimates are subject to a number of uncertainties which are not easily
quantified. In order to assess the role of macroturbulence in the template stars,
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we used several stars in the cross-correlation analysis, and found no strong de-
pendence on the choice of template star. However, it is difficult to find local red
supergiants that are as luminous as those expected to be present in the youngest
clusters, and if the macroturbulence varies significantly with luminosity, then
this may lead to systematic errors. Mass segregation (primordial or dynami-
cal) can also lead to erroneous results if the virial theorem is applied blindly.
Recent calculations by Lançon & Boily (these proceedings) suggest that mass
segregation will typically lead to the cluster masses being underestimated, i.e.
the data points would shift downwards in Fig. 1, and the case for top-heavy
MFs would then seem even weaker.

4. Summary

Using a combination of ground-based high-dispersion spectroscopy and HST
imaging, we have derived virial M/L ratios for a sample of 7 YMCs with
masses in the range 105 − 106 M� in nearby spiral and irregular galaxies. By
comparing the M/L ratios with predictions from SSP models, we conclude that
our data are consistent with “normal” (e.g., Kroupa [2002]-type) stellar MFs,
suggesting that the clusters may eventually evolve into objects which will be
very similar to the old globular clusters commonly observed around galaxies.
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Abstract We have identified a rare category of galaxies deviating from the universal infra-
red-radio correlation of star-forming galaxies in being significantly deficient in
synchrotron radiation at 20 cm. The selected objects also have high dust temper-
atures, indicating intense radiation fields. From a detailed study of the prototype
of this class, NGC 1377, the most likely scenario accounting for their proper-
ties is a starburst just breaking out in a host previously quiescent for at least
100 Myr. We have selected a statistical sample of candidate nascent starbursts
from the cross-correlation of the IRAS Faint Source Catalog with the NVSS and
FIRST VLA radio surveys, and discuss the first results obtained from a recent
multi-wavelength VLA campaign.

1. Introduction

The infrared-radio correlation of star-forming galaxies (Helou et al. 1985)
suffers very few exceptions. At centimeter wavelengths, the radio continuum
is dominated by synchrotron emission, from cosmic rays previously acceler-
ated in supernova remnants, propagating in the interstellar magnetic field, and
decaying in less than 108 yr (Condon 1992). The far-infrared continuum mea-
sures the peak of the dust emission, and is a fair tracer of the instantaneous star
formation for starburst galaxies. The infrared-radio correlation can hold only
if strong coupling mechanisms operate. The production rate of cosmic rays has
to be roughly proportional to that of dust-heating photons (which is achieved
for a fixed initial mass function), and in addition, starbursts seem to constantly
adjust their magnetic field, so that the ratio of magnetic energy density to ra-
diation energy density remains constant (Lisenfeld et al. 1996). Yet, cosmic
rays are released only about 4 Myr after the birth of their progenitors. This
time delay implies that the relative amounts of infrared and radio emission are
expected to vary significantly, and can in principle be exploited to constrain the
age of individual star-forming regions. Galaxies, however, host young stellar
populations that span an extended age range, and star formation, even in the
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form of bursts, goes on for significantly longer periods than 4 Myr; radio con-
tinuum deficiency is thus exceedingly hard to achieve on large spatial scales.
We term candidate nascent starbursts a class of galaxies selected in a specific
way: they deviate upward from the average infrared-to-radio flux ratio by more
than 3 times the standard deviation observed in star-forming galaxies; and they
have high far-infrared color temperatures, to ensure that dust is heated by in-
tense radiation and that any cirrus component is negligible, so that the radio
weakness cannot be explained by decayed star formation. We use
q̄ = log [1.26 × (2.58 F60FF + F100FF ) / 3.75 (THz) / S(20 cm)] = 2.34 ± 0.19
(Roussel et al. 2003). In our interpretation, these galaxies host an intense
star-formation episode younger than a few Myr, and they have been previously
quiescent for more than ∼ 100 Myr (otherwise, the cosmic rays generated by
previous star-formation episodes would not have decayed completely). Such
objects seem ideal to constrain the initial conditions, triggering mechanisms
and early development of starbursts in galaxies, since they offer the setting to
observe the onset of a burst unconfused by previous star-formation episodes, a
very rare occurrence.

2. The most extreme case: NGC 1377

NGC 1377 is the only member of the IRAS Bright Galaxy Sample unde-
tected in the 20 cm continuum (Condon et al. 1990), and it deviates from
the infrared-radio correlation by more than 8σ. Its dust content is very hot,
with F60FF /F100FF = 1.2 indicating a black-body temperature of 80 K, or a dust
temperature of 54 K, using a realistic emissivity law. NGC 1377 is a low-mass
lenticular galaxy (M∗MM ∼ 8×109 M�), with LFIR = 4×109 L�,bol. We review
here briefly the essential aspects discussed by Roussel et al. (2003); readers
are referred to this paper for more details and a discussion of alternative sce-
narios. We observed NGC 1377 at 3.6 and 6.3 cm, and obtained upper limits
from which we conclude that the galaxy is not only devoid of synchrotron ra-
diation, but also deficient in free-free emission. Using the star-formation rate
derived from the far-infrared, at least 70% of the expected ionizing photons
are missing, which suggests that most of the energetic radiation is absorbed
by dust. The reservoir of molecular gas is at least ten times more massive
than what is required by the starburst hypothesis. It is very compact, possi-
bly overcritical, and both the high infrared to CO(1-0) flux ratio (7 times the
average for normal galaxies) and the low CO(2-1)/CO(1-0) brightness temper-
ature (0.53 ± 0.14) are similar to values encountered in starbursts. The only
emission line detected in the near-infrared is that of H2 (1-0) S(1) at 2.12µm,
and the limits obtained on the ratios of three H2 transitions indicate slow shock
excitation with T ≤ 1500 K. From preliminary results of the SINGS survey
(Kennicutt et al. 2003), the only bright emission line in the 10 − 35µm range
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arises from T ∼ 200 K H2 gas, and no high-excitation lines are present. Fi-
nally, the ISOPHOT mid-infrared spectrum (Laureijs et al. 2000) is very un-
usual, containing a broad emission feature between 6 and 8.5µm in place of
aromatic bands universally found in metal-rich star-forming galaxies; mod-
elling of the infrared SED by a pure continuum with deep silicate absorption
presents critical difficulties for the energy balance accounting for the moder-
ate far-infrared power. Although it is often claimed that non-stellar activity
is required to explain unusually hot and compact infrared sources, we have
shown from energetics arguments that this is very unlikely for NGC 1377
(Roussel et al. 2003). The analogy between NGC 1377 and a scaled-up ver-
sion of Becklin-Neugebauer objects, which represent the transition stage be-
tween protostars and ultracompact HII regions, may offer an interesting route
to understand its many peculiarities.

3. A statistical sample of nascent starbursts

We have defined a new sample of synchrotron-deficient galaxies from the
IRAS Faint Galaxy Sample and the NVSS and FIRST 20 cm VLA surveys,
above a declination of −35 degrees. They were selected in infrared flux (F60FF >
0.7 Jy), in infrared color (F60FF /F100FF > 0.7) and in infrared-to-radio flux ratio
(q ≥ q̄ + 3σq). They are very rare objects, constituting only on the order of
1% of an infrared flux-limited sample, but make up a non-negligible fraction
of systems brighter at 60µm than at 100µm (∼ 16%). This sample contains an
overwhelming majority of compact systems, many of which show morphologi-
cal disturbances such as plumes or shells, or double nuclei. The galaxies which
are classified are generally S(B)0-a, and of the HII or LINER types. These
galaxies are not akin to dwarfs, which sometimes may be assimilated to a sin-
gle giant HII region: they have near-infrared colors similar to those of massive
galaxies, have high infrared-to-optical flux ratios, and compact reservoirs of
CO gas, suggesting a normal metal content. All galaxies were observed by us
with the VLA at 20 cm in the C configuration, in order to obtain deeper maps.
In addition, the galaxies with already robust limits at 20 cm were mapped at
3.5 and 6 cm, in order to constrain their radio emission mechanisms. Among
this subsample, we found that 23 galaxies (59%) are intrinsically deficient in
synchrotron emission. Their weakness at 20 cm is confirmed at shorter wave-
lengths. Sixteen other galaxies have spectral indices between 3.5 and 6 cm
significantly steeper than between 6 and 20 cm, likely caused by high thermal
opacity at 20 cm. If we correct for that effect by extrapolating the 3.5–6 cm
spectral index, their deviation from the infrared-to-radio correlation is reduced,
ranging between 0.6σ and 2.8σ. They may represent a later evolutionary stage
than the galaxies deviating from the correlation by more than 3σ at 6 cm. Six
of the 23 galaxies genuinely poor in cosmic rays are still undetected at the
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Figure 1. The more luminous of the two systems whose spectral index between 3.5 and 6 cm
is close to −0.1. To the left is an optical image from the Digitized Sky Survey; to the right is
the 3 cm VLA map.

0.2 − 0.3 mJy level at 6 cm, and some may be considered faint analogs of
NGC 1377. The radio spectrum of 11 other galaxies, steeper than FνFF ∝ ν−0.4,
implies that the synchrotron component constitutes a significant fraction of
their radio power, either the residue of an older star-formation episode, or the
product of a developing burst. Finally, 6 of the 23 truly synchrotron-deficient
galaxies have 3.5 − 6 cm spectral indices flatter than −0.4. At least two seem
completely dominated by thermal emission; they are fairly luminous in the far-
infrared (2 × 1010 L�,bol and 5 × 1011 L�,bol, respectively). They are both
classified as LINERs, one is surrounded by faint shells and the other is a merg-
ing system (Fig. 1). This preliminary analysis of the radio data underscores the
diversity of the high infrared-to-radio ratio galaxies. The most useful informa-
tion about their energy source, geometry and degree of evolution is expected to
be brought by mid-infrared spectroscopy. A detailed description of the sample,
data and analysis will be provided in a forthcoming paper.
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Abstract We present HST/STIS spectroscopy for one slit position crossing the starburstT
core of M82, sampling both clusters and ionized gas at optical wavelengths. The
spectra have a spatial resolution of 2 pc at the distance of M82, allowing us
to probe the conditions within a starburst environment in unprecedented detail.
We find that the ionized gas has high turbulent and thermal pressures (P/k ∼
107), reflecting the intense energy input from supernovae concentrated in super
star clusters. The data also provide new insights into young clusters and their
immediate environments. We identify a 6–7 Myr old cluster, M82-A1, which is
still embedded in a compact HII region.

1. Introduction and Observations

M82 is the nearest example of a giant starburst galaxy, at a distance of
3.6 Mpc (Freedman et al. 1994). An intense burst of nuclear star formation
was triggered by a close encounter with M81 a few hundred million years ago
(Yun, Ho & Lo 1993, 1994). The active starburst region has a diameter of
500 pc and is defined optically by the high surface brightness clumps, denoted
A, C and E (O’Connell & Mangano 1978), as shown in Fig. 1. Region A is
of special interest because it contains a remarkable complex of young super
star clusters (SSCs; O’Connell et al. 1995, Melo et al. 2005) which appear to
be feeding the well-known galactic-scale wind (Shopbell & Bland-Hawthorn
1998, Westmoquette et al. [these proceedings], Gallagher et al. [in prep.]).
The closeness of M82 (0.1 arcsec = 1.8 pc) means that individual clusters are
easily resolved by HST and are bright enough to obtain spectroscopy. In this
paper, we present spectroscopy obtained with the Space Telescope Imaging
Spectrograph (STIS) for one slit position crossing the starburst core of M82
in regions A and C (Fig. 1), sampling both clusters and ionized gas at optical
wavelengths.
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Figure 1. Mosaic of HST/WFPC2 F656N images showing the starburst core of M82, and theT
position of the 52 arcsec long STIS slit. The optically bright regions A, C, D, and E, and the
SSCs F and L (O’Connell & Mangano 1978) are labelled. The position of the 2.2µm nucleus is
marked with a cross.

Figure 2. HST/STIS G750M rectified two-dimensional spectral image, showing the clusterT
M82-A1 and its compact HII region over the wavelength region 6500–6800 Å. The nebular
emission lines are marked; the surface brightness scale is in units of 10−16 erg cm−2 s−1 Å−1

arcsec−2.
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The STIS observations were obtained as part of a larger programme devoted
to spectroscopy of SSCs in M82 (GO 9117; P.I. O’Connell). We used the
G430L (λλ2900–5700) and G750M (λλ6295–6865) gratings to record two-
dimensional spectra on the STIS CCD, with a plate scale of 0.05 arcsec pixel−1

over the 52 arcsec long slit. In Fig. 2, a small portion of the reduced two-
dimensional image for the G750M grating is shown. The slit was centred on
the brightest isolated cluster in region A, which we designate M82-A1. Figure
2 shows that M82-A1 is clearly resolved and is surrounded by a compact HII

region. One-dimensional spectra were extracted over the extent of the cluster,
sampling the ionized gas extending over regions A and C.

2. Results

Concerning the properties of the ionized gas in regions A and C, we see spa-
tially extended emission along most of the STIS slit. The ([OII] + [OIII])/Hβ
nebular line ratio indicates that the gas has an approximately solar abundance
(see also Origlia et al. 2004). The velocity field is smooth, suggesting that the
ionized gas is not disturbed by the emerging superwind. The emission lines
are, however, very broad (FWHM∼ 120 km s−1) compared to diffuse gas
found in normal galaxies (Hunter & Gallagher 1997). For [SII], we find that
λ6731 is stronger than λ6717 throughout the STIS data set, implying electron
densities of ∼ 1000 cm−3, and therefore a high pressure in the starburst core of
P/k ∼ 107. This suggests that either the ionized gas is being compressed and
confined by the winds of the SSCs, or that it is in pressure equilibrium with a
pervasive hot phase of the ISM, as observed in the central regions by Chandra
(Griffiths et al. 2000, Strickland et al. 2004).

For the super star cluster M82-A1, we find that the G430L spectrum con-
tains Balmer absorption lines (partially filled in with Balmer emission) with a
weak Balmer jump, indicative of a young age. We derive a reddening E(B −
V ) = 1.5 ± 0.1 from HST B, V, I photometry, and an absolute magnitude
MVMM = −15.3 mag. To determine the half-light radius of M82-A1, we fitted
Gaussian profiles to the WFPC2 images and derive a mean value of 115±5 mas
(corrected for the PSF) or 2.0 ± 0.1 pc. This value agrees well with that de-
termined by McCrady et al. (2003), of 119 ± 14 mas from a NICMOS/NIC2
F160W image.

To estimate the age for M82-A1, we have compared the observed equivalent
width of the Hα emission line with the predicted values for an instantaneous
burst with a Salpeter IMF from the spectral synthesis code STARBURST99
(Leitherer et al. 1999). The observed equivalent width of 30Å gives an age
of 6.7 ± 0.3 Myr. At this age, the ionizing flux from O stars in the cluster is
rapidly decreasing, and the equivalent width is thus very sensitive to age. The
derived age is therefore quite accurate if all the hydrogen-ionizing photons
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are absorbed. We can check this by measuring the properties of the resolved
compact HII region surrounding M82-A1. We find that it has a radius of 3.9 pc
and an electron density NeNN = 1500 cm−3. We now require the mass of the
cluster to determine the number of Lyman ionizing photons Q0. Combining
the age range we have measured with the absolute magnitude of M82-A1, we
find it has a photometric mass of (1.5± 0.6)× 106 M� for a standard Salpeter
IMF. This then gives a Strömgren radius of 2.5–3.7 pc, in good agreement with
the measured radius of the HII region. It is curious that this compact HII region
has survived despite the supernova-driven winds from its central cluster. M82-
A1 appears to be spatially separated from the main concentration of SSCs in
clump A, and thus from the strongest wind zone.
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Abstract The infrared regime is a key range for studies of starburst galaxies. It contains a
rich variety of tracers of the gas, dust, and star-formation activity and enables us
to probe deep into dust-enshrouded star-forming regions. Selected results based
on diagnostics at near and mid-infrared wavelengths are highlighted.

1. Introduction

In the past decade, our understanding of the starburst phenomenon has dra-
matically improved thanks to progress in instrumentation and observational
techniques at all accessible wavelengths. In parallel, substantial efforts have
been devoted in the development of empirical and theoretical tools for the in-
terpretation and modeling of the observations. Together with multi-wavelength
approaches, this provides unprecedented constraints to assess the relationships
between the various stellar and interstellar components in starbursts, charac-
terize quantitatively the star-formation process in starburst environments, and
establish consistent scenarios for the triggering, evolution, and feedback of
starburst activity.

The infrared (IR) regime is particularly important in studies of starburst
galaxies. IR observations allow one to probe deep into the highly-obscured
starburst regions inaccessible at optical and UV wavelengths, and the IR range
contains a rich variety of diagnostics of the stellar populations and the ISM.
The near-IR (λ = 1 − 2.5 µm) and mid-IR (λ = 2.5 − 45 µm) sections
have been best explored. Figure 1 shows the near and mid-IR spectrum of
the archetypal starburst galaxy, M82, which exhibits the typical signatures of
starburst activity. H and He recombination lines, as well as fine-structure lines
of Ne, Ar, and S for instance, trace the HII regions. [FeII] lines originate pri-
marily in iron-enriched, partially-ionized shocked gas. Near-IR ro-vibrational
and mid-IR rotational H2 emission lines trace warm molecular material. The
near-IR continuum contains a wealth of molecular and atomic absorption fea-
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Figure 1. Near to mid-IR spectrum of the starburst core of M82. The top panel shows the
H and K-band ranges and the bottom panel the full mid-IR range (from the MPE 3D and ISO
SWS instruments, respectively; Förster Schreiber et al. 2001, Sturm et al. 2000).

tures, produced in the atmosphere of cool stars, which are generally stronger in
red giants and supergiants. The mid-IR spectral energy distribution (SED) of
starbursts exhibits broad emission features commonly attributed to polycyclic
aromatic hydrocarbons (PAHs) and arising primarily in photodissociation re-
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gions (PDRs), and a continuum rising steeply towards long wavelengths at
λ > 10 µm due to very small dust grains (VSGs) in the vicinity of young mas-
sive stars. It also includes absorption features by dust and even ices residing in
cold molecular clouds. These spectral features provide valuable diagnostics to
investigate the properties of starbursts. In the following, selected recent results
from their application to studies of nearby starbursts are highlighted (for more
comprehensive reviews see, e.g., Genzel & Cesarsky 2000, Alonso-Herrero et
al. 2001, Förster Schreiber et al. 2001, 2003a, and references therein)

2. Evolution of starburst activity

The most widely used near and mid-IR diagnostics for age-dating starbursts
include the following. The absolute and relative intensities of H and He lines
(e.g., Brγ, Paβ, Brα, Paα from space, HeI at 2.058 and 1.083 µm) and of fine-
structure lines (e.g., [NeII] 12.81 µm, [NeIII] 15.56 µm) are sensitive to the
intensity and shape of the ionizing radiation from the hot massive stars. For
a given IMF and star-formation history, the measurements can be translated
into the age of the OB stellar population and the instantaneous star-formation
rate (SFR), using predictions of starburst models incorporating evolutionary
synthesis and photo-ionization modeling. The relative strength of H lines to
the near-IR stellar continuum (e.g., the Brγ equivalent width) provides a mea-
sure of the relative importance of massive main-sequence stars with respect to
red giants/supergiants, and thus of the evolutionary state of the starburst. The
strength of the stellar absorption features (e.g., the CO(2,0) and CO(6,3) band
heads at 2.29 and 1.62 µm, combined with the SiI feature at 1.59 µm) charac-
terizes the cool evolved stars. Mid-IR emission can also be used to estimate the
bolometric luminosity of the stars, assuming that it traces well the bulk of the
total IR luminosity and that the bulk of the star light is absorbed and re-radiated
at IR wavelengths by dust.

Imaging and imaging spectroscopy of an increasingly large number of star-
bursts in the past few years have resolved complex substructure in the spatial
distribution of the HII regions and of the red giants/supergiants, with generally
important differences or even anticorrelations between the two, down to the
smallest angular scales achieved by current instruments at ground-based tele-
scopes or from space (∼ 1 − 10 pc in the nearest starbursts; e.g., Satyapal et
al. 1995, Puxley et al. 1997, Engelbracht et al. 1998, Alonso-Herrero et al.
2001, among numerous others). Qualitatively, this indicates spatial progres-
sion of starburst activity and can be taken as evidence that the burst at a given
location has not lasted for much longer than the lifetime of the most massive
stars (∼ 1 − 10 Myr), presumably because of the strong feedback from mas-
sive stellar winds and supernova explosions rapidly disrupting the ISM locally
after the onset of star formation (see, e.g., Förster Schreiber et al. 2003a for a
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discussion of M82 and further references). An immediate implication of this
complexity is that simple models for the interpretation of the properties of star-
bursts (in particular the assumption of a SFR varying monotonically with time)
do not provide a good description, making it difficult to reconcile the various
diagnostics simultaneously. More complex models involving multiple burst
events have been applied, but the problem becomes rapidly underconstrained
and solutions are not unique, but rather there are families of models that can
equally match the set of available observational constraints (e.g., Rieke et al.
1993, Engelbracht et al. 1998, Alonso-Herrero et al. 2001).

Another important issue is the surface brightness bias, which introduces a
bias towards preferential ages or locations depending on the specific indicator
or the dust-star geometry. It is important to bear in mind that any diagnos-
tic based on the emission properties is a luminosity-weighted quantity tracing
the population that dominates the luminosity at the corresponding wavelength
range and/or suffers least extinction along the line of sight. Again, this com-
plicates the interpretation and modeling of the data; simple models may not be
adequate, and one may miss important stellar populations that are undetected
at the observed wavelengths or are outshined by more luminous populations.

To reconstruct more accurately the global picture, one would ideally need
to probe the evolution of starburst activity continuously in space and time, by
combining a large collection of indicators probing various stellar evolutionary
stages, and on the scales of ∼ 1 − 10 pc typical of individual stellar clusters
and HII regions, or complexes of such systems. Integral-field spectroscopy is
ideally suited for this purpose and the populations of compact luminous stellar
clusters found ubiquitously in starburst systems provide an interesting means
of probing the evolution of starburst activity (see Förster Schreiber et al. 2003a,
de Grijs et al. 2001, Mengel et al. [in prep.] for examples involving near-IR
observations). This level of detailed investigation is obviously challenging,
but state-of-the-art near-IR multi-object and integral-field spectrographs (such
as SINFONI on the VLT, OSIRIS and KIRMOS on Keck) promise to enable
progress in this direction in the near future.

Obviously, there are many uncertainties involved in constraining the evo-
lution of starburst activity, and it is impossible to be exhaustive here (further
discussions and references can be found in the literature cited in this contribu-
tion). One aspect that deserves emphasis concerns the CO band heads: Origlia
and co-workers (Origlia et al. 1999, Origlia & Oliva 2000) cautioned that
model predictions of the CO band heads can be significantly underestimated
at ages greater than ∼ 10 Myr if the thermally-pulsing AGB phase is not ac-
counted for, and because of the possible inadequacy of current stellar tracks
for the evolution of massive stars in the red-supergiant phase, most severely at
sub-solar metallicities. Another aspect concerns whether stellar clusters pro-
vide a reliable probe of the overall starburst activity. The outcome of current



Starburst Galaxies: an Infrared Perspective 237

work on the dissolution timescales and gravitational boundedness of clusters
(e.g., de Grijs et al. 2003, Mengel et al. [in prep.], and references therein),
which also bear on the issues of globular cluster formation and the low-mass
IMF in starburst environments, will be very important in this context. Further
studies of the more diffuse background population should also provide essen-
tial constraints on the evolution of the clusters, as well as of starburst activity
in general (e.g., Tremonti et al. 2001, Förster Schreiber et al. 2003a).

3. The high-mass IMF in dusty starbursts

The HeI 2.058 µm/Brγ ratio has often been applied to constrain the upper
IMF in starbursts (e.g., Doherty et al. 1995), but the HeI 2.058 µm transition
is sensitive to resonance and collisional effects, and to the local physical con-
ditions, which affect its reliability (e.g., Shields 1993). The physically simpler
HeI 1.701 µm transition suffers little from these effects and, combined with the
nearby Br10 line, provides an alternative constraint (e.g., Vanzi et al. 1996),
although the lines are fainter and lie in a spectral region where strong stellar
absorption features may be present in the underlying continuum. The mid-IR
range provides very sensitive diagnostics based on fine-structure line ratios, in
particular [NeIII] 15.56 µm/[NeII] 12.81 µm (e.g., Thornley et al. 2000).

It has long been known that dust-rich starburst galaxies frequently exhibit a
low-excitation nebular-line spectrum at IR wavelengths. A possible interpre-
tation is that the formation of very massive stars (∼ 50 − 100 M�) may be
suppressed in starburst environments. Studies of larger samples in recent years
have actually shown quite a large range in diagnostic ratios among starbursts,
consistent with a range of ages and showing a strong correlation with metallic-
ity (e.g., Thornley et al. 2000, Verma et al. 2003, Rigby & Rieke 2004). The
strong degeneracy between burst age, burst timescale, and upper mass end of
the IMF make it difficult to uniquely constrain these parameters. In view of the
evidence for the spatially complex evolution of starburst activity on timescales
that can be comparable to the main-sequence lifetimes of massive stars, for the
ubiquitous formation of very massive stars in Galactic and nearby extragalactic
templates of high-mass star-forming regions, and other direct or indirect indi-
cations of the presence of such stars in extragalactic starbursts, the consensus
now seems to favor the scenario in which very massive stars do form in star-
bursts and rapid ageing of the starbursts accounts most plausibly for the low
nebular excitation observed (e.g., Thornley et al. 2000, Rigby & Rieke 2004).

It is worth emphasizing that comparisons between different optical and IR
diagnostics often yield significantly different results regarding the OB star pop-
ulations. Along with the uncertainties in the model ingredients and assump-
tions, this outlines other factors influencing the observed properties but which
have been little explored so far (such as the nebular geometry, and the contri-



238 Starbursts – From 30 Doradus to Lyman Break Galaxies

bution from ultra-compact HII regions and/or of the diffuse ionized medium;
e.g., Rigby & Rieke 2004).

4. Dust and aromatic bands as star-formation tracers

The low-resolution mid-IR SED of pure star-forming galaxies is remarkably
similar in terms of features present. It is characterized by strong PAH features
arising predominantly in PDRs and showing little variations in their relative
intensities, and VSG continuum redwards of ∼ 10 µm from regions closer to
the ionizing OB stars, with varying intensity and spectral slope (e.g., Laurent
et al. 2000, Roussel et al. 2001a, Förster Schreiber et al. 2003b, Lu et al.
2003). A variety of results on Galactic and extragalactic star-forming regions
and starbursts suggest a close connection between bright PAH and VSG emis-
sion and star-formation activity (as summarized, e.g., in the above references).
However, few attempts have been made to constrain this connection quantita-
tively, in part because of the large uncertainties about the nature of the emitting
particles and the emission processes involved. Recently, the combination of
sizeable samples of normal spiral galaxies and starburst systems observed with
ISO together with available optical-to-IR H line data has been used to establish
empirically-calibrated relationships between the 7 and 15 µm emission and the
SFR, as quantified by the inferred Lyman continuum luminosity (LLyc) from
the H lines (Roussel et al. 2001b, Förster Schreiber et al. 2004). Per unit
projected area, the 7 µm emission scales essentially linearly with LLyc over
six orders of magnitude; a similar relation is observed for the 15 µm, emission
with the distinction that there is a break distinguishing the quiescent spiral
disks regime where the long-wavelength continuum is presumably produced
by particles akin to PAHs, and the more active regime in circumnuclear regions
of spirals and starburst galaxies where the VSG emission becomes dominant.
These empirical relationships provide useful estimators of the SFR in deeply
embedded star-forming regions as well as important constraints for theoretical
models.

5. [Fe II] emission and supernova activity

Near-IR [FeII] emission is conspicuous in starbursts, with the brightest lines
usually detected at 1.644 and 1.257 µm. [FeII] emission is enhanced in ex-
tended partially-ionized transition zones, making thermal excitation in shocks
more efficient than UV fluorescence. Various lines of evidence have suggested
a link between supernova activity and [FeII] line emission in starbursts, and
several attempts have been made to calibrate the [FeII] line luminosity against
the rate of supernova explosions as derived from the non-thermal radio emis-
sion (see, e.g., Vanzi & Rieke 1997, Alonso-Herrero et al. 2003, and ref-
erences therein). There are, however, complications outlined notably by the
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offset in the correlation between the integrated radio 6cm and [FeII] emission
of starbursts, compared to individual supernova remnants in the Milky Way
and Large Magellanic Cloud, and by the generally poor spatial coincidence
between compact [FeII] sources and radio supernova remnants (e.g., Forbes &
Ward 1993, Lumsden & Puxley 1995, Greenhouse et al. 1997; see also Morel
et al. 2002). These have been attributed to different lifetimes of SNRs in the
[FeII] and radio-emitting phases, and to large-scale shocks associated with a
starburst wind producing a significant fraction of the total [FeII].

The work of Alonso-Herrero et al. (2003) based on HST/NICMOS imag-T
ing of M82 and NGC 253 is particularly relevant for these issues, as the data
resolve the starburst regions on scales of ≈ 5 pc. They found a spatial cor-
respondence between bright compact [FeII] sources and radio SNRs for only
≈ 30 − 50% of the radio SNRs. Moreover, the individual compact [FeII]
sources account for ∼ 30% of the integrated [FeII] emission. The more dif-
fuse dominant component in the disks could be unresolved emission from very
closely packed SNRs or expanding SNRs that have merged while the emission
at higher galactic latitudes may be associated with the starburst wind, ulti-
mately also powered by supernova explosions. As such, one may argue that
the [FeII] emission can provide a reasonable estimate of the supernova activity
in starbursts, albeit perhaps not a robust quantitative indicator. It may also be
more meaningful to derive calibrations of the [FeII] luminosity versus the ra-
dio supernova rate based on integrated quantities rather than individual SNRs.
It remains, however, to be determined whether a “universal” calibration exists
among starbursts. An interesting avenue to explore in the future will be the
nature of the diffuse [FeII] component and whether it holds clues about the
physics of starburst feedback and supernova-driven galactic outflows.

6. Summary

IR observations provide us with essential constraints and valuable insights
into the nature and evolution of starburst activity. Much progress has been
made in the past years, but much remains to be done before we have a com-
prehensive and quantitative description of the starburst phenomenon. Despite
the current uncertainties and limitations from the observational and interpreta-
tion/modeling points of view, the picture has emerged that starburst activity is a
spatially and temporally complex phenomenon, the evolution of which follows
remarkably diverse courses among starburst systems. This hints at the impor-
tance of internal and external factors in determining the evolution of starburst
activity, including the exact triggering mechanism, the properties of the host
galaxy (nature, dynamics, stellar and gas content and distribution) and its envi-
ronment, and the interplay between the pre-existing stars and gas, the starburst
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population, and the starburst feedback. Starburst galaxies remain, as before,
fascinating objects.
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Abstract We discuss the implications of the ISO, SCUBA and Spitzer extragalactic sur-
veys, combined with the COBE cosmic infrared background, on the star-form-
ation history of galaxies. A class of galaxies is emerging, similar to local lu-
minous infrared galaxies, that appears to play a dominant role in the shaping of
present-day galaxies. Instead of a class, these observations suggest that these
“dusty starbursts” should be considered a common phase experienced by most if
not all galaxies, once or even several times over their lifetimes.

1. Introduction

It is widely accepted that in the local Universe stars form in giant molecular
clouds (GMCs), where their optical and – mostly – their UV light is strongly
absorbed by the dust surrounding them. Whether extinction did already occur
in the more distant Universe where galaxies are less metal rich was less obvi-
ous ten years ago. Galaxies forming stars at a rate greater than about 20 M�
yr−1 were known, thanks to IRAS, to radiate the bulk of their luminosity above
5µm, the so-called luminous (LIRGs, 12 > log(Lir/L�) ≥ 11) and ultralu-
minous (ULIRGs, log(Lir/L�) ≥ 12) infrared (IR) galaxies. In the following,
we will call these galaxies “dusty starbursts”. The bolometric luminosity of
galaxies experiencing such large star-formation rates is dominated by the ra-
diation of their young and massive stars. In the local Universe, such objects
are very rare and, indeed, “dusty starbursts” radiate only 2% of the bolometric
luminosity of galaxies at z ∼ 0. In the past, galaxies were more gaseous and
formed the bulk of their present-day stars, hence we may expect to find more
of these violent star-formation events. Already IRAS observations indicated
a rapid decline of the co-moving number density of ULIRGs since z ∼ 0.3
(Kim & Sanders 1998, see also Oliver et al. 1996), but this was over a small
redshift range and affected by small number statistics. However, the idea that
“dusty starbursts” should have been common in the past was not accepted until
a combination of observations arose during the past decade. Distant galaxies
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were expected to be only marginally affected by dust extinction, with respect to
local galaxies and because they were less metal rich. Star-formation rates were
commonly measured from optical emission lines uncorrected for extinction,
such as [OII] or Hα, or the UV continuum. The first version of the cosmic star-
formation history of the Universe (Madau et al. 1996) was published without
accounting for any extinction effect. However, several independent observa-
tions converged towards another scenario, where most star formation taking
place in the Universe was obscured by dust, such as:

1 Extragalactic source counts at 15µm (Elbaz et al. 1999, Metcalfe et al.
2003, Gruppioni et al. 2003, Rodighiero et al. 2004, Fadda et al. 2004)
exhibit a slope that cannot be reconciled with model expectations, unless
strong evolution is advocated, either in luminosity and/or density of the
mid-infrared luminosity function, hence of the amount of star formation
hidden by dust (e.g., Chary & Elbaz 2001).

2 The nearly simultaneous discovery of the cosmic infrared background
(CIRB, Puget et al. 1996, Fixsen et al. 1998, Hauser & Dwek 2001,
and references therein), at least as strong as that in the UV–optical–near-
IR, whereas local galaxies only radiate about 30% of their bolometric
luminosity in the IR above λ ∼ 5µm.

3 The 850µm number counts from the SCUBA sub-millimeter bolometer
array at the JCMT (Hughes et al. 1998, Barger et al. 1998, Smail et al.
2002, Chapman et al. 2003, and references therein), which also indicate
a strong excess of faint objects in this wavelength range, implying that
even at high redshifts dust emission must have been very significant in
at least the most active galaxies.

4 The most distant galaxies, individually detected thanks to the photo-
metric redshift technique using their Balmer or Lyman break signature
showed signatures of strong dust extinction. The so-called “β-slope”
technique (Meurer et al. 1999) used to derive the intrinsic luminosity
of these galaxies and correct their UV luminosity by factors of a few
(typically between 3 and 7, Steidel et al. 1999, Adelberger & Steidel
2000) was later shown even to underestimate the SFR of LIRGs/ULIRGs
(Goldader et al. 2002).

5 The slope of the sub-mJy deep radio surveys (Haarsma et al. 2000).

6 More recently, extragalactic source counts at 24µm with MIPS onboard
Spitzer confirmed the strong evolution found at 15µm (Chary et al. 2004,
Papovich et al. 2004).

It has now become clear that the cosmic history of star formation based on
rest-frame UV or emission-line indicators of star formation such as [OII] or Hα
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strongly underestimate the true activity of galaxies in the past if not corrected
by large factors to account for dust extinction (Flores et al. 2004, Liang et
al. 2004, Cardiel et al. 2003). Although distant galaxies were less metal-rich
and much younger than their local counterparts, they must have produced dust
rapidly in order to efficiently absorb the UV light of their young stars.

2. Towards a coherent picture of the cosmic
star-formation history

We have compiled published versions of the co-moving density of star for-
mation for different star-formation indicators, using references that we could
find at the time of this conference, in Fig. 1. Figure 1a shows the very large
dispersion in all of these measurements, leading the reader to get the impres-
sion that they provide no valuable constraint on what really happened. How-
ever, once we take out data points providing only lower limits because they are
not corrected for dust extinction, we get a much sharper scenario (Fig. 1b).

Figure 1. Density of star formation per unit co-moving volume as a function of redshift (or
lookback time, upper axis), i.e. cosmic star-formation history. Cosmology: H0HH = 70 km s−1

Mpc−1, Ωm = 0.3, ΩΛ = 0.7. Data are from 1500 Å (Massarotti et al. 2001, Madau et al.
1998, Pascarelle et al. 1998), 1700 Å (Steidel et al. 1999), 2000 Å (Treyer et al. 1998), 2800
Å (Connolly et al. 1997, Lilly et al. 1996, Cowie et al. 1999), 3000 Å (Sawicki et al. 1997),
[OII] (Hammer et al. 1997), Hα (Gallego et al. 1995, Tresse & Maddox 1998, Glazebrook et
al. 1999, Yan et al. 1999), 15µm (Flores et al. 1999), 850µm (Hughes et al. 1998), 21 cm
(Haarsma et al. 2000). Left (a): empty symbols are only modestly corrected for dust extinction
(except for Hα, uncorrected) following the recipe of Ascasibar et al. (2002): A(1500 − 2000
Å) = 1.2 mag and A(2880 Å, 3000 Å, [OII]) = 0.625 mag, i.e., by factors of 3 and 1.8,
respectively. The filled symbols are corrected for extinction, or do not require any correction
(as for the 15, 850µm and 1.4 GHz data). We used the corrections quoted by the authors, except
for Hα, for which no correction was available. We applied a correction of a factor of 2.3 to this
indicator, i.e., half that observed for ISOCAM galaxies (see Hammer et al. 2004, Liang et al.
2004). Right (b): only the filled points are represented and compared to the range of possible
star-formation histories derived from source counts in the mid-IR, far-IR, sub-mm and the CIRB
by Chary & Elbaz (2001).
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Figure 2. Redshift evolution of the co-moving density of stars, or Ω∗ (divided by the critical
density of the Universe). Data from Dickinson et al. (2003). The solid line is the best-fitting
model of Chary & Elbaz (2001), including both luminosity and density evolution. The dashed
lines represent the range of possible models within 1σ of the observational constraints.

The grey area represents the range of possible scenarios from Chary & Elbaz
(2001), fitting the combination of mid-IR, far-IR, sub-mm counts, the cosmic
infrared background (CIRB), and the redshift distribution of the 15µm ISO-
CAM sources. A revised version including Spitzer MIPS 24µm counts will
soon be submitted. It does not require a major revision of this scenario. These
data suggest that strong evolution took place below z ∼ 2 that gave rise to a
large fraction of the present-day stars. The main actors of this scenario are the
“dusty starbursts”, which are required to explain the source counts, as well as
the CIRB. An interesting test for this scenario consists of integrating the cos-
mic star-formation history and to compare it to the observed evolution of the
cosmic density of stars in the Universe. This integral (for a Gould IMF, Gould
et al. 1996) is compared to the compilation of measurements from Dickinson
et al. (2003) in Fig. 2. We have assumed a fraction of 20% of the counts and of
the infrared background to be due to active galactic nuclei (AGN, see Fadda et
al. 2002). Although the best-fitting model from Chary & Elbaz (2001) slightly
overpredicts the co-moving stellar mass density above z ∼ 1, the data are con-
sistent with the broad region permitted by the range of valid models (i.e., the
region within the two dot-dashed lines). Note that the LIRGs by themselves
provide about 63% of the present-day stars in this framework and fit the ob-
served stellar mass density by themselves.
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The excess of stellar mass derived from the integration of the cosmic star-
formation history (Fig. 1b) could be produced in several ways:

(i) A larger fraction of AGN above z ∼ 1.5; (ii) A top-heavy initial mass
function in dusty starbursts; (iii) A change of the IR spectral energy distribution
of galaxies that would imply that the SFR that we derived is overestimated for
distant galaxies.

However, the global agreement of the two cosmic histories – of star for-
mation and of stellar mass density – suggests that we are getting close to a
coherent picture in which dusty starbursts play a major role in shaping present-
day galaxies. In this scenario, SCUBA galaxies of a few mJy with redshifts
measured around z ∼ 2.5 (Chapman et al. 2003) are the tip of the iceberg (i.e.,
ULIRGs), while most of the evolution is due to LIRGs.

Many questions still remain unsolved, among others:
(i) What is the triggering mechanism for the distant dusty starbursts? Major

mergers are not frequent enough to explain such numbers of dusty starbursts in
the past. Other dynamical processes such as close encounters, may represent
an important alternative to major mergers that should be carefully considered
in hierarchical simulations. A recent study by Moy et al. (in prep.) indeed
suggests that clustering plays a major role in triggering these phases.

(ii) What are the present-day counterparts of distant LIRGs? A discussion
of the relative contribution of dusty starbursts as a function of morphological
type is given by Hammer et al. (2004), who suggest that the disks of spiral
galaxies may have been destroyed and thence rebuilt recently.

(iii) Have we underestimated the contribution of Compton-thick AGN to
infrared counts? A population of such objects might not have been detected by
XMM-Newton or Chandra but could still provide an important contribution to
the peak of the cosmic X-ray background at 30 keV (see Worsley et al. 2004).
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Abstract The extent to which the interstellar medium (ISM) in galaxies is well mixed is
not yet settled. Metal abundances measured in the diffuse neutral gas of star-
forming gas-rich dwarf galaxies are deficient with respect to those of the ionized
gas. The reasons, if real, are not clear and need to be based on firm grounds. Far-
UV spectroscopy with FUSE of giant HII regions, such as NGC 604 in the spiral
galaxy M33, allows us to investigate possible systematic errors in the metallicity
derivation. We still find underabundances of nitrogen, oxygen, argon, and iron
in the neutral phase by a factor of ∼ 6. This could be explained either by the
presence of less chemically evolved gas pockets along the lines of sight, or by
dense clouds from which HII regions form. Those could be more metal rich than
the diffuse medium.

1. Introduction

The fate of metals released by massive stars in HII regions (where stars are
forming) is not yet settled. Kunth & Sargent (1986) suggested that the HII

gas can enrich itself with metals expelled by supernovae and stellar winds over
the time-scale of a starburst. However, ionized regions in the Large and Small
Magellanic Clouds (LMC, SMC) exhibit very little dispersion in their metal
content, while X-ray studies show that metals reach the halo of galaxies in a
hot phase before they cool down and eventually mix within the ISM in a few
×109yr. While HII region abundances derived from optical emission lines are
usually believed to be representative of the metallicity of extragalactic regions,
the derived abundances would not necessarily reflect the actual abundances of
the ISM, if HII regions are self-polluted.

Blue compact dwarf galaxies (BCDs) are prime targets for the study of their
neutral gas using far-UV absorption lines. These galaxies are thought to be
chemically unevolved, and the outskirts of their neutral cloud could still be
pristine. The fate of the newly-produced metals in these objects is not clear. A
possibility is that, once released by massive stars, they remain in a hot phase,
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thus being unobservable immediately through optical and UV emission lines
(Tenorio-Tagle 1996). On the other hand, Kunth & Sargent (1986) suggested
that heavy elements released by supernovae lead to the prompt self-enrichment
of HII regions on the time-scale of a burst of star formation. This is supported
by Recchi et al.’s (2001) model, in which most of the newly-synthetized metals
mix within the cold gas phase in a few ×106 yr. The Tenorio-Tagle (1996) and
Recchi et al. (2001) models differ in the delay between the release and the final
mixing, which can take several ×109 yr in the former case, but only several
×106 yr in the latter.

A real surprise came from a recent FUSE study of four BCDs, I Zw 18
(Lecavelier et al. 2004, Aloisi et al. 2003), Markarian 59 (Thuan et al. 2002),
I Zw 36 (Lebouteiller et al. 2004), and SBS 0335−052 (Thuan et al., subm.).
In these objects, nitrogen is systematically underabundant in the neutral phase
compared to nitrogen abundances derived from the ionized gas (see Fig. 1).
Oxygen is either identical in both the ionized and neutral phases or deficient
in the HI gas. The overall picture suggests a new scenario for the chemical
evolution of the ISM in a galaxy. However, it is possible that these results suffer
from many uncertainties, such as ionization corrections, depletion effects or
systematic errors due to both multiple lines of sight, and multiple HII regions
within the slit.

In this context, nearby giant HII regions provide a much simpler case, since
only one region falls into the aperture, thus reducing possible systematic errors.
The study of NGC 604 presented here is part of a larger project involving
several nearby giant HII regions.

Figure 1. Comparison of log(X/H) in BCDs (left) and in NGC 604 (right) between the neutral
gas abundances, derived from absorption lines with FUSE (in grey), to the HII gas abundances
derived from optical emission lines (in black). Error bars indicate the 2σ uncertainties. Ref-
erences for ionized gas values: Izotov et al. (1997) for BCDs, Esteban et al. (2002) for NGC
604. References for neutral gas values: Lecavelier et al. (2004) for I Zw 18, Lebouteiller et
al. (2004) for I Zw 36, Thuan et al. (in prep.) for SBS 0335−052, Thuan et al. (2002) for
Markarian 59 and Lebouteiller et al. (in prep.) for NGC 604.
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2. The case of NGC604

The FUSE observations (LWRS and MDRS apertures) allow us to determine
the chemical composition, while the HST/STIS spectrum makes it possible toT
map the neutral gas inhomogeneities and investigate possible multiple line-of-
sight effects.

Data analysis

Data analysis has been performed using the profile fitting procedure OWENS

developed at the Institut d’Astrophysique de Paris by Martin Lemoine and the
French FUSE Team. This program returns the most likely values of many
free parameters, such as heliocentric velocities, turbulent velocities, or column
densities, via a χ2 minimization of absorption-line profiles. The associated
errors include uncertainties in all of the free parameters, in particular in the
position and shape of the continuum.

We checked the shape of the adopted continuum by comparing the observed
spectrum with a theoretical model of young stellar populations. No significant
difference is found between the model and the continuum we adopted for the
profile fitting. Moreover, by comparing the data with the model, we find no
significant contamination of neutral interstellar lines by stellar atmospheres.

By analyzing the two FUSE observations, we show that an additional broad-
ening of the lines can account for the spatial distribution of the bright sources
within the slit. The column densities we derive account for this extension. For
the first time, we could check saturation effects for OI and FeII lines by analyz-
ing the lines independently. We find no correlation between column densities
derived from either line with the oscillator strength, implying that saturated OI

and FeII lines in those spectra do not contribute to significant systematic errors.

Neutral gas inhomogeneities

The high spatial resolution of the HST/STIS spectrum of NGC 604 providesT
the possibility to extract spectra towards individual stars of the ionizing cluster
(Bruhweiler et al. 2003). So far, we have analyzed three lines of sight from
which we have measured the HI column density using the Lyα line. We find
spatial variations (of up to 0.4 dex), suggestive of inhomogeneities in the dif-
fuse neutral gas. This could be a source of systematic errors when determining
global column densities from a spectrum of an entire cluster.

We built the global spectrum (i.e., the mean spectrum of all sightlines,
weighted by stellar magnitudes) of the HST/STIS observation to mimic theT
spectrum of a cluster, in order to compare the real mean column density we
want to determine with the weighted mean we actually measure. Preliminary
results show that we tend to underestimate the actual column density when an-
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alyzing a global spectrum of several sightlines toward clouds having different
physical properties.

3. Results and conclusions

Within the error bars, we derive similar column densities with the two FUSE
apertures (see Fig. 1). By modelling the ionization structure of the HII gas with
the photoionization code CLOUDY, we find that NI and OI are good tracers
of the neutral gas, contrary to ArI, FeII, and SiII, which require ionization
corrections to obtain the final abundances shown in Fig. 1.

We find that N, O, Ar, and Fe are underabundant by approximately the same
factor of ∼ 6 in the neutral phase of NGC 604. Whatever the correct inter-
pretation is, the fact that all species are equally deficient compared to that of
the HII gas, regardless of their stellar origin (primary or secondary) does not
favor the self-pollution explanation. These results could, alternatively, favor
the presence of less chemically evolved gas pockets along the lines of sight,
which would tend to dilute the metallicity measured toward the HII region, or
imply that dense clouds from which HII regions form could be more metal rich
than the diffuse ISM.
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Abstract We have mapped key molecular line probes (12CO, 13CO, C18O, HCN, HCO+)
in two distinct regions in the spiral arms of the Whirlpool galaxy, M51. Line Ve-
locity Gradient (LVG) analysis performed at a linear resolution of 135–210 pc
(2.9–4.5 arcsec) suggests physical conditions in the Giant Molecular Cloud com-
plexes (GMCs) of M51 very similar to those in the Milky Way: cold (TkinTT ∼ 15
K) clouds with moderate H2 density (n(H2) < 102.7 cm−3). We find indications
for a galactocentric trend, with higher kinetic temperature for smaller radii. The
data show little evidence for cloud heating by the massive star formation at our
resolution of 135 pc. Our new deep ∼ 2 arcsec radio continuum images at 3.6
and 6 cm reveal the presence of some highly dust-obscured young star-forming
regions within the molecular spiral arms.

1. Introduction

The Whirlpool galaxy, M51, is one of the closest (9.6 Mpc; 1 arcsec ∼ 46.5
pc), nearly face-on grand-design spiral galaxies. Most of its molecular gas is
found in the spectacular spiral arms (e.g., Scoville & Young 1983, Aalto et al.
1999). Therefore, it offers a unique opportunity to study the physical properties
of the molecular gas within the spiral arms. In addition to the large number of
Giant Molecular Cloud Associations (GMAs) (up to 16 within one spiral arm,
Aalto et al. 1999), numerous OB star clusters reside in the spiral arms, as
is obvious in high-resolution HST data (Scoville et al. 2001). Nevertheless,
there is no simple correlation between the gas reservoir and the star-forming
regions which indicates varying star-formation efficiencies, and thus varying
physical condition of individual GMAs. This might be partially due to the
patchy extinction within the spiral arms which could block the direct view of
the youngest star-forming regions.
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Figure 1. Left: Integrated 12CO(1-0) line emission (contours) overlaid onto a composite
optical HST color image (from Scoville et al. 2001). The OVRO CO data of Aalto et al.
(1999) were short spacing corrected (SSC) using the 30m single dish data from García-Burillo
et al. (1993). At a current resolution of ∼ 150 pc, the CO emission is well-correlated with the
more extincted regions in the spiral arms. Right: The VLA BCD array image at 6 cm reveals
numerous compact emission regions. A significant number of these regions shows evidence for
thermal emission, suggesting that they are young star-forming regions.

2. Observations

Molecular Gas

The OVRO M51 mosaic in the CO(1-0) line (Aalto et al. 1999) and the
IRAM 30m maps of the CO(1-0) and CO(2-1) lines (García-Burillo et al.
1993) were combined with new OVRO and IRAM 30m data for analysis (see
Fig. 1). Two distinct regions in the spiral arms of M51 were observed in the
CO(2-1), 13CO(1-0), and C18O(1-0) lines with the Owens Valley Radio Obser-
vatory (OVRO) mm-interferometer. In addition, we obtained IRAM 30m data
to apply short spacing corrections (SSC), to avoid missing flux problems. The
final short spacing corrected data cubes were binned to two common resolu-
tions of 2.9 arcsec (135 pc) and 4.5 arcsec (210 pc) for Line Velocity Gradient
(LVG) analysis. The line ratios were measured from spectra coming from the
same position.

Radio Continuum

We combined VLA archival data at 3.6 and 6 cm by Fletcher et al. (in prep.)
with new sensitive and high angular resolution observations in the C and B
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array, respectively. All data have been short spacing corrected using single
dish data from the Effelsberg 100m telescope.

3. Results

LVG analysis: To constrain the physical conditions of the GMCs we use an
isothermal, spherical large velocity gradient model (for details see Weiß et al.
2001). C18O(1-0) was not included in the analysis because of its marginal
detection even at the strongest positions. The LVG models suggest that the
physical conditions in the GMCs of M51 are very similar to those in the Milky
Way: The bulk of the CO emission arises from cold (TkinTT ∼ 15 K) clouds
with moderate H2 density (n(H2) < 102.7 cm−3; Fig. 2). The most obvious
spatial variation of the gas physical condition is a decrease of the kinematic
temperature with increasing galactocentric radius along the western spiral arm.
Temperatures decrease from about 20 K at 1.3 kpc (Pos W1) to 5 K at 2.2 kpc
(Pos W9). In the southern region (below the zone shown in Fig. 2), with almost
constant galactocentric radius, no such gradient is detected. A comparison
of the LVG results from star-forming clouds (as traced by Hα) and non-star-
forming regions suggests that the gas temperature in the star-forming regions
might be on average lower (TkinTT ∼ 10 K) than the gas temperature in non-star-
forming regions (TkinTT ∼ 23 K). The mean density for both environments is
about n(H2) ≈ 102.4 cm−3. This suggests that the CO emission from the star-
forming regions is dominated by cold gas surrounding the HII regions. The
impact of star formation on the molecular clouds (e.g., heating at the cloud
surfaces) is not visible at a linear resolution of 210 pc (or even for the higher
135 pc resolution data).
High-resolution CO(2-1) data: The molecular gas distribution closely fol-
lows the dust lanes seen in the optical. The average H2 volume densities of
∼ 102.5 cm−3 inferred from the LVG analysis imply an extinction AV of ∼ 15
mag (assuming a scale of 15 pc as the GMC height and a screen geometry).
This number is quite large compared to the average AV of 3 mag found for the
HII regions (Scoville et al. 2001), and suggests that a significant fraction of
on-going star formation could be hidden in the dust. We find a weak correla-
tion between the presence of HII regions as traced by their Hα and/or Paα line
emission and peaks in the molecular gas distribution: All HII regions within the
spiral arms are close to, but usually not coinciding with molecular gas peaks.
The internal velocity dispersion changes dramatically across the western spiral
arm. The observed large difference might explain why – despite the peak in the
intensity – no HII regions are observed/formed on the inner side of the spiral
arm.
Radio Continuum (RC): RC emission is widely accepted as an unbiased
tracer of recent star formation, both for local galaxies as well as at high z.
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Figure 2. Western region studied in M51: CO(2-1) emission (contours) overlaid onto the
CO(1-0) emission (gray-scale). Circles indicate the positions of the spectra used for the LVG
analysis at 135 kpc linear resolution. Left: Values derived for the CO line ratios: R21 = CO(2-
1)/CO(1-0) (top) and R10 = CO(1-0)/13CO(1-0) (bottom). Right: Results of the LVG analysis:
TkinTT [K] (top) and log(n(H2)) (bottom).

The RC emission consists of (i) the dominant non-thermal (NT) emission at-
tributed to synchrotron emission from cosmic ray electrons, and (ii) the less
prominent thermal (T) free-free emission emerging directly from very young
HII regions and heated dust (Condon 1992). Our new 3.6/6 cm data reveal nu-
merous compact regions of which about 2/3 appear to have significant thermal
emission evidenced by their flatter spectral indices. Several of these regions
have no optical counterpart and are located within the dusty spiral arms. This
is consistent with the fact that most optically (Hα, Paα) selected HII regions
show a low extinction of up to AV ∼ 3 mag. New Spitzer mid to far-IR data
of M51 also show numerous star-forming regions located in the spiral arms,
offset from the optical and UV-traced sites (Kennicutt, Calzetti; priv. comm.).
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STARBURSTS IN NEARBY RADIO GALAXIES
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Abstract Young stellar populations (YSPs) are present in 30–50% of all radio source host
galaxies in the local Universe. The analysis of high-quality spectra of the YSPs
demonstrates that they comprise post-starburst populations that are relatively old
(0.05–2.5Gyr) and massive (1 × 109 < MYSPMM < 2 × 1010 M�), representing
a significant proportion (1–50%) of the total stellar mass in the regions sampled
by the spectroscopic slits. These results are consistent with the idea that radio
sources are triggered in major galaxy mergers, but relatively late in the merger
sequence, following a starburst phase in which the host galaxies appear as lumi-
nous or ultraluminous infrared galaxies (LIGs, ULIGs). Thus, the nearby radio
galaxies with YSPs form a subset of the population of early-type galaxies that is
evolving most rapidly in the local Universe.

1. Introduction

There is growing evidence that nuclear activity in galaxies is intimately
linked to the evolution of their host galaxies. For example, the redshift evo-
lution of the global rate of star formation in the Universe (e.g., Madau et al.
1996) shows similarities with the evolution of the population of powerful radio
galaxies (Dunlop & Peacock 1990). Such links may be a consequence of the
triggering of both the quasar and starburst activity as galaxies merge together in
a hierarchical galaxy formation scenario (e.g., Kauffmann & Haehnelt 2000).
Indeed any process that leads to a substantially increased density of gas in the
nuclear regions of a galaxy is likely to enhance both the AGN activity and the
rate of star formation. Therefore, we expect AGN activity to be closely linked
to star formation in the nuclear regions of galaxies.

In recent years, much observational effort has been put into investigating
the relationship between starbursts and AGN, and there is now clear evidence
for links between star formation and nuclear activity in low-luminosity active
galaxies such as Seyferts and LINERS (Kauffmann et al. 2003, González Del-
gado et al. 2001, 2004). However, the situation for higher-luminosity active
galaxies – quasars and radio galaxies – has, until recently, been much less
clear. In this article I summarise new results for powerful radio galaxies that
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have a direct bearing on our understanding of the link between star formation
and nuclear activity in powerful active galaxies.

2. Young stellar populations in radio galaxies

Powerful radio galaxies are invariably associated with early-type galaxies.
However, these are no ordinary early-type galaxies: not only do deep optical
images show the presence of tidal tails, arcs, fans and double nuclei character-
istic of mergers in ∼ 50% of nearby powerful radio galaxies (Heckman et al.
1986, Smith & Heckman 1989), but photometric and spectroscopic observa-
tions show the presence of significant UV excesses relative to quiescent ellip-
tical galaxies (Lilly & Longair 1984, Smith & Heckman 1989, Tadhunter et al.
2002). Although the UV excesses may be taken as evidence of recent star for-
mation, various activity-related components, including scattered quasar light,
direct AGN light from weak quasar nuclei, and nebular continuum can ham-
per our interpretation of the optical/UV colours (see Tadhunter et al. [2002]
for a full discussion). A major advance over the last decade is that it has be-
come possible to quantify the level of AGN contamination of the optical/UV
continua of radio galaxies using careful spectroscopic and polarimetric obser-
vations. With the AGN contamination accounted for, it is then possible to
investigate the stellar populations. In this way, the occurrence rate of signif-
icant young stellar populations (YSPs) has been quantified in three complete
samples of powerful, nearby radio galaxies. The results are as follows.

Complete sample of powerful, intermediate-redshift radio galaxies
(0.15 < z < 0.7; Tadhunter et al. = 2002). This sample of 22 objects
comprises mainly powerful FR II, CSS or GPS radio sources; 30–50%
of the complete sample show evidence for significant young stellar pop-
ulations at rest-frame optical/UV wavelengths.

Complete sample of low-redshift 3C radio galaxies (0.05 < z < 0.2;
combining Aretxaga et al. 2001 with Wills et al. 2002). This sample of
12 objects comprises mainly powerful FR II radio sources; 33% of the
sample show evidence for recent star-formation activity.

Complete sample of low-power southern 2Jy radio sources (z <
0.06; Wills et al. 2004). This sample of 11 objects comprises mainly
low-power FR I radio sources; 30% of the sample show evidence for
recent star-formation activity.

Therefore, on the basis of these studies, roughly one third of powerful radio
galaxies show evidence for significant star formation in their optical/UV con-
tinuum spectra.

The other interesting result to emerge from these studies is that the radio
galaxies with the clearest evidence for recent star-formation activity at opti-
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cal/UV wavelengths tend to be those with the most luminous far-IR emission
as measured by the IRAS satellite (Tadhunter et al. 2002, Wills et al. 2002,
2004). This is consistent with the idea that the cool dust detected at far-IR
and sub-mm wavelengths is heated by young stars rather than AGN, and sup-
ports the use of the far-IR/sub-mm excess as a probe of star formation in active
galaxies in the high-redshift Universe (e.g., Archibald et al. 2001). However,
relatively few (∼ 25%) powerful radio galaxies in the local Universe were de-
tected by IRAS, and deeper observations of complete samples of radio galaxies
with Spitzer are required to put this result on a firmer footing.

3. The detailed properties of the young stellar populations

Having established the existence of YSPs in a significant fraction of pow-
erful radio galaxies, it is then important to investigate the detailed properties
of the YSPs. In this way it is possible to gauge the evolutionary status of the
host galaxies, and understand the link between the YSPs and the quasar/jet
activity. With this in mind, we have undertaken a programme of deep, wide
wavelength coverage spectroscopy of the 21 known radio galaxies at z < 0.7
with significant YSPs, using the WHT, ESO/NTT and ESO/VLT telescopes.
Because many of the main diagnostic absorption lines (e.g., the Balmer lines)
are contaminated by emission lines associated with the activity, our main ap-
proach to analysing the spectra is to model the continuum SEDs, taking full
account of activity-related components, and old as well as young stellar popu-
lations. However, where possible, we also use the information provided by the
(relatively few) diagnostic absorption features that are not significantly conta-
minated by line emission (e.g., CaII K, G band).

The key results from our modelling work are as follows (see Tadhunter et
al. [2002, 2005] for a discussion of the results for a subset of the sample).

The ages of the YSPs. In general, we find that the optical/UV SEDs
are well-modelled with a combination of an old (∼ 12.5 Gyr) elliptical
galaxy component plus a YSP. The YSPs have post-starburst ages in the
range 0.05 < tYSP < 2.5 Gyr, with a preference for ages tYSP > 0.1
Gyr.

The masses of the YSPs. The masses of the YSPs in individual radio
galaxies fall in the range 109 < MYSPMM < 2 × 1010 M�, making up
a significant fraction (1–50%) of the total stellar mass in the regions
covered by the slits.

Spatial extent of the YSPs. We find that the YSPs are often spatially
extended on radial scales of up 20 kpc from the nuclei of the host galax-
ies, and the ages of the YSPs in the extended regions are often similar to
those deduced for the near-nuclear YSPs.
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Reddened nuclear starbursts. Despite their significant spatial extent,
the YSPs are often concentrated towards the nuclear regions of the host
galaxies, and some of the nuclear YSPs show evidence for significant
reddening (0.2 < E(B − V ) < 1.0). Such reddening can cause the
continuum colours of the galaxies to appear relatively red, despite the
evidence for significant YSPs provided by strong Balmer-line absorption
and a relatively small 4000 Å, break.

Morphogies of the host galaxies. In all cases for which we have the
requisite deep imaging observations, we find that the radio galaxies in
which we detect YSPs show morphological evidence for recent galaxy
interactions/mergers.

Overall, the properties of the YSPs are consistent with the triggering of the
activity in major galaxy mergers, in which a significant fraction of total stellar
mass has been formed via merger-induced star formation.

A particularly interesting aspect of these results is that the post-starburst
YSPs tend to be older than the typical ages estimated for the current radio jet
activity (105 < tradio < 108 yr). Given that the age of a merger-induced star-
burst represents a lower limit on the time since the start of the merger, this
suggests that the jet activity occurs relatively late in the merger sequence, fol-
lowing the major burst of star formation associated with the merger (i.e., the
starburst and jet activity are not coeval). This, in turn, supports the general
idea that galaxies with major merger-induced starbursts can evolve into lumi-
nous active galaxies (e.g., Sanders et al. 1988). Indeed, assuming that the
starbursts that formed the YSPs were not too prolonged (∆tsb < 0.1 Gyr), we
deduce that some of the radio galaxies would have appeared as luminous or
ultraluminous infrared galaxies (LIR > 1011 L�) in the past (see Wills et al.
2002, Tadhunter et al. 2005).

4. Comparisons with other studies

The only other comparable studies of the YSPs in the host galaxies of lumi-
nous AGN are those by Nolan et al. (2001) and Canalizo & Stockton (2001) of
the host galaxies of luminous quasars. Both studies found evidence for signifi-
cant young stellar populations in the extended regions of the quasars, although
Nolan et al. (2001) concluded that the quasar host galaxies are dominated by
old stellar populations, with the YSPs making up 1% or less of the stellar mass
of the host galaxies. However, rather than measuring the YSP ages explicitly
Nolan et al. (2001) assumed a uniform age of 0.1 Gyr. Therefore, if the YSPs
in the quasar hosts are older than 0.1 Gyr – as found in many radio galaxies
– the mass and proportional contribution of the YSPs estimated by Nolan et
al. (2001) will be substantially underestimated. On the other hand, Canalizo
& Stockton (2001) do find relatively young ages (tYSP < 0.25 Gyr) for the
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dominant YSPs in the extended regions around their sample of quasars with
“transition” far-IR colours. It is interesting that the YSPs in the radio galaxy
hosts appear to be significantly older, although it is important to add the caveat
that, because they are not affected by the bright nuclear point sources, many of
the observations of the radio galaxies sample regions closer to the nuclei of the
host galaxies.

Finally I note that, in terms of a comparison with lower-luminosity active
galaxies, the intermediate ages of the YSPs in radio galaxies are similar to
those deduced for LINER-type AGN (González Delgado et al. 2004), but are
older than those deduced for many Seyfert galaxies (e.g., González Delgado et
al. 2001).

5. Ongoing star formation?

The dominant YSPs detected in the optical/UV spectra of the radio galax-
ies have intermediate post-starburst ages. It is interesting to consider whether
the detected YSPs represent the full extent of the star-formation activity, or
whether there are also signs of more recent, ongoing star formation. The evi-
dence for ongoing star formation in radio galaxies includes the following.

Luminous far-IR emitters. Although in some cases heating by the
detected YSPs can explain the far-IR luminosities of the sources (e.g.,
3C305, 3C293: Tadhunter et al. 2005), in other cases the heating of the
cool dust by the detected, intermediate-age YSPs is insufficient to ex-
plain the prodigious far-IR emission of the sources (e.g., 3C459, PKS
1549−79: Tadhunter et al. 2002). Although in the latter cases it is
difficult to entirely rule out the idea that the cool dust is heated by the
hidden quasar nuclei, heating by highly extinguished nuclear starburst
components seems more likely.

Stellar photo-ionized HII regions. Recently, sensitive observations
have detected stellar photo-ionized HII regions in at least some pow-
erful radio galaxies. Examples include 3C277.3 (Solorzano-Innarea &
Tadhunter 2003), PKS1345+12 (Holt 2005) and PKS1932−46 (Villar-
Martín et al. 2005). PKS1932−46 is a particularly interesting case be-
cause it shows a string of HII regions extending over a total diameter of
∼ 160 kpc in a direction almost perpendicular to the radio axis.

These observations demonstrate that in some cases the star-formation histo-
ries of radio galaxies are more complex than a single burst, and that the star
formation may continue through epochs at which we observe the jet activity.
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6. Conclusions

From studies of their YSPs it is clear that the activity in a significant subset
of the nearby radio galaxies is triggered in major galaxy mergers. Therefore
these objects form part of the population of early-type galaxies that is evolving
most rapidly in the local Universe. Clearly, detailed observations of the YSPs
have great potential for enhancing our understanding of the nature of the trig-
gering mergers, the order of events, and the relationship between radio galaxies
and other classes of merging galaxies.
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Abstract Low Luminosity Active Galactic Nuclei (LLAGN), which comprise low-ioniza-
tion nuclear emission-line regions (LINERs) and transition-type objects (TOs),
represent the most common type of nuclear activity. Here, we search for spec-
troscopic signatures of starbursts and post-starbursts in LLAGN, and investigate
their relationship to the ionization mechanism in LLAGN. The method used is
based on the stellar population synthesis of the circumnuclear optical continuum
of these galaxies. We have found that intermediate-age populations (108 − 109

yr) are very common in weak-[OI] LLAGN, but that very young stars (≤ 107

yr) contribute very little to the central optical continuum of these objects. How-
ever, ∼ 1 Gyr ago these nuclei harboured starbursts of size ∼ 100 pc and masses
107−108 M�. Meanwhile, most of the strong-[OI] LLAGN have predominantly
old stellar populations.

1. Introduction

During the past decade, mainly thanks to the high spatial resolution pro-
vided by the Hubble Space Telescope (HST), it has been found that stellar)
clusters are a common phenomenon in starburst galaxies (e.g., Meurer et al.
1995). Young massive clusters are also present in the nuclei of many late-type
galaxies (e.g., Böker et al. 2002). However, stellar clusters have also been
found in the nuclei of many early-type galaxies (e.g., Carollo et al. 2002).
This is remarkable considering that the strong contribution of the bulge compo-
nent makes the identification of an additional, unresolved cluster in early-type
galaxies extremely difficult. However, this result is expected because of the
tight correlation between the bulge stellar velocity dispersion and black-hole
mass (Ferrarese & Merrit 2000). Thus, in early-type galaxies it is expected
that matter accumulates towards the nucleus to feed the black hole, and mas-
sive clusters can also form. Therefore, it should be expected that stellar clusters
and black holes co-exist in the nuclei of galaxies. Observational evidence in

263

R. de Grijs and R.M. González Delgado (eds.), Starbursts, 263–268.
©CC 2005 Springer. Printed in the Netherlands.



264 Starbursts – From 30 Doradus to Lyman Break Galaxies

favour of this scenario has been found in the nuclei of Seyfert 2 (Heckman
et al. 1997, González Delgado et al. 1998, see also Schmitt, these proceed-
ings). HST ultraviolet (UV) spectroscopy has revealed strong resonance lines
formed in the winds of massive stars, implying that powerful (1010 −1011 L�)
and compact (∼ 100 pc) starbursts dominate the UV nuclear light. These star-
bursts are resolved into individual young stellar clusters, as their UV images
show. Further evidence is found at optical wavelengths through the detection
in the galaxies’ nuclear spectra of high-order Balmer lines (HOBL) and HeI

lines in absorption, suggesting that intermediate-age stars dominate the optical
light (González Delgado et al. 2001, Cid Fernandes et al. 2001).

Low Luminosity Active Galactic Nuclei (LLAGN) constitute a sizeable frac-
tion of the nearby AGN population. These include low-luminosity Seyferts,
low-ionization nuclear emission-line regions (LINERs), and transition-type
objects (TOs) whose properties are in between classical LINERs and HII nu-
clei. LLAGN comprise about 1/3 of all bright galaxies (BT ≤ 12.5) and are the
most common type of AGN (Ho, Filippenko & Sargent 1997). LLAGN could
constitute a rather mixed phenomenon, as suggested by the several excitation
mechanisms (shocks, photo-ionisation by a non-stellar UV/X-ray continuum,
and photo-ionisation by hot stars; see, e.g., Filippenko 1996) that have been
proposed to explain the origin of their energy source.

To understand the role that starbursts (or stellar clusters) play in the nuclei
of early-type galaxies, and to quantify their contribution to the nuclear energy
output, we have selected a sample of LLAGN. Here, we summarize the results
obtained in several projects that examine the central stellar population in these
objects (González Delgado et al. 2004a, Cid Fernandes et al. 2004a,b), and
their central morphology (González Delgado et al., in prep.).

2. Sample and Observations

We selected a sample of LLAGN from the Palomar catalogue (Ho et al.
1997) that consists of 24 strong-[OI] ([OI]/Hα ≥ 0.25) and 47 weak-[OI]
LLAGN. We have obtained the following observations: (i) Ground-based opti-
cal spectra (3400–5500 Å) using ALFOSC on the NOT and the 2.2m telescope
at KPNO for 51 objects. These spectra are used to study the nuclear (1 × 1.1
arcsec2) stellar population and gradients up to ∼ 1 kpc from the nucleus with
a resolution of ∼ 100 pc (∼ 1 arcsec). (ii) HST/STIS(G430L) spectra (2900–T
5700 Å) for 28 LLAGN. We extracted the central 0.2×0.3 arcsec2, and 0.2×1
arcsec2. (iii) HST/WFPC2 images at optical wavelengths (in at least one of theT
following filters, F450W, F547M, F555W, F606W, F814W) for 59 LLAGN.
We study the central morphology (stellar clusters, dust distribution) and the
connection between the central morphology and the stellar populations.
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3. Results

Nuclear optical spectra. We have done an empirical stellar population clas-
sification of the nuclear spectra by looking for: (i) the presence of the broad
WR bump at 4680 Å; (ii) the detection of absorption lines of HeI and HOBL;
(iii) the equivalent widths of metallic lines, such as CaII K, G band and MgI.
The WR bump probes the presence of very young stars (a few Myr old), while
HeI and HOBL probe the young (10–50 Myr) and intermediate-age (100–1000
Myr) stars, and the metallic lines probe the intermediate and old stellar popu-
lations. Our main findings are: (i) No features due to Wolf-Rayet stars were
convincingly detected in the STIS and ground-based spectra. (ii) Young stars
contribute very little to the optical continuum in the ground-based aperture.
However, the fraction of light provided by these stars is greater than 10% in
most of the weak-[OI] LLAGN STIS spectra. (iii) Intermediate-age stars con-
tribute significantly to the optical continuum of these nuclei. This population
is much more important in objects with weak than with strong [OI]. Weak-[OI]
LLAGN that have young stars also stand out for their intermediate-age popu-
lation. (iv) Most of the strong-[OI] LLAGN have a predominantly old stellar
population. These results suggest that young and intermediate-age stars do not
play a significant role in the ionization of LLAGN with strong [OI]. Intro-
ducing a combined stellar population and emission-line classification into four
types, young TOs, old TOs, old LINERs and young LINERs, we conclude that
this last class is extremely rare.

We have also performed stellar population synthesis to derive the stellar
population properties, such as age, mass, size and extinction. This synthesis
has been done using the empirical population synthesis code described in Cid
Fernandes et al. (2001, 2004c). The code is able to synthesize the entire opti-
cal spectra (absorption lines and colors) by means of a spectral grid of different
ages and metallicities (e.g., the Bruzual & Charlot [2003] or González Delgado
et al. [2005] stellar population models). The output of the code is a population
vector, whose components represent flux fractions associated with each popu-
lation in the grid, plus the extinction. The main result of this analysis is that
post-starburst populations (108 − 109 yr) are very common (in 50% of TOs),
but young starbursts (≤ 107 yr), if present, are very weak.

Spatially-resolved spectral properties. For 47 galaxies the spectra are spa-
tially resolved, and we map the stellar population gradients by the radial pro-
files of absorption-line equivalent widths and the continuum colors along the
slit. These variations are also analyzed by determining for each spectrum the
contributions of very young (≤ 107 yr), intermediate-age (108 − 109 yr) and
old (1010 yr) stellar populations. We have found: (i) The equivalent width pro-
files can be flat (suggesting spatially uniform stellar populations) and diluted.
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Flat profiles occur in galaxies dominated by an old stellar population. Diluted
profiles are produced by intermediate-age stars. Since these stars are found
mainly in weak-[OI] LLAGN, stellar population gradients are typical of young
TOs. (ii) The extinction profiles of young TOs are more complex than those
of old LLAGN, which are very often flat. Young TOs have centrally peaked
extinction profiles, and are ∼ 3 times more extincted than old LLAGN.

Sizes and luminosities of the intermediate-age stellar populations are ob-
tained combining the optical surface brightness and the distribution of the
intermediate-age component of the population vector. These intermediate-age
populations are highly concentrated close to the nuclei, and their sizes, de-
fined as the half width at half maximum of their surface-brightness profiles,
are typically 100 pc or less. The 4020 Å luminosities are of order ∼ 104.3 L�
Å−1 implying masses of order 107 − 108 M�. This population was 10–100
times more luminous during their formation epoch, at which time a starburst
dominated the bulge light.

Central morphology. To find further evidence of the presence of starbursts
or post-starbursts in LLAGN, and a possible connection between the proper-
ties of the nuclear stellar populations and the central morphology, we retrieved
HST/WFPC2 optical images for most of the objects of which we have stud-T
ied their spectral properties. We are performing a surface brightness analy-
sis for each image and producing unsharp masked images to show the pos-
sible presence of resolved compact sources (presumably stellar clusters) and
the central dust distribution. This preliminary analysis indicates that central
compact sources are detected in many of these LLAGN, even in LLAGN that
have a nuclear spectrum dominated by an old stellar population. Many of them
show also complex dust structures, with many chaotic and/or nuclear spiral
dust lanes, and dust disks (Fig. 1). However, most of the images that show
a bulge light dominated distribution are found in LLAGN with an old stellar
population. This result agrees with the conclusion from the spectral analysis,
that young TOs have more complex central dust structures than old LINERs
and old TOs.

Comparison with starbursts in other AGN. In a previous study we unam-
biguously identified nuclear starbursts in ∼ 40% of nearby Seyfert 2 galaxies
(González Delgado et al. 2001, Cid Fernandes et al. 2001). These starbursts
were identified by means of UV imaging and/or UV-optical spectroscopy. Stel-
lar population synthesis analysis shows that the Seyfert 2s with nuclear star-
bursts (Seyfert 2 composites) have a dominant intermediate-age (≤ a few 100
Myr) stellar population at optical wavelengths and very young stars (≤ a few
10 Myr) in the UV range. The analogies with the results obtained for LLAGN
are evident. While old LLAGN are analogous to pure Seyfert 2 galaxies,
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Figure 1. WFPC2 optical images of LLAGN. The objects are sorted from bottom left to top
right by increasing equivalent widths of the CaIIK line measured in the nuclear spectra. The
values are included at the bottom right of each image. These are some of the LLAGN that have
a conspicuous contribution of intermediate-age stars, and thus they are likely young TOs.

young TOs qualitatively resemble evolved Seyfert 2 composites, since the
intermediate-age populations in the former are older than in Seyfert 2 galax-
ies that harbor nuclear starbursts. However, similar post-starburst populations
have been found in powerful radio galaxies (Tadhunter et al. 2005, see also
Tadhunter, these proceedings). These similarities suggest that some weak-[OI]
LLAGN could be the lower-luminosity counterparts of Seyfert 2 composite
and/or radio galaxies with post-starbursts. One important consequence of these
similarities is that star formation should still be proceeding in the nuclei of
young TOs. UV emission has been observed in the core of a few LLAGN
(e.g., NGC 4303; Colina et al. 2002). The detection of strong wind lines in the
UV spectra clearly suggests that the star formation is still proceeding at some
residual level in young TOs (see a few cases in Maoz et al. 1998). However,
the UV-optical spectral energy distribution indicates that even though these
clusters dominate the UV emission, their contribution at longer wavelengths is
low, and the optical continuum is dominated by intermediate-age populations.
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Conclusions. Young TOs are clearly separated from old TOs and LINERs in
terms of the properties and spatial distribution of the stellar populations. Young
TOs have stronger stellar population gradients, a luminous intermediate-age
stellar population which is concentrated close to the nucleus (central ∼ 100 pc
or less) and higher extinction than old TOs and LINERs. These young TOs
could be classified as starbursts 1 Gyr ago, or as composite Seyfert 2s (i.e.,
Seyferts plus nuclear starbursts). Young TOs will become old LLAGN in a
few Gyr.
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Abstract The ELAIS South 1 field was observed by GALEX in spectroscopic and imag-
ing mode. Thanks to the web database built by the ELAIS team, we made use
of the multi-wavelength catalogue to select galaxies in common to the two sam-
ples. 19 galaxies are found with optical redshifts in the range 0 < z < 1.6
with 10 < log(LIR) < 13 estimated from the 15µm flux. However, the two
brightest objects are Seyfert 1 galaxies, while most of the galaxies in the range
0 < z < 0.35 are normal to Luminous Infrared Galaxies. Using these data, we
find that it is not possible to uniquely derive an ultraviolet dust attenuation from
the ultraviolet slope, β. These galaxies have a median FUV dust attenuation
AFUV = 2.7 ± 0.8.

1. Introduction to GALEX Data

GALEX, the Galaxy Evolution Explorer (Martin et al. 2005) is a 50cm
telescope devoted to observing the ultraviolet (UV) sky in two bands centered
at about 153µm and 231µm. Several surveys will be done by GALEX, rang-
ing from an All-sky Imaging Survey (AIS) to an Ultra Deep Imaging Survey
(UDIS) in imaging and three Spectroscopic Surveys. In addition, a Nearby
Galaxy Survey (NGS) will observe about 200 galaxies in the local Universe.
The ELAIS South 1 field (ELAIS S1; αJ2000.0 = 00h34m44s and δJ2000.0 =
−43◦28′12′′) was observed by GALEX in spectroscopic (31267s; see Fig. 1)
and in imaging mode (12198s; see Fig. 2). We took advantage of the infrared
(IR) database of Rowan-Robinson et al. (2004), available from the ELAIS web
site, http://astro.imperial.ac.uk/Elais/index.html, to ob-
tain multi-wavelength fluxes and the associated redshifts.

From the 2D spectrum shown in Fig. 2, the GALEX pipeline extracts and
co-adds the individual sub-exposures to provide the astronomer with a table
containing 1D calibrated and formatted spectra (Fig. 3). The left-hand section
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Figure 1. Spectroscopic image of the
ELAIS South 1 field over the same area
as the image. The shapes resembling fire-
works are due to the fact that the grism is
rotated for each sub-exposure.

Figure 2. Deep GALEX image of
ELAIS South 1. The limiting magnitude
reaches mAB = 25 mag and the field of
view is 1.2 deg in diameter. The central
area of the field is zoomed in.

of the spectra corresponds to the far-UV while the right-hand section corre-
sponds to the near-UV, and the full observed spectral range is from approx-
imately 130 to 270µm. The spectral resolution is about R = 100 − 200,
depending on the wavelength.

2. The Galaxy Sample

The final band-merged ELAIS catalogue has been cross-correlated with
GALEX spectroscopic detections; the cross correlation contains 959 sources.
The area of the field in common is about 0.5 deg2, and the number of sources
in common is 88, most of which proved to be Galactic stars. We narrowed our
selection down to 19 galaxies with spectroscopic redshifts, which we study in
more detail in the remainder of this paper.

All of the objects, except two QSOs, are found in the redshift range 0 <
z < 0.35. Their FUV luminosity is log(LFUV) = 9.8 ± 0.6 (L�), and their
average IR luminosity, deduced from the 15µm flux, and from Chary & Elbaz
(2001), amounts to log(LIR) = 11.1 ± 0.5 (L�). Our sample contains 12
Luminous IR Galaxies (LIRGs; 1011 < log(LIR) < 1012 [L�]; cf. Goldader
et al. 2002). The two QSOs, located at z > 1, and with log(LFUV) > 12 (L�)
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Figure 3. Two spectra extracted from the ELAIS South 1 field: the top spectrum is one of
the best-quality spectra of a galaxy at z = 0.048; the bottom one is one of the lowest-quality
spectra of a galaxy at z = 0.286. Power laws are superimposed on both spectra, with ultraviolet
slopes of β = −1.58 ± 0.04 and −2.04 ± 0.27, respectively.

and log(LIR) ∼ 1013 (L�) are Seyfert 1 galaxies. One of them, at z = 1.4,
seems to have a UV slope β = −2, which is consistent with the hypothesis
that some star formation contributes to the UV flux.

3. GALEX UV colors and the UV slope β

The interpretation of UV spectra is mainly related to two parameters: stellar
populations (star-formation history, age, metallicity) and the reddening by dust
(amount of dust, attenuation laws). Knowing the latter is crucial to get back to
the former. To correct for this dust attenuation, Calzetti et al. (1994) proposed
to use the UV spectral slope, β, for which they provide a calibration.

We estimated the UV slope of our sample galaxies after visually discarding
bad (absorption lines and low-S/N) pixels in the rest-frame range 120−250µm
(see Fig. 3). From the IR/FUV flux ratio, we estimated the dust attenuation in
our galaxies (calibrated using Buat et al. 2005), and compared these values to
the UV slope β. If Calzetti’s law is valid, we should find a good correlation
between these two parameters, as was shown by Meurer et al. (1999). The
diagram presented in Fig. 3 does not show such a correlation; the dispersion
amounts to about 2 magnitudes in the FUV dust attenuation AFUV. A probable
explanation for this behaviour, which is inconsistent with Calzetti et al. (1994),
is that our galaxies are not only starburst galaxies, which are expected to scatter
around the updated Calzetti curve (see Kong et al. 2004): normal galaxies and
LIRGs do not seem to follow Calzetti’s law.
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Figure 4. This diagram shows that the UV slope β can hardly be used to estimate the dust
attenuation without additional assumptions (e.g., regarding the shape of the attenuation law,
star-formation history, etc.

The median FUV dust attenuation for our sample galaxies amounts to AFUV

= 2.7 ± 0.8, which is very consistent with the median value for the far-IR-
selected sample presented by Buat et al. (2005). On the other hand, the median
value for the UV-selected sample of Buat et al. (2005) is AFUV = 1.1, i.e., very
different from the previous value.

4. Conclusion

This paper presents preliminary results from GALEX spectroscopy (see
Burgarella et al. [2005] for a more complete report), which show that the spec-
troscopic mode of GALEX is performing very well and will provide us with
very interesting data. The ability of GALEX to obtain high-quality UV spec-
troscopic data of a large number of galaxies without a priori selection criteria
will prove to be very powerful.
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Abstract Re-examination of the properties of distant galaxies leads to evidence that most
present-day spirals built up half of their stellar masses during the last 8 Gyr,
mostly during several intense phases of star formation during which they resem-
bled luminous infrared galaxies (LIRGs). Distant galaxy morphologies encom-
pass all of the expected stages of galaxy merging, central core formation and
disk growth, while their cores are much bluer than those of present-day bulges.
We have tested a spiral rebuilding scenario, in which 75 ± 25% of spirals ex-
perienced their last major merger event less than 8 Gyr ago. It accounts for the
simultaneous decreases, during that period, of the cosmic star-formation density,
of the merger rate, of the number densities of LIRGs and of compact galaxies,
while the densities of ellipticals and large spirals are essentially unaffected.

1. Towards robust evolutionary features from z = 1 to
z = 0

Here, we summarize a study (Hammer et al. 2005, hereafter H05) that is
based on a considerable amount of observations done using HST, ISO, VLAT
and VLT. It targets ∼ 200 galaxies (0.4 < z < 1), mostly from the sample
of the Canada France Redshift Survey (CFRS). CFRS is essentially complete
up to z ∼ 1, encompassing all luminous (MBM < −20) galaxies with stellar
masses ranging from 3 to 30 × 1010 M� – hereafter called intermediate-mass
galaxies. Those account for 65 to 80% of the present-day stellar mass (Brinch-
mann & Ellis 2000, Heavens et al. 2004). Our goals were to collect significant
evolutionary features since z = 1, by combining: (i) Robust estimates of ex-
tinction, star and effective star-formation rates (SFRs and SFR/M�MM ) and O/H
abundances at z ∼ 0.7. Those quantities were derived from a detailed compar-
ison of mid-IR and extinction-corrected Balmer emission-line fluxes, which
provides consistent SFR estimates within a factor of 2 (Flores et al. 2004,
Liang et al. 2004a). Notice that Balmer emission lines have been properly
corrected for the underlying absorption (based on high-S/N spectra at moder-
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ate resolution, see Liang et al. 2004b). Notice also that [OII] or UV fluxes
underestimate the SFR by factors averaging 5 to 22 for starbursts and LIRGs,
respectively. (ii) A simplified morphological classification (see Zheng et al.
2004) which accounts for E/S0 and spirals as single classes, while another
class is assigned to objects barely resolved by HST (rhalf < 3.5h−1

70 kpc lu-
minous compact galaxies, hereafter called LCGs). Our method, also based on
color maps, considerably limits the uncertainties related to cosmological dim-
ming, spatial resolution and morphological k correction. It allows for a fair
comparison with morphological classification (derived at the same rest-frame
wavelengths) of local galaxies in the same mass range (Nakamura et al. 2004).

2. A formation history with violent IR episodes at z < 1

H05 found that ∼ 15% of intermediate-mass galaxies at z > 0.4 are indeed
luminous IR galaxies (LIRGs), a phenomenon far more common than in the
local Universe. This is confirmed by preliminary Spitzer results. The high oc-
currence of LIRGs is easily understood only if they correspond to episodic
peaks of star formation, during which galaxies are reddened through short
IREs (infrared episodes). We estimate that each galaxy should experience 4
to 5 × (τIREττ /0.1Gyr)−1 IREs from z = 1 to z = 0.4. The star formation
in LIRGs is sufficient by itself to produce 38% of the total stellar mass of
intermediate-mass galaxies and then to account for most of the reported stellar
mass formation since z = 1. This is not surprising, since integrations of the
cosmic star-formation rate density, if and only if they account for IR emission
(Flores et al. 1999, Elbaz & Cesarsky 2003), match well the evolution of the
global stellar mass density since z = 1 (e.g., Dickinson et al. 2003, Heavens
et al. 2004). It can be considered robust that 45 ± 15% of the mass locked in
present-day stars actually condensed in stars at z < 1. This is further supported
by the luminosity-metallicity relation of z ∼ 0.7 emission-line galaxies, which
is found to be on average metal deficient by a factor of ∼ 2 compared to those
of local spirals (Liang et al. 2004a, H05).

A star-formation history with short infrared episodes for most galaxies at
intermediate redshifts is consistent with hierarchical galaxy formation scenar-
ios. Observations of LIRG morphologies then reveal the physical processes
which are responsible for most of the stellar mass production since z = 1. Ir-
regulars, major mergers and compact galaxies represent together about a third
of the z ∼ 0.7 galaxy population, and they have almost disappeared by the
present day (see Table 1, and also Lilly et al. 1998). Most of the star for-
mation has occurred in these systems, since they represent almost two-thirds
of z ∼ 0.7 LIRGs (Table 1). We assume in the following that violent in-
frared episodes are responsible for most morphological changes, which links
distant galaxies in a simple way to those of the present-day Hubble sequence.
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Table 1. Morphological classification statistics for intermediate-mass galaxies (H05); z ∼ 0.7
galaxies are compared to those of the SDSS (Nakamura et al. 2004)

Type z ∼ 0.7 z ∼ 0.7 local
LIRGs galaxies galaxies

E/S0 0% 23% 27%
Spiral 36% 43% 70%
LCG 25% 19% < 2%
Irregular 22% 9% 3%
Major merger 17% 6% < 2%

Which present-day galaxy types are related to both morphological changes and
episodic violent star formation events? It cannot be present-day ellipticals be-
cause: (i) no LIRGs show an E/S0 morphology; (ii) if the fate of all LCGs
(or all LIRGs) were to become ellipticals, the density of present-day ellipticals
would be much higher than observed (see Table 1). This leads H05 to assume
that most of the recent star formation has occurred in progenitors of the numer-
ous present-day spirals (see also Wolf et al. 2004). This is further supported
by Zheng et al. (2004a,b), who show that most z ∼ 0.7 spirals have blue cores
(see also Ellis et al. 2001).

3. A scenario accounting for all evolutionary features?

The fraction of major mergers is evolving rapidly (Table 1; see also Con-
selice et al. 2004). Major mergers in our sample are showing two well-
identified nuclei separated by less than a galactic radius (Zheng et al. 2004a,b).
Post-mergers are naturally expected to show compact morphologies, and we
assume in the following that LCGs are merger remnants. Indeed, this was
first claimed by Hammer et al. (2001) on the basis of their detailed spectral
properties. Moreover, Östlin et al. (2001) argued that their local counterparts
are merger remnants, on the basis of their velocity fields, which are not ro-
tationally supported. Because pair counts evolve very rapidly, the fraction of
intermediate-mass galaxies experiencing a major merger event since z = 1 is
estimated to be 0.75 on the basis of Bundy et al. (2004), a value lower than
what was found by Le Fèvre et al. (2000). We now develop a scenario in
which most spirals have been rebuilt during the last 8 Gyr (Fig. 1). H05 find
that assuming a characteristic time-scale for each phase (major mergers, com-
pact and spirals) from hydrodynamical models (Tissera et al. 2004, see also
Cox et al. 2004), one can reproduce the observed fraction of each species if
75±25% of spirals were rebuilt since z = 1. This simple scenario is consistent
with 8 robust evolutionary features, namely the evolution of the global stellar
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Figure 1. A sequence of z ∼ 0.7 galaxies illustrating the rebuilding scenario; (1, 2): interac-
tion and merging, (3, 4): post-merger prior to disk re-building and (5): disk growth. Middle: the
star-formation history derived using hydrodynamical simulations of a major merger (Tissera et
al. 2002), which shows the corresponding phases. 75 ± 25% of present-day spirals have likely
experienced such a sequence since z = 1.

mass, the L–Z diagram, the pair statistics, the IR light density, the spiral core
colours, the number density of E/S0s, spirals, and peculiar galaxies (mergers
and compact).

A scenario showing no significant star formation in intermediate-mass galax-
ies (Cowie et al. 1996, Brinchmann & Ellis 2000) is inconsistent with 6 of
these evolutionary features (stellar mass, L–Z, pair statistics, IR light density,
spiral core colours and number density of peculiar galaxies). A scenario for
which the stellar mass formation is dominated by minor encounters (“colli-
sional starbursts”; Somerville et al. 2001), is better, but still inconsistent with
4 evolutionary features (IR light density, number density of peculiar galaxies,
spiral core colours, and difficult to reconcile with pair statistics). In fact, ac-
counting for the IR light evolution leads to our spiral rebuilding scenario. This
scenario has the advantage to be predictive, and it can be tested. For example,
the formation of a disk after a merger event requires that spiral progenitors
have a substantially larger gas fraction than present-day spirals (∼ 10–20% of
their baryonic mass). The considerable amount of stars formed during IREs
suggests a gas content ∼ 5 times higher in z ∼ 0.7 galaxies. This is consistent
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with the reported O/H deficiency of the gaseous phases of galaxies at z ∼ 0.7
(H05, Liang et al. 2004a). An important assumption is that LCGs are merger
remnants. Preliminary results from Puech et al. (in prep.) and from Bershady
et al. (these proceedings) indicate that most LCGs have velocity fields that are
not supported by rotation, as those studied locally by Östlin et al. (2001).

A spiral rebuilding scenario is very efficient in forming large bulges, includ-
ing those of the numerous early-type spirals (75% of present-day spirals of
intermediate mass). Robust conclusions on the past formation history can be
derived for only 2 intermediate-mass galaxies, e.g., the Milky Way and M31.
Recent studies of stellar populations in the M31 halo are suggestive of a com-
plex formation history, possibly including a recent merger (Brown et al. 2003).
On the other hand, the Milky Way shows no trace of such a recent event. It is
less bulge-dominated than M31, and we suggest that it could be part of the
∼ 25% of galaxies that escaped a recent major merger at z < 1. IR data re-
veal a strikingly different history from previous studies based on optical/UV
data. Indeed, the LIRG number density increases by factors of up to 35 from
z = 0 to z = 1 (Elbaz & Cesarsky 2003), i.e., it evolves much more rapidly
than the UV luminosity density. H05 find that the optical properties of LIRGs
mimic those of other galaxies, and that besides IR photometry, only detailed
spectroscopic studies at moderate resolution can distinguish between them.
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Abstract Using deep observations of the Chandra Deep Field South obtained with MIPS
at 24µm, we present our preliminary estimates on the evolution of the infrared
(IR) luminosity density of the Universe from z = 0 to z ∼ 1. We find that a pure
density evolution of the IR luminosity function is clearly excluded by the data.
The characteristic luminosity L∗

IR evolves at least by (1 + z)3.5 with lookback
time, but our monochromatic approach does not allow us to break the degener-
acy between a pure evolution in luminosity, or an evolution in both density and
luminosity. Our results imply that IR-luminous systems (LIR ≥ 1011 L�) be-
come the dominant population contributing to the co-moving IR energy density
beyond z ∼ 0.5−0.6. The uncertainties affecting our measurements are largely
dominated by the poor constraints on the spectral energy distributions that are
used to translate the observed 24µm flux into luminosities.

1. Introduction

Deep infrared and submillimeter observations with ISO and SCUBA in the
late 1990s revealed a very strong evolution of IR-luminous systems with look-
back time (e.g., Smail et al. 1997, Elbaz et al. 1999). Since these surveys were
only sensitive to the brightest IR sources, the quantification of this evolution
has thus far remained under strong debate. In particular, the relative impor-
tance of such IR-bright objects compared to less luminous starbursts, and their
respective contributions to the total co-moving energy density at high redshift
is still unclear. Spitzer, the new infrared facility of NASA, is now providing a
unique opportunity to address this issue in more detail.
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2. Infrared luminosities of MIPS sources up to z ∼ 1

We performed deep observations of the Chandra Deep Field South with
MIPS at 24µm down to a sensitivity limit of 80µJy (5σ detection). Cross-
correlating our data with source catalogs from various optical surveys (i.e.,
VIMOS VLT Deep Survey, Le Fèvre et al. 2004; GOODS, Vanzella et al.
2004; COMBO-17, Wolf et al. 2004; Chandra source follow-up, Szokoly et al.
2004), we derived the redshifts of 2635 objects detected at 24µm. These MIPS
sources are mostly located at z ≤ 1.2. We believe their redshift identification
to be nearly complete up to z ∼ 1.

Using various libraries of IR luminosity-dependent spectral energy distribu-
tions (SEDs; e.g., Dale et al. 2001, Chary & Elbaz 2001), we derived the total
IR luminosities of the MIPS sources from their observed 24µm flux. Given the
poor constraint on the true SEDs characterizing these sources at high redshift,
the typical uncertainty affecting these estimates could reach a factor of 2 to
3. More importantly, the influence of dust temperature could also add a small
systematic bias (Chapman et al. 2003) that we have not quantified so far. We
will explore this effect more thoroughly in a forthcoming study.

Below z ∼ 0.5, we find that the MIPS sources are rather modest emitters at
infrared wavelengths (median LIR = 1010 L�). At higher redshifts (0.5 ∼< z ∼<
1), luminous infrared galaxies (LIRGs, 1011 L� ≤ LIR ≤ 1012 L�) become
the dominant population among the sources detected at 24µm, while we also
detect a significant number of more modest starbursts and spirals. The most
extreme sources such as the ultraluminous IR galaxies (ULIRGs; LIR ≥ 1012

L�) still remain quite rare up to z ∼ 1.2.

3. Evolution of the infrared luminosity function

Based on this sample of 24µm-selected sources, and using the libraries of
IR SEDs for computing the k corrections, we derived monochromatic lumi-
nosity functions (LFs) at different IR wavelengths and in various redshift bins
up to z ∼ 1. Figure 1 shows these LFs plotted at 60µm, and compared to the
local 60µm IRAS LF from Takeuchi et al. (2003). A strong evolution is clearly
noticeable. We find that it can not be described by a uniform increase of the
density of the local IR galaxy population (“pure density” evolution), but re-
quires a shift of the characteristic luminosity, L∗, by a factor of (1 + z)4.0±0.5.
Note that the well-known degeneracy between a pure evolution in luminosity
or an evolution combining an increase in both density and luminosity cannot
be broken at this stage.
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0.6<z<0.8

0<z<0.3 0.3<z<0.45 0.45<z<0.6
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Figure 1. Luminosity functions estimated at 60µm with the 1/VmaxVV formalism in different
redshift bins between z = 0 and z = 1.2 (∗ symbols). The 3σ uncertainties are indicated with
vertical solid lines. Data points can be fitted by a pure luminosity evolution (L� ∝ (1 + z)4.2,
solid curve) or a combination of luminosity and density evolution (L� ∝ (1 + z)3.5, Φ� ∝
(1+z)1.0, dashed curve) to the local 60µm luminosity function (dotted curve). Vertical dashed-
dotted lines correspond to the 80% completeness limit in each redshift bin.

4. Star-formation history up to z ∼ 1

Star-forming galaxies are believed to be the major component of the 24µm
source population (Silva et al. 2004). Assuming the calibration between the
star-formation rate of galaxies and their infrared luminosities (Kennicutt 1998),
we converted the evolution of the luminosity functions into an history of star
formation up to z ∼ 1. Results are shown in Fig. 2, where the relative con-
tribution of normal starbursts, LIRGs and ULIRGs is also illustrated. We find
that IR luminous systems (LIR ≥ 1011 L�) become the dominant population
contributing to the co-moving IR energy density beyond z ∼ 0.5 − 0.6 and
represent 70% of the star-forming activity at z ∼ 1.
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Figure 2. The star-formation history up to z ∼ 1.2 as seen by MIPS 24µm (thick solid line),
decomposed into the contributions of normal galaxies (LIR ≤ 1011 L�), LIRGs and ULIRGs
(shaded regions). Filled squares correspond to the contribution of detected MIPS sources, while
the empty diamonds and the empty square are from Flores et al. (1999) and Thompson et
al. (2001), respectively. Model predictions from Chary & Elbaz (2001; cross-hatched region),
Blain et al. (2002; dotted line) and Lagache et al. (2004; dashed line) are also plotted.
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UNDERSTANDING INFRARED–LUMINOUS
STARBURSTS IN DISTANT GALAXIES
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and M. Rieke (for the Spitzer/MIPS GTO team)
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Abstract New surveys with the Spitzer space telescope identify distant starburst and active
galaxies by their strong emission at far-infrared (IR) wavelengths. Using deep
Spitzer surveys at 24 and 70µm coupled with HST imaging in the Chandra Deep
Field South, we study the relation between galaxy morphology and IR-active
stages of galaxy evolution. IR-luminous galaxies span a wide range of morphol-
ogy. At z ∼ 1, there is a correlation between the relative fraction of galaxies
with morphological distortions (multiple nuclei, tidal tails, etc.) and increasing
IR luminosity, which suggests that the strong starbursts at high redshift arise
from galaxy interactions. However, the majority of IR-luminous galaxies do not
have exceptionally asymmetric morphologies, and galaxies with strong asymme-
tries correspond to a range of galaxy IR activity. We conclude that the relation
between galaxy morphology and IR activity is highly complex, and strongly de-
pendent on the initial conditions of galaxy interactions.

1. Introduction

The improvements in far-infrared (IR) sensitivity and survey efficiency now
possible with the Spitzer Space Telescope allow major advances in the causes
of IR-luminous stages of starbursts, and their impact on galaxy evolution. In
Papovich et al. (2004) and Dole et al. (2004), we discuss the Spitzer number
counts at 24–160µm from surveys being conducted by the Spitzer Guaranteed
Time Observers (GTOs). The Spitzer counts differ strongly from non-evolving
models, and from predictions of various contemporary models based on ISO
and IRAS results. We interpret the faint 24µm counts as evidence for a sub-
stantial population of IR-luminous galaxies at z > 1 (Papovich et al. 2004, see
also Egami et al. 2004, Le Floc’h et al. 2004 and these proceedings), which is
not reflected in contemporary models. For example, hierarchical models that
include physical prescriptions for how galaxies form stars currently underpro-
duce the faint IR counts by a factor of 3 (e.g., Balland et al. 2003). In these
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proceedings, we discuss our efforts to study why such rapid evolution occurs
in the IR-luminous galaxy population at high redshifts.

2. Estimating the Total IR Luminosity with Spitzer

Here, we focus on a sample of galaxies in the Chandra Deep Field South
(CDF-S), selected in the Spitzer mid-IR 24µm band. The GTO observations
of the CDF-S intersect the COMBO-17 photometric redshift survey (Wolf et
al. 2003), the HST/GEMS survey (Rix et al. 2004), and the VVDS and FORST
spectroscopic surveys (Le Févre et al. 2004, Vanzella et al., subm.).

In what follows, we describe the morphological properties of 24µm-selected
galaxies as a function of total IR luminosity (LIR ≡ L[8–1000µm]). We used
the measured redshifts from 24µm counterparts in the COMBO-17 and spec-
troscopic catalogs, and converted the 24µm galaxy flux densities to LIR using
two techniques. First, we used solely the 24µm data, and calculated k correc-
tions between the rest-frame 24µm luminosity and LIR using the IR templates
from Dale et al. (2001) and Chary & Elbaz (2001), assuming that a given
rest-frame luminosity corresponds uniquely to a single template (i.e., assum-
ing a direct luminosity-thermal temperature relation in the IR). Second, for
24µm sources with counterparts at 70µm, we used the 24–70µm mid–to–far-
IR “color” to select an IR template (akin to selecting a template based on the
thermal temperature), scaled this to match the photometry, and then derived
LIR. Comparing the total IR luminosities from the two methods, we find that
they agree to within a factor of 2–3 for galaxies at z ∼ 0.2–1.2. This scatter is
consistent with measurements of the bivariate temperature-luminosity distrib-
ution of local IR-selected galaxies (e.g., Chapman et al. 2003).

3. Morphological Indications of IR Activity

The GEMS survey has obtained HST/ACS imaging of nearly 0.25 degT 2 in
the CDF-S. In Fig. 1, we show the morphological concentration and asym-
metry parameters for ∼ 400 24µm-selected galaxies at z ∼ 1 derived from
the GEMS HST data. Symbol type denotes the level of IR luminosity, includ-
ing galaxies not detected at 24µm. IR-luminous galaxies with LIR > 1011.5

L� span a range of morphology; Figure 2 displays some strongly “interact-
ing” galaxies, and some fairly normal galaxies. Galaxies with LIR < 1011.5

L� have very similar concentration and asymmetry distributions, with little
change with IR luminosity. There is a trend for galaxies with LIR > 1011.5

L� to have higher asymmetry values. While only a few percent of galaxies
with LIR < 1011.5 L� have A > 0.35 (the fiducial value to indicate “interact-
ing/merging” galaxies; e.g., Conselice et al. 2004), more than 10% of galaxies
with LIR > 1011.5 L� show asymmetries above this value. Qualitatively, we
find that the fraction of galaxies that exhibit morphological distortions (mul-
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Figure 1. Distribution of morphological concentration and asymmetry of galaxies at z = 0.9–
1.1 using the ACS z850-band images from GEMS. The symbols distinguish galaxies by to-
tal IR luminosity: Gray squares, galaxies not detected at 24µm; Crosses, galaxies with
LIR = 1010.5−11 L�; Diamonds, LIR = 1011−11.5 L�; Filled circles, LIR > 1011.5 L�.
Fiducial galaxy classifications are delineated by the dashed and solid lines (as labeled). Inter-
acting/merging galaxies typically have high asymmetries (A ≥ 0.35; Conselice et al. 2003),
and occupy the region above the solid line (marked “A”). The dashed lines illustrate regions
occupied by irregular and late-type spiral galaxies (L-Sp); early-type spirals (E-Sp); and highly
concentrated galaxies (C), including ellipticals and lenticulars.

tiple nuclei, tidal features, etc.) also increases with increasing IR luminos-
ity, from 30% of galaxies with LIR ∼ 1010−11.5 L� to 50% of galaxies with
LIR > 1011.5 L� (although the distortions in the majority of these galaxies do
not produce excessively large asymmetries).

The quantitative and qualitative morphologies are evidence that galaxy in-
teractions contribute strongly to luminous IR activity in galaxies. However, the
period of high IR luminosity and morphological distortions are not simultane-
ous. We find that if all galaxies with LIR > 1011.5 L� arise from interactions,
then galaxies are both IR luminous and highly asymmetric for only ∼ 10%
of the merger sequence. This implies that a range of galaxy-galaxy interac-
tions takes place, each with a set of initial conditions that controls when and if
a period of high IR luminosity occurs. Mihos & Hernquist (1996) illustrated
that the gas in merging disk galaxies with little or no bulge tends to collapse
early in the merger sequence, which gives rise to high star-formation rates (and
presumably high IR luminosities) at the same time as the galaxies show sub-
stantial morphological distortions. In contrast, adding a bulge to the galaxies
stabilizes the gas such that it does not collapse until near the completion of the
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Figure 2. ACS z850-band images of example z ∼ 1 galaxies with the highest IR luminosities,
LIR > 1011.5 L�. Left: Distorted galaxies with asymmetries ≥ 0.35, from the “A” region in
Fig. 1. Right: Rather normal looking galaxies from the E-Sp region in Fig. 1 (although note the
“ring” galaxy). Concentrations, asymmetries, and redshifts of each galaxy are inset.

merger, at which point the merger remnant is fairly compact with little asym-
metry. Quantifying the distribution of morphological properties of galaxies as
a function of IR luminosity and redshift will allow us to constrain the range
of initial conditions in minor mergers, or interactions between galaxies and
smaller satellites, and how interactions contribute to the overall star-formation
rate and galaxy assembly at high redshifts.
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STARBURSTS IN THE ULTRA DEEP FIELD
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Abstract The Hubble Ultra Deep Field (HUDF) offers a unique opportunity to study high-
redshift starbursts with high spatial resolution. The combination of ACS optical
and NICMOS near-IR images provide a measure of the redshift, intrinsic SED
and extinction. This analysis finds 39 galaxies with SFRs in excess of 50 M�
yr−1. The typical starburst galaxy has a very blue SED and relatively high ex-
tinction. All of the HUDF starburst galaxies have redshifts higher than 0.9 but
no starburst galaxies lie at redshifts greater than 3.5. The highest SFR in the
HUDF is 560 M� yr−1. The top ten SFR galaxies, all with SFRs exceeding 100
M� yr−1 lie in the redshift range between 1.7 and 3.1. This defines an epoch
of massive galaxy assembly similar to that seen in the Northern Hubble Deep
Field (NHDF). Unlike the HUDF, however, the NHDF contains starburst galax-
ies up to the analysis redshift limit of 6. Both fields subtend small areas and any
conclusions relative to universal star formation should be viewed with caution.

1. Introduction

Deep observations with the Hubble Space Telescope (HST) provide an op-
portunity to study star formation in the early Universe (Fernández-Soto et
al. 1999, Thompson, Weymann & Storrie-Lombardi 2001, Thompson 2003).
These and other studies indicate that star-formation rates (SFRs) at z > 1 are
significantly higher than present-day rates. There is debate on whether the high
SFRs are maintained at z > 2, or begin decline at higher reshifts. The small
amount of time at high redshifts points to the epoch between z = 1 and 3
as the major star-formation period, independent of whether the high redshift
SFRs are maintained.

Although the HST deep fields give our most sensitive glimpse at high-
redshift star formation, their small size makes extension of conclusions derived
from them to the Universe as a whole risky. The addition of the HUDF to the
deep field suite of observations contributes new data for a region totally uncor-
related to the previous deep fields. Starburst galaxies in the HUDF comprise
only 2% of the total number of galaxies observed. As such, extrapolation of
starburst results to the Universe in general is particularly risky.
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2. Observations and Data Analysis

Detailed descriptions of the observations are given elsewhere (Beckwith et
al., Thompson et al., in prep.) so only the basics are given here. The HUDF
lies in the Chandra Deep Field South, an area of several recent observations.
The HST images were taken in the ACS F435W, F606W, F775W, and F850LP
and the NICMOS F110W and F160W bands, providing observations between
0.4 and 1.8 µm. The ACS images are from the Director’s Discretionary Time
observations of the HUDF (Beckwith et al., in prep.). These were degraded in
spatial resolution from the 0.03 arcsec drizzled images to 0.09 arcsec through
straight 3 by 3 rebinning. We performed standard NICMOS IDT data reduc-
tions (Thompson et al. 1999) on the NICMOS images and drizzled the individ-
ual images from the 0.2 arcsec pixel size to 0.09 arcsec resolution. The images
were aligned and the NICMOS region extracted from the ACS images.

Source extraction was accomplished with SEXTRACTOR operating on the
truncated chi-squared image in the two-source mode (Szalay, Connolly & Szo-
koly 1999, Thompson et al. 2001). The photometric redshift, extinction and
SED analysis utilized in the NHDF (Thompson et al. 2001, Thompson 2003)
was repeated on the HUDF images, while extending the allowed redshift range
to 10. SFRs were determined from the rest-frame 1500 Å flux of the selected
SED using the SFR-to-UV flux relation found by Madau, Pozzetti & Dickinson
(1998). Use of the intrinsic SED produces an extinction-corrected SFR.

3. Starburst Galaxies, Starburst Properties and Statistics

In this work, we define starbursts as galaxies with SFR ≥ 50 M� yr−1.
This is a high number for present-day galaxies, but it is probably appropriate
at higher redshifts, which is the focus of this presentation. It is 10% of the
highest SFRs found it this work. 39 galaxies in the HUDF satisfy this criterion
which puts starburst galaxies as 2% of the total number of galaxies as opposed
to 3% for the NHDF, using the same criterion. If that is the percentage of time
in the starburst phase it would indicate that galaxies with z = 1−3 spend about
2–3% of their time in starbursts, either in a sustained or in multiple bursts.

The typical starburst galaxy has a very hot SED with a typical age near
50 Myr, for a low metallicity Salpeter untruncated IMF. The extinction in
E(B − V ) runs from 0.1 to 1.0 mag, with most starbursts having an E(B−V )
value of 0.3 mag or greater. This extinction and luminosities of 1011 L� or
greater put these galaxies into the LIRG and ULIRG categories. This is par-
tially due to the definition of a starburst galaxy as a galaxy with a SFR of 50
M� yr−1 or greater.

The maximum SFR is 560 M� yr−1, and there are 17 galaxies with SFR
in excess of 100 M� yr−1. All of the starburst galaxies lie in the redshift
range between 0.9 and 3.5 This is in contrast to the NHDF, where starburst
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galaxies persist up to the maximum analyzed redshift of 6.0. Although one
could speculate on physical reasons for the cut-off in the HUDF, it is probably
just small-number statistics, since it is not duplicated in the NHDF.

The starburst statistics in the HUDF are dominated by two statistical un-
certainties. The first is small-number statistics. Since there is a total of 39
starbursts in 3 redshift bins, the number of starbursts in any bin is uncertain by
at least

√
13 or 30% for a typical bin. The other uncertainty is the variance due

to large scale structure. For the 5.4 arcmin of the HUDF this is about a factor
of 2 for all of the analyzed redshifts.

4. Where the Stars Form

Several speakers at this conference have discussed the question of whether
the majority of stars form in starbursts or through quiescent normal star for-
mation. This paper only addresses the question for redshifts beyond 0.5, the
lower redshift limit of this analysis. In the unit redshift bins centered on unit
redshifts, the top 10 SFR galaxies in each bin produce 50% or more of the total
SFR except for z = 4 where it is 40%. Although the bins beyond z = 3 do not
contain any starbursts by our definition, this statistic indicates that roughly half
of the stars at z ≥ 0.5 are produced in the highest-SFR galaxies of the epoch.

An alternative question is what types of regions do stars form in. A region
can be characterized by its star-formation intensity x, the SFR per proper kpc2.
Lanzetta et al. (1999) developed a function h(x) that is a measure of the star-
formation intensity distribution. The function is defined such that

SFR =

∫
xh(x)dx (1)

This distribution is plotted in Fig. 1 for z = 1. Thompson (2002) has shown
that the form of this distribution is essentially independent of redshift. In gen-
eral, a starburst region is defined as a region with a SFR intensity greater than
0.1 M� yr−1 kpc−2, which is marked with a vertical line in Fig. 1. Integra-
tion of the distribution indicates that 60% of the SFR is contained in the region
with log(x) greater than −0.25 and 95% in the region with log(x) greater than
−1.25. This indicates that approximately 80% of the stars are created in star-
burst regions. Within the uncertainties of the measurements it is safe to say that
stars are created roughly equally in starburst and non-starburst environments.
However, since h(x) is a smooth function, the delineation between starburst
and non-starburst environments is rather arbitrary.
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The star-formation intensity distribution function h(x) for redshifts between 0.5
and 1.5. The starburst region is to the right of the dashed lines. The values of x at which the
SFR is 60% and 95% complete are marked with vertical lines. The asterisks are the data points
and the solid line is the smoothed fit to the data.
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PROPERTIES OF LYα AND GAMMA RAY BURST-
SELECTED STARBURSTS AT HIGH REDSHIFTS
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Abstract Selection of starbursts through either deep narrow-band imaging of redshifted
Lyα emitters, or localisation of host galaxies of gamma-ray bursts both give ac-
cess to starburst galaxies that are significantly fainter than what is currently avail-
able from selection techniques based on the continuum (such as Lyman-break
selection). Here we present results from a survey for Lyα emitters at z = 3, con-
ducted with the European Southern Observatory’s Very Large Telescope. Fur-
thermore, we briefly describe the properties of host galaxies of gamma-ray bursts
at z > 2. The majority of both Lyα and gamma-ray burst-selected starbursts are
fainter than the flux limit of the Lyman-break galaxy sample, suggesting that a
significant fraction of the integrated star formation at z ≈ 3 is located in galaxies
at the faint end of the luminosity function.

1. Introduction

As illustrated by the title of this conference, “From 30 Doradus to Lyman
Break galaxies”, the term “Lyman Break Galaxy” (LBG) is almost synony-
mous with “high-redshift starburst galaxy”. However, as has been stressed by
many authors, including the lead researchers behind the Lyman-break tech-
nique, current samples of LBGs consist of starbursts that are extremely lumi-
nous in the UV and do not give a complete census of all starbursts at high
redshifts. The current magnitude limit in the ground-based surveys for LBGs
is R(AB) = 25.5 (Steidel et al. 2003). The luminosity function of LBGs has
been extended to R(AB) ≈ 27, based on data from the Hubble Deep Fields
(e.g., Adelberger & Steidel 2000). The faint end of this LBG luminosity func-
tion is very steep, with a slope α = −1.6, implying that more than 70% of the
light is emitted by galaxies fainter than R(AB) = 25.5. Furthermore, the most
vigorous starbursts at high redshifts as, e.g., observed with SCUBA or Spitzer,
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are often obscured in the rest-frame UV (e.g., Chapman et al. 2004) and hence
often do not fulfill the selection criteria for LBGs.

How is it then possible to locate and examine starbursts at high redshifts that
are missed by the Lyman-break technique? One other method, not mentioned
at this conference, is absorption selection of galaxies. The few galaxy coun-
terparts that thus far have been identified for Damped Lyα Absorbers (DLAs),
found in QSO spectra, appear to be starburst galaxies with significantly lower
luminosities than LBGs (e.g., Møller et al. 2004, Weatherley et al. 2005).
However, the total cross section of DLAs at z ≈ 3 is much larger than what
can be accounted for by LBGs. This implies that most of the neutral gas avail-
able for star formation at these redshifts is located in galaxies fainter than the
LBG flux limit (Fynbo et al. 1999). Other contributions in these proceedings
discuss the dust emission-selected galaxies. Here, we will discuss (i) selection
of Lyα emitting starbursts by means of deep narrow-band imaging, and (ii)
localisation of gamma-ray burst (GRB) host galaxies.

2. Lyα selection of high-redshift starbursts

The idea to use Lyα to search for primordial galaxies dates back to the 1960s
(Partridge & Peebles 1967). The first detection of redshifted Lyα emission
from galaxies not powered by active galactic nuclei (AGN) were serendipitous
discoveries resulting from searches for galaxy counterparts of QSO absorbers,
such as DLAs and Lyman-limit systems (Lowenthal et al. 1991, Møller & War-
ren 1993, Francis et al. 1996, 2004, Fynbo et al. 2001). Other Lyα emitters
were discovered serendipitously in searches for intra-cluster planetary nebulae
(Kudritzki et al. 2000). This curiosity reflects the fact that for many years it
was thought impossible to locate galaxies by their Lyα emission, as the prob-
ability of dust absorption (due to resonant scattering) is much greater for Lyα
than for continuum photons. The first dedicated search for Lyα emitters with
8–10m class telescopes was conducted at the Keck telescope (Hu et al. 1998).

The “Building the Bridge” Survey. In 2000, some of the authors started
the program “Building the Bridge between Damped Lyα Absorbers and Lyman-
Break Galaxies: Lyα Selection of Galaxies” at the European Southern Obser-
vatory’s Very Large Telescope (VLT). This project is an attempt to use Lyα se-
lection to bridge the gap between absorption and emission-line selected galax-
ies by characterisation of z ≈ 3 galaxies, possibly corresponding to the abun-
dant population of faint (R > 25.5) galaxies associated with DLAs (Fynbo et
al. 1999, Haehnelt et al. 2000). The survey consists of very deep narrow-band
observations of three fields at z = 2.85, z = 3.15, and z = 3.20. In each of
these fields, we have detected and spectroscopically confirmed ∼ 20 Lyα emit-
ters, or LEGOs (Lyα Emitting Galaxy-building Objects). In Fig. 1 we show
six examples of LEGOs from the z = 2.85 field. Of the total sample, 85%
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Figure 1. Six examples of spectroscopically confirmed z = 2.85 Lyα emitters from the
“Building the Bridge Survey” (see Fynbo et al. [2003a] for more information including spectra
of the sources). The size of each image is 12 × 12 arcsec2. The upper row shows narrow-band
images of the galaxies, the middle row the B-band images, and the bottom row the R-band
images. About 20% of the LEGOs remain undetected in the broad bands, despite 5σ detection
limits of B(AB) = 27.0 and R(AB) = 26.4.

are fainter than the flux limit for LBGs. Furthermore, as only ≈25% of the
LBGs have Lyα emission lines with equivalent widths large enough to meet
our selection criterion for LEGOs (Shapley et al. 2003), it is clear that LBGs
and LEGOs are almost unrelated classes of high-redshift starbursts.

LEGOs in the GOODS Field South. Given that most LEGOs are ex-
tremely faint, it is very difficult to establish any property beyond the Lyα
flux for individual galaxies, even with 8–10m class telescopes. For this rea-
son, we decided to observe a field with existing, very deep broad-band obser-
vations covering most of the electromagnetic spectrum, namely the GOODS
Field South (Giavalisco et al. 2004). In 2002 we obtained observations of a
section of the GOODS Field South. Due to bad weather, we did not reach the
same flux limit as for the “Building the Bridge” fields, but nevertheless we
detected nearly 20 candidate z = 3.20 LEGOs in the field.

The analysis of the broad-band properties of these candidates constitute the
thesis work of two of the authors (B. Krog and K. Nilsson). Here we report
a few preliminary results. Thus far, the objects have been studied in X-rays
(Chandra X-ray Observatory, 1 Ms exposure), near-IR (VLT/ISAAC), and the
optical broad bands (HST/ACS). TheT HST images (Fig. 2) confirm that the
LEGOs have extremely faint continua in the range V (AB) = 26–29. Fur-
thermore, (i) these galaxies are bluer than most LBGs, with spectra that rise
toward the blue (FνFF ∝ νβ ; β < 0) implying younger ages and/or lower dust
content than what is typical for LBGs, and (ii) they have extremely compact
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Figure 2. HST/ACST V -band images of size 3 × 3 arcsec2 around the positions of 15 of the
candidate z = 3.20 LEGOs in part of the GOODS Field South. The V (AB) magnitudes range
from ∼ 26 to > 29.

morphologies and sometimes consist of several knots similar to the LBGs (e.g.,
Lowenthal et al. 1997). Only upper limits were found in the X-ray and near-IR
images, so we can exclude that the galaxies harbour AGN and significant older
populations of stars. We are currently working on deriving stronger constraints
from stacking the individual sources.

3. GRB selection of starbursts

GRBs are short, extremely energetic bursts of γ-rays associated with ener-
getic core-collapse supernovae (Hjorth et al. 2003). If the GRB rate is directly
proportional to the (massive star) formation rate, then the properties of GRB
hosts should reflect the diversity of all star-forming galaxies in terms of lu-
minosity, environment, internal extinction and star-formation rate. GRB hosts
therefore constitute a central clue for our understanding of galaxy formation
and evolution (e.g., Ramírez-Ruiz et al. 2002, Tanvir et al. 2004).

The prompt burst of γ-rays is followed by a so-called afterglow, emitting
over a very wide spectral range from radio through the optical/near-IR to X-
rays (see van Paradijs et al. 2000 for a review). The afterglow can be extremely
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Figure 3. HST images of the host galaxies of GRBs 000926 (z = 2.04, R(AB) = 24.0),
011211 (z = 2.14, R(AB) = 25.0), and 021004 (z = 2.33, R(AB) = 24.4). The contours
show the morphology of Lyα emission, as measured by ground-based narrow-band imaging
(Fynbo et al. 2002, 2003b, Jakobsson et al., in prep.). GRB 000926 occurred near the centre of
the right-most knot. The locations of GRB 011211 and GRB 021004 are marked with crosses.
The field sizes for the GRB 011211 and GRB 021004 images are the same.

bright, allowing a precise localisation on the sky. More importantly, spec-
troscopy of the afterglow can give information about the redshift and the phys-
ical conditions within the host, and in intervening absorption systems along the
line of sight (see, e.g., Vreeswijk et al. 2004 and Jakobsson et al. 2004a for
examples). When the GRB has faded, the host galaxy itself can be observed.
The measured redshifts for GRBs cover a very broad range from z = 0.0085
to z = 4.50 with a median around z = 1.1 (e.g., Jakobsson et al. 2004a).

How do GRB hosts compare to LBGs and LEGOs? Thus far, redshifts have
been measured for 10 z > 2 GRBs. HST images of the three brightest of
these are shown in Fig. 3. For the remaining seven, the host is either unde-
tected down to faint magnitude limits, or they have magnitudes fainter than
R(AB) = 26, i.e., the majority of these GRB hosts are fainter than LBGs. Re-
markably, all current evidence is consistent with the conjecture that GRB hosts
are Lyα emitters (Fynbo et al. 2003b). As shown in Fig. 3, the three brightest
high-redshift GRB hosts are Lyα emitters, and for the remaining seven, Lyα
emission has either been detected (2 hosts) or has not yet been searched for
to sufficient depths to allow detection of even a large equivalent width emis-
sion line (5 hosts). Taken at face value, this suggests that faint, LEGO-like
galaxies in total account for the majority of the star formation at these red-
shifts. However, there could be other explanations for why GRBs have, thus
far, mainly been localised in such galaxies (Fynbo et al. 2003b). In partic-
ular, some of the so-called dark bursts could be located in more massive and
dust-obscured galaxies (e.g., Tanvir et al. 2004, Jakobsson et al. 2004b, and
references therein). The recently launched Swift satellite (Gehrels et al. 2004)
offers a unique chance to resolve this issue.
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Summary. In conclusion, surveys for LEGOs and GRB host galaxies reveal
that a major fraction of the starburst activity at z > 2 may be located in galaxies
fainter than the flux limit of the LBG survey. Here we have shown that Lyα
emission and GRB selection are two viable methods to probe this population
of faint starbursts at high redshifts.
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Abstract We obtained UV rest-frame spectra of 20 galaxies with 2.37 ≤ z ≤ 3.40 in
the FORS Deep Field, using FORS2 at the ESO VLT. The spectral resolution
of R ≈ 2000 allows us to measure the purely photospheric indices “1370” and
“1425” (Leitherer et al. 2001). These indices are good metallicity indicators,
unaffected by the starburst age or interstellar absorption lines. We measure an
increase of both indices with decreasing redshift, indicating an increase of the
average metallicity of bright starburst galaxies with cosmic time.

1. Introduction

Understanding how galaxies formed and evolved is one of the key open
questions in astronomy. Therefore, it is important to analyze the properties of
the stellar population of the young galaxies at early cosmic epochs. In order
to derive information on such galaxies, we obtained high-S/N, low-resolution
(R ≈ 200) spectra of galaxies with z ≤ 5 (Noll et al. 2004) in the FORS Deep
Field (FDF; e.g., Heidt et al. 2003, Bender et al. 2001). Using the equivalent
width of the strong stellar-wind line of CIVλ1550 in the spectra of z ≤ 3.5
galaxies as metallicity indicator, we found a significant increase of the average
metallicities from about 0.16 Z� at the cosmic epoch corresponding to z ≈ 3.2
to about 0.42 Z� at z ≈ 2.3 (Mehlert et al. 2002). These results were subject to
two assumptions: (i) The metallicity calibration of CIV based on a local sample
is applicable to high-redshift objects. (ii) The contribution of the interstellar
absorption is negligible, as observed for local starburst galaxies. In order to
verify our early results without these assumptions, we started an investigation
of the metallicity of high-redshift galaxies with the two indices “1425” and
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“1370” defined by Leitherer et al. (2001), and recently revisited by Rix et
al. (2004). These indices are based purely on photospheric stellar lines and
vary significantly with metallicity, but only weakly with starburst age. On the
other hand, since these two indices rely on weak photospheric stellar lines their
measurement requires significantly higher resolution (R ≈ 2000) spectra. The
observations, the spectra, and first results are described in this contribution.

2. Observations and Data

For 20 FDF galaxies with 2.37 ≤ z ≤ 3.40 we obtained medium-resolution
spectra (R ≈ 2000), using FORS2 at the ESO VLT with two different setups:
14 objects were observed for 6h each using the 1400V grism. For this setup,
the rest-frame z ≈ 2.4 galaxy spectra are centered around the CIVλ1550 line.
12 objects were observed for 10h using the 1200R grism. For this setup, the
rest-frame z ≈ 3.3 galaxy spectra are centered around the CIVλ1550 line.
6 objects were covered by both setups. The resulting rest-frame resolution
element is ≈ 0.75 Å, which closely matches the resolution of the synthetic
spectra of Leitherer et al. (1999, 2001), used for comparison. The mean S/N
ratio per resolution element in the individual spectra varies between 2 and 10.
For 5 galaxies, the S/N ratio of the individual spectra was sufficiently high
to measure the 1425 and the 1370 index in the single spectra. In order to
evaluate the remaining lower-S/N ratio spectra too, we co-added all spectra to
produce composite spectra, which include all galaxies within the two redshift
bins, z ≤ 3 and z > 3, respectively. These composite spectra are shown in
Figs. 1a and b. In Figs. 1c to e we show enlargements used for spectral regions
of the indices 1425 and 1370 and of the two resonance doublets of CI and SiIV.

3. Results

Figure 2 shows the observed values of the two indices as a function of red-
shift for the single measurements (open squares), as well as the average value
of these single measurements in the two redshift bins z ≤ 3 and z > 3 (filled
squares). Also included are the index strengths for the two composite spectra
described in Section 2 (filled triangles in Fig. 2). Figure 2 shows that both
indices increase significantly with decreasing redshift, indicating an increase
of the average metallicity with cosmic time. This result is in good agreement
with our earlier findings using CIV as a metallicity indicator (Mehlert et al.
2002). Earlier measurements of the 1425 index of high-redshift galaxies exist
in the literature for Q1307-BM1163, z = 1.4 (Steidel et al. 2004), and the K20
sample, z = 1.9 (de Mello et al. 2004). Although both of these measurements
correspond to lower redshifts, the values are consistent with the metallicity
evolution indicated by Fig. 2. The dependence of the indices on the IMF (Rix
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Figure 1. The composite spectrum of (a) all z ≤ 3 galaxies and (b) all z > 3 galaxies. The
dotted line indicates the noise level. The expected positions of some prominent spectral lines
are indicated by vertical lines. Purely photospheric lines are indicated by asterisks. Panels (c),
(d) and (e) show enlargements around the CIV wind line, the SiIV wind line plus the 1370 blend,
and the 1425 blend, respectively (solid line, composite spectrum of all z ≤ 3 galaxies; dashed
dotted line, composite spectrum of all z > 3 galaxies). In panels (d) and (e), the position of the
1370 and 1425 blend is indicated by a horizontal bar, respectively.

et al. 2004) is also a factor to be considered and will be further analysed in a
forthcoming paper.
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Figure 2. Measured metallicity indices of 1425 and 1370. Open squares: single galaxy
measurements. Filled squares: mean values of the indices within the redshift bins z ≤ 3 and
z > 3. Filled triangles: measurements of the two composite spectra containing galaxies with
z ≤ 3 and z > 3, respectively. The horizontal lines correspond to solar (dashed) and LMC
(0.25 Z�; dotted) metallicity measured with STARBURST99 (Leitherer et al. 1999) models of
continuous star formation with standard IMF and an age of 100 Myr.
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Abstract We present a comparison of stellar and dynamical masses for 63 UV-selected
galaxies with spectroscopic redshifts at z ∼ 2. Stellar masses are determined
by fitting SEDs to UGRJK photometry, with the addition of mid-IR data from
the Spitzer Space Telescope in some cases. Dynamical masses are determined
using the velocity dispersions from Hα spectra. We find a mean stellar mass
of 7 × 1010 M� and a mean dynamical mass of 6 × 1010 M�; we discuss the
limitations of both mass estimators.

1. Introduction

The epoch of cosmic history formerly known as the “redshift desert,” en-
compassing the range 1.5 ∼< z ∼< 2.5, hosted a large fraction of the star forma-
tion we see evidence of in galaxies today (Dickinson et al. 2003), as well as
the peak space densities of bright QSOs (Fan et al. 2001) and sub-millimeter
selected galaxies (Chapman et al. 2003). In spite of this, until recently rela-
tively little was known about normal galaxies in this redshift range, because of
the difficulty of identifying them due to their lack of strong emission lines in
the optical window. However, in the past several years surveys have emerged
which approach this problem from various wavelengths; the near-IR surveys
select galaxies based on their K magnitudes (K20, Cimatti et al. 2002; GDDS,
Abraham et al. 2004) or colors (FIRES, Franx et al. 2003), while color selec-
tion based on rest-frame UV colors has proven highly successful at identifying
galaxies at these redshifts (Steidel et al. 2004).

Here we present preliminary determination of stellar and dynamical masses
for a subset of UV-selected galaxies at z ∼ 2. The total sample includes
∼ 1000 galaxies with spectroscopically confirmed redshifts 1.4 ∼< z ∼< 2.6;
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we have modeled the stellar populations of 72 of these that have been imaged
by the IRAC camera on the Spitzer Space Telescope (Section 2), and have ob-
tained Hα spectra of ∼ 100 galaxies in several different fields, from which we
estimate dynamical masses and metallicities (Section 3). We use a cosmology
with H0HH = 70 km s−1 Mpc−1, Ωm = 0.3, and ΩΛ = 0.7 throughout.

2. Rest-frame UV-to-IR SEDs

Using Bruzual & Charlot (2003) model SEDs and UGRKsKK and 3.6, 4.5, 5.4
and 8 µm photometry from the IRAC camera on the Spitzer Space Telescope,
we have calculated best-fit SEDs for 72 galaxies in the Q1700 field observed
during the in-orbit check-out of the IRAC instrument (Barmby et al. 2004).
We use a procedure similar to that of Shapley et al. (2001, 2004), fitting for
age and extinction and normalizing for star-formation rate and stellar mass; we
use a variety of declining star-formation histories, as well as a constant star-
formation model. Because of degeneracies between age and extinction, which
redden the UV slope similarly, we obtain the strongest constraints on stellar
mass. The stellar masses follow a nearly lognormal distribution, with mean
and standard deviation log M∗MM = 10.32 ± 0.51 M� (Shapley et al., in prep.).

Galaxies at the massive end of the distribution have properties similar to
those of bright galaxies found in IR-selected surveys (e.g., Daddi et al. 2004);
∼ 8% of the sample have stellar masses M∗MM > 1011 M� and best-fit ages of 2–
3 Gyr. Best-fit SEDs for these galaxies are shown in Fig. 1. With the addition
of the IRAC data, we determine stellar masses to ∼ 30%, although current star
formation may hide significant stellar mass, especially for particularly blue
galaxies. We have also obtained UGRJK photometry for ∼ 450 galaxies
with spectroscopic redshifts z > 1.4; modeling the stellar populations of the
complete sample will provide a mass function for z ∼ 2 UV-selected galaxies
(Erb et al., in prep.; although not all of these have been imaged by IRAC, a
comparison of stellar masses from model SEDs with and without the IRAC
data shows no significant systematic bias).

3. Near-IR Spectroscopy

We have also obtained Hα spectra for more than 100 galaxies with redshifts
2 ∼< z ∼< 2.5, using the near-IR spectrograph NIRSPEC on the Keck II tele-
scope. These allow us to measure kinematic properties (velocity dispersions
and, in ∼15% of the sample, spatially resolved velocity shear), calculate dy-
namical masses, estimate metallicities, and measure star-formation rates. We
focus here on preliminary comparisons of the stellar and dynamical masses.

Figure 2 shows the comparison of dynamical mass from the Hα line width
and stellar mass from the SED modeling described above, for 63 galaxies for
which we have both Hα spectra and near-IR photometry. In principle, this
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Figure 1. Sample best-fit SEDs from the modeling of rest-frame UV through IR photometry.
The galaxies shown here are the most massive in the sample, with M∗MM > 1011 M�. The solid
line shows the fit including the mid-IR IRAC data, while the dashed line is the fit to only the
UGRK photometry. In most cases they agree quite well.

calculation should tell us about the relative contributions of stars and non-
luminous matter to the mass of the galaxy; in practice, of course, the com-
parison is highly imprecise at these redshifts.

For comparison with previous work (Pettini et al. 2001, Erb et al. 2003,
2004) we calculate dynamical masses using the virial theorem and the assump-
tion of a uniform sphere, MdynMM = 5 r σ2/G. We use r = 0.3 arcsec (1 arc-
sec corresponds to approximately 8 kpc at these redshifts), a typical size from
HST/ACS images, although the galaxies’ morphological irregularity makes ap-T
propriate sizes difficult to determine and the variation among individual galax-
ies is large. The assumption of uniform, spherical density is problematic, but
is difficult to improve upon without a more detailed knowledge of the galax-
ies’ structure. The velocity dispersions are also likely to be underestimates,
since signal-to-noise issues allow us to detect emission from only the regions
of the galaxies with the highest surface brightness (the total dynamical mass
should be larger than the stellar mass, but this is generally not what we ob-
serve). Given all of these systematic uncertainties, the masses generally agree:
we find a mean stellar mass of 7 × 1010 M�, and a mean dynamical mass of
6 × 1010 M�; the mean dynamical mass varies by a factor of ∼ 2 for other
reasonable choices of radius.
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A further interesting use of the kinematic data may be to investigate the
question of evolution; the mean velocity dispersion of the z ∼ 2 galaxies is
∼ 50% higher than that of the z ∼ 3 LBGs (a fact that does not appear to be
explained by the use of Hα at z ∼ 2 and [OIII] at z ∼ 3). This may offer
a comparison of mass less complicated by issues of sample selection than the
comparison of photometry at z ∼ 2 and z ∼ 3. Kinematic measurements may
also offer insights into star-formation history that are masked by current star
formation in the model SEDs (see Erb et al. [2005] for a detailed discussion).

Figure 2. Comparison of stellar and dynamical masses for the 63 galaxies for which we have
both Hα spectra and UGRJK photometry. The two galaxies in the upper right have broad Hα
lines indicative of an AGN; an AGN continuum may affect their stellar mass estimates as well.
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Abstract Metallicity is intricately related to star formation because metals are injected
into the interstellar medium by stellar mass-loss processes. Theory suggests
that metallicity changes less rapidly than star-formation rate as a function of
redshift, but until now, there has been no solid observational foundation for the
cosmic metallicity history of star-forming galaxies. We present the first results
of our new investigation into the metallicity history of star-forming (emission-
line) galaxies between redshifts 0 < z < 3. This analysis provides an initial
insight into the evolution of metallicity for star-forming galaxies spanning the
redshift range 0 < z < 3.

1. Introduction

To understand how galaxies in the early Universe evolved into those that we
see locally requires an understanding of the chemical and star-formation his-
tory of galaxies as a function of redshift. The star-formation history of galaxies
has been studied extensively, but our understanding of the chemical history of
galaxies as a function of redshift is still largely theoretical. Theory predicts
that, as time progresses, the mean stellar metallicity of galaxies increases with
chemical enrichment, while the theoretical envelope (spread) of metallicities
decreases as the metallicity is diluted by a continual infall of more pristine gas
from the interstellar medium (e.g., Nagamine et al. 2001).

Observational investigations into the metallicity history were difficult in
the past, because most studies focused on absorption-line systems observed
in quasar spectra. Obtaining an absolute galaxy metallicity by this method is
non-trivial, because only a single line of sight is available through these sys-
tems. 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 photo-ionization models (e.g., Kobulnicky & Kewley 2004, Lilly, Carollo
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& Stockton 2003, Kobulnicky et al. 2003, Shapley et al. 2004). In this pa-
per, we present the first results from our study into the metallicity evolution of
star-forming galaxies.

2. 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 use the Nearby Field Galaxy Survey (NFGS) as our local comparison
sample. 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 long-slit spectra
are available (integrated spectra are essential for avoiding aperture effects as a
function of redshift). AGN were removed from the sample using the theoretical
classification scheme of Kewley et al. (2001). Balmer emission lines were
corrected for underlying stellar absorption as described in Kewley et al. (2002).
Emission-line ratios were corrected for extinction using the Balmer decrement
and a classical attenuation curve. We calculated metallicities for the NFGS
following the prescription outlined in Kewley & Dopita (2002).

Estimates of metallicities for intermediate-redshift (0 < z < 1) galaxies
have recently been made by Kobulnicky & Kewley (2004), Lilly et al. (2003),
Kobulnicky et al. (2003), Kobulnicky & Zaritsky (1999). In Kobulnicky &
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 metal-
licities with measurements from the DEEP Groth Strip Survey (Kobulnicky
et al. 2003), and additional objects from the Canada-France Redshift Survey
(Lilly et al. 2003, Corollo & Lilly 2002). We selected galaxies with [OII],
[OIII] and Hβ S/N ratios of at least 8:1. AGN were removed from the samples
by searching for broad emission lines or EW([NeIII]λ3826)/EW([OII]λ3727)
ratios exceeding 0.4 (e.g., Osterbrock 1989). Note that metallicities for the
TKRS and DEEP galaxies are based on equivalent widths, because the sur-
vey 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 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 assumed
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that the 0.4 < z < 1 galaxy metallicities are high, but further observations of
additional emission lines are required to reliably constrain the metallicities to
either the high or the low value for each galaxy.

Our high-redshift sample consists of emission-line galaxies from Pettini et
al. (2001), Kobulnicky & Koo (2000), and Shapley et al. (2004). The metallic-
ities from Shapley et al. (2004) were derived using the [NII]/Hα ratio, which
is sensitive to the (unconstrained) ionization parameter of the gas. Metallic-
ities for the remaining galaxies were calculated by Pettini et al. (2001) and
Kobulnicky & Koo (2000) using the R23 diagnostic.

Figure 1. Metallicity evolution for star-forming (emission-line) galaxies between 0 < z < 3.
Crosses, squares, asterisks 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.

3. Metallicity History

In Fig. 1 we provide a preliminary view of the metallicity history of star-
forming galaxies between 0 < z < 3, using our three samples. To compare
galaxies in the same luminosity class, we plot the MBM < −20.5 galaxies in
each sample. The grey rectangle indicates the maximum error range in the
intermediate-redshift sample metallicities. This error range is defined by the
possible metallicities that could be derived using the degenerate R23 diagnos-
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tic. The metallicities for the high-redshift sample are shown as asterisks and
hexagons on Fig. 1. The hexagons indicate that the metallicities were calcu-
lated using the R23 method, while the asterisks indicate that the metallicities
were calculated using the [NII]/Hα line ratio.

Figure 1 shows that the mean metallicity decreases with redshift, as antic-
ipated by chemical evolution models of stellar metallicities (Nagamine et al.
2004). The line of best fit to the data in Fig. 1 gives a mean change in metal-
licity of 0.15 dex z−1. This estimate should be used with caution: many of the
intermediate-redshift galaxy metallicities require confirmation with upcoming
observations of a larger number of emission lines. In our future investigations,
we will consider emission-line and photometric selection effects which could
potentially alter both the mean and spread of the metallicities observed in the
intermediate and high-redshift samples.

To summarize, we have provided an initial view of the metallicity history of
star-forming galaxies between 0 < z < 1. 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 have modelled the ultraviolet spectra of star-forming regions at metallic-
ities between 1/20 and twice solar, by integrating the output from the model
atmosphere code WM-BASIC into the spectral synthesis code STARBURST99.
Using our model spectra, we have identified a promising new metallicity diag-
nostic for high-redshift star-forming galaxies, based upon the strength of a blend
of photospheric FeIII absorption lines between 1935 and 2020 Å. We test its
validity by applying it to two well-observed high-redshift galaxies.

1. Introduction

Large samples of high-redshift star-forming galaxies, such as the Lyman-
break galaxies (LBGs), are now being routinely detected and spectroscopi-
cally confirmed over redshifts spanning most of the Hubble time. While many
of their global properties are reasonably well characterised, such as their clus-
tering and luminosity functions, there have been fewer studies to date of their
individual properties, for instance their stellar populations and chemical com-
positions. Information on the chemical enrichment of such galaxies will pro-
vide important clues as to their evolutionary status, their past history of star
formation, their link to today’s galaxies and the interplay with their environ-
ment.

The limited applicability, at high redshifts, of well-established metallicity
indicators has highlighted the need for new diagnostics, particularly ones that
can be applied in a “wholesale” manner to large and well-defined samples of
galaxies. With this motivation, we have explored the possibility of extracting
the information about the chemical enrichment of these galaxies that is en-
coded in the ultraviolet (UV) spectra of their stellar populations. By bringing
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together techniques from the fields of massive stars, local starbursts and high-
redshift galaxies, we have modelled the UV spectra of star-forming regions
over a broad range of metallicities and propose a promising new metallicity di-
agnostic, based on the strength of FeIII photospheric absorption features near
1978 Å. The results of this work are described in detail in Rix et al. (2004);
below is a brief summary.

Figure 1. Synthetic UV spectra of star-forming regions with metallicities 2–0.05 Z�, at
100 Myr, under the assumption of a continuous star-formation mode with a Salpeter IMF be-
tween 1 and 100 M�.

2. Marrying Starburst99 with WM-basic

The UV spectra of high-redshift star-forming galaxies, which we can read-
ily observe in the optical regime thanks to the cosmological redshifting of their
light, consist of the integrated light of the underlying stellar population, which
is dominated by hot and luminous O and B stars. To make progress in interpret-
ing such a complex spectrum, and to extract information about the constituent
stellar population and its properties, one can employ an evolutionary spectral
synthesis code, such as STARBURST99 (Leitherer et al. 1999, 2001). How-
ever, observational constraints limit the empirical libraries of stellar spectra
used by STARBURST99 to two metallicity regimes, namely Galactic (∼ Z�)
and Magellanic Cloud (∼ 0.25 Z�) metallicities. In order to overcome this
problem, we synthesized ab initio theoretical spectra of stars at the upper end
of the Hertzsprung-Russell diagram for a broad range of metallicities, using the
non-LTE model atmosphere code WM-BASIC (Pauldrach et al. 2001), and in-
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Figure 2. Variation in the strength of
the “1978” feature with time and metallic-
ity. EW(1978) is defined as the equivalent
width between 1935 and 2020 Å.

Figure 3. Comparison of an LRIS spec-
trum of the galaxy Q1307-BM1163 (z =
1.411; histogram) from a survey by Stei-
del et al. (2004) with our STARBURST99 +
WM-BASIC synthetic spectrum at a metal-
licity of 1 Z� (line).

corporated the resulting libraries into STARBURST99. Our new updated STAR-
BURST99 code is capable of modelling the UV stellar spectra of star-forming
regions as a function of time at metallicities between 1/20 and twice solar, for
a range of initial mass functions (IMFs) and for both continuous and instanta-
neous star-formation modes.

3. FeIII absorption near 1978 Å: A New Metallicity
Diagnostic

In Fig. 1 we present spectra synthesized by our code, under the assumption
of a continuous star-formation law, with a Salpeter IMF, at the five available
metallicities (2, 1, 0.4, 0.2 and 0.05 Z�). Although we show the spectra at
an age of 100 Myr, the dominant population (and therefore its spectral ap-
pearance) reaches an approximate quasi-equilibrium after ∼ 50 Myr. Clearly
visible is a strong metallicity dependence in both the stellar wind lines (e.g.,
the CIVλ1549 P Cygni profile) and the photospheric absorption features (e.g.,
FeIII absorption from 1800 to 2200 Å). In this work, we have concentrated on
the photospheric features; the stellar wind lines will be the subject of a future
study.

We considered a number of candidate photospheric absorption blends for
use as metallicity diagnostics, including the “1370” and “1425” absorption
features discussed by Leitherer et al. (2001) and the FeIII absorption from
1935–2020 Å (hereafter the “1978” feature). Under the idealised assumption
of continuous star formation, we found all three regions to be only weakly
sensitive to time after ∼ 50 Myr, while much more strongly dependent upon
metallicity (see, e.g., Fig. 2). The “1978” feature proves to be the most promis-
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ing metallicity diagnostic given (i) its broader wavelength range and stronger
absorption than the “1370” and “1425” features, (ii) the lack of other “conta-
minating” spectral features in star-forming galaxies at these wavelengths, (ii)
its accessibility to optical observations over the redshift range z ∼ 1–3 (where
recent surveys have been prolific), and (iv) its sensitivity to the abundance of
mainly one element, namely iron.

4. Comparison of our Models with Spectral Observations
of High-Redshift Galaxies

Before we can apply our new metallicity diagnostic with confidence to
the study of high-redshift star-forming galaxies, we must first test its valid-
ity against more established metallicity measures. For this reason, we com-
pared our model spectra to the rest-frame UV spectra of two bright and well-
studied high-redshift galaxies, MS1512-cB58 (z = 2.73) and Q1307-BM1163
(z = 1.41), both of which have previous metallicity estimates. We find that
our completely theoretical models do a remarkably good job at reproducing
the shape of the line profile of the “1978” feature (see, e.g., Fig. 3), and that
the metallicities we deduce from the strength of the absorption agree, to within
a factor of ∼2, with those derived from analyses of interstellar absorption and
emission lines.

5. Conclusions

The synergy of the model atmosphere code WM-BASIC and the spectral
synthesis code STARBURST99 has enabled us to model the UV spectra of
star-forming regions at metallicities between 1/20 and twice solar. From our
models, we propose using the strength of the “1978” photospheric absorption
feature as a metallicity diagnostic for distant star-forming galaxies. Our new
technique seems to be a promising alternative, or at least complement, to es-
tablished methods, which have only a limited applicability at high redshifts.
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Abstract We use very deep (Rlim = 27) UnUU GRI imaging to study the evolution of the
faint end of the UV-selected galaxy luminosity function from z ∼ 4 to z ∼ 2.
We find that the number of sub-L∗ galaxies increases from z ∼ 4 to z ∼ 3,
while the number of bright galaxies appears to remain constant. We find no
evidence for continued evolution to lower redshift, z ∼ 2. If real, this differential
evolution of the luminosity function suggests that differentially comparing key
diagnostics of dust, stellar populations, etc., as a function of z and L may allow
us to isolate the key mechanisms that drive galaxy evolution at high redshift, and
we describe several such studies currently underway.

1. The Keck Deep Fields

The shape of the galaxy luminosity function bears the imprint of galaxy for-
mation and evolutionary processes, and suggests that galaxies below L∗ differ
substantially from those above it in more than just luminosity. Our understand-
ing of galaxy formation may profit from studying the evolution of not just the
bright but also the faint component of the galaxy population at high redshift.

To study the evolution of the galaxy luminosity function at high redshift, we
have carried out a very deep imaging survey that uses the very same UnUU GRI
filter set and color-color selection technique as used in the work of Steidel et
al. (1999, 2003, 2004), but that reaches to R = 27 – 1.5 magnitudes deeper
and significantly below L∗ at z = 2–4 (Sawicki & Thompson 2005). These
Keck Deep Fields (KDF) were obtained with the LRIS imaging spectrograph
on Keck I and represent 71 hours of integration, split into five fields that are
grouped into 3 spatially-independent patches, to allow us to monitor the ef-
fects of cosmic variance. We use the UnUU GRI filter set and spectroscopically-
confirmed and optimized color-color selection techniques developed by Stei-
del et al. (1999, 2003, 2004). Consequently, we can confidently select sub-L∗
star-forming galaxies at z ∼ 4, 3, 2.2, and 1.7, without the need for what at
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Figure 1. Color-color diagrams showing the selection regions for selecting high-z samples in
the KDF. The left-hand panel illustrates selection of z ∼ 3, 2.2, and 1.7 samples; only a third
of the objects in our catalog are plotted. The right-hand panel shows the selection of z ∼ 4
galaxies. The filters we used and our color selection are both identical to those used by the
Steidel team to select galaxies at z ∼ 1.7–4. However, our data reach to R = 27, or 1.5
magnitudes deeper and thus significantly below L∗ at these redshifts.

the magnitudes we probe would be extremely expensive spectroscopic charac-
terization of the sample. To R = 27, the KDF contains 427, 1481, 2417, and
2043, UnUU GRI-selected star-forming galaxies at z ∼ 4, 3, 2.2, and 1.7, respec-
tively (Fig. 1). A detailed description of the Keck Deep Field observations,
data reductions, and the high-z galaxy selection can be found in Sawicki &
Thompson (2005).

2. Luminosity function at high redshift

Figure 2 shows the luminosity function of UV-selected star-forming galax-
ies at z ∼ 4, 3, and 2.2. At z ∼ 4 and 3, we augment our KDF data with the
identically-selected and similarly-computed Steidel et al. (1999) LF measure-
ments at bright magnitudes, R < 25.5. As in Steidel et al. (1999), our LF
calculation uses the effective volume technique, calculating VeffVV using recov-
ery tests of artificial high-z galaxies implanted into the imaging data. We do
not present the results for z ∼ 1.7 here, because that analysis is still ongoing
as the narrow selection window in the (UnUU − G) color makes it necessary to
carry out a more sophisticated treatment of completeness and effective volume
at z ∼ 1.7 than in the higher-redshift bins. Our data reach down to very faint
luminosities, which correspond to star-formation rates (not adjusted for dust)
of only 1–2 M� yr−1 (Fig. 2).
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Figure 2. The luminosity function of high-z rest-frame UV-selected galaxies at z ∼ 4, 3, and
2.2. No dust correction has been applied; error bars include both

√
N counting statistics and

field-to-field scatter. There is a clear deficit of faint LBGs at z ∼ 4 compared to z ∼ 3 and
z ∼ 2.2.

As Fig. 2 shows, we find a factor of ∼3 evolution in the number counts
(or, alternatively, 2 mag in luminosity) of faint Lyman Break Galaxies from
z ∼ 4 to z ∼ 3, while at the same time there is no evidence for evolution from
z ∼ 4 to z ∼ 3 at the bright end (Steidel et al. 1999, and Fig. 2). Thus, it
seems that the luminosity function of high-z galaxies evolves in a differential
way, suggesting that different mechanisms drive the evolution of the faint and
of the luminous galaxies. It is unlikely that the observed evolution is due to a
selection bias because (i) if it were, we would expect the deficit to be present
at bright and faint magnitudes, and (ii) to make up the deficit would require
an unreasonably enormous expansion of the z ∼ 4 color selection box (Fig.
2). We therefore conclude that the evolution from z ∼ 4 to z ∼ 3 is likely a
reflection of a true differential, luminosity-dependent evolutionary effect. At
the same time, we see no evidence for evolution at the the faint end from z ∼ 3
to z ∼ 2.2 (the bright end remains unconstrained at present), suggesting that
the mechanism responsible for the evolution at earlier epochs saturates at lower
redshifts.
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3. What is behind the evolution of the LF?

It is presently not clear what is responsible for the observed differential evo-
lution of the LF. One straightforward possibility is that the number of faint (but
not bright) LBGs simply increases over the 500 Myr from z ∼ 4 to z ∼ 3 (but
not beyond). Another possibility is that dust properties – its amount or cov-
ering fraction – may be decreasing in faint LBGs, thus making them brighter.
Alternatively, if star formation in individual faint LBGs is time-variable, then
they may brighten and fade (and thus move into and out of a given magnitude
bin in the LF) with duty cycle properties that change with redshift. However,
whichever mechanism is responsible, it appears to saturate by z ∼ 2.2.

The differential appearance of the LF evolution suggests that different evo-
lutionary mechanisms are at play as a function of UV luminosity. Studies that
differentially compare key galaxy properties as a function of luminosity and
redshift should help us isolate the mechanisms that are responsible for this
evolution. For example: (i) The KDF is designed to measure galaxy clustering
as a function of both luminosity and redshift, and doing so will let us relate
the potentially time-varying UV luminosity to the more stable dark matter halo
mass. (ii) We will also use a high-quality ∼ 1000-hour 80-object composite
spectrum of a faint z ∼ 3 LBG (Gemini GMOS observations are underway)
to compare key diagnostics of dust, superwinds, and stellar populations in a
faint and a luminous (e.g., Shapley et al. 2003) composite LBG. (iii) Broad-
band rest-frame UV-optical colors constrain the stellar population age and the
amount of dust in LBGs (e.g., Sawicki et al. 1998, Papovich et al. 2001),
and we can use this approach to look for systematic differences in age and dust
content. Significantly, all such studies will be making differential comparisons,
thereby reducing our exposure to systematic biases in models or low-z analogs.

A key point is that we have identified luminosity and redshift as important
variables in galaxy evolution at high z. While LBG follow-up studies to date
have primarily focused on luminous galaxies at z ∼ 3, extending such studies
as a function of z and L should yield valuable insights into how galaxies form
and evolve: studying how key diagnostic properties of high-z galaxies vary
will help us constrain the drivers of galaxy evolution in the early Universe.

References
Papovich C., Dickinson M., Ferguson H.C., 2001, ApJ, 559, 620
Sawicki M., Thompson D., ApJ, 2005, in press
Sawicki M., Yee H.K.C., 1998, AJ, 115, 1329
Shapley A.E., Steidel C.C., Pettini M., Adelberger K.L., 2003, ApJ, 588, 65
Steidel C.C., Adelberger K.L., Giavalisco M., Dickinson M., Pettini M., 1999, ApJ, 519, 1
Steidel C.C., et al., 2003, ApJ, 592, 728
Steidel C.C., et al., 2004, ApJ, 604, 534



MASSIVE GALAXIES AT Z = 2 IN COSMOLO-
GICAL HYDRODYNAMIC SIMULATIONS

Kentaro Nagamine1, Renyue Cen2, Lars Hernquist3, Jeremiah P. Ostriker2, and
Volker Springel4
1University of California, San Diego, USA; 2Princeton University, USA; 3Harvard University,
USA; 4Max-Planck-Institut für Astrophysik, Germany

Abstract We study the properties of galaxies at redshift z = 2 in a Λ cold dark mat-
ter (ΛCDM) Universe, using two different types of hydrodynamic simulation
methods – Eulerian TVD and smoothed particle hydrodynamics (SPH) – and a
spectrophotometric analysis in the UnUU , G, R filter set. The simulated galaxies at
z = 2 satisfy the color-selection criteria proposed by Adelberger et al. (2004),
when we assume Calzetti-type extinction with E(B − V ) = 0.15. We find that
the number density of simulated galaxies brighter than R = 25.5 at z = 2 is
about 1 × 10−2h3 Mpc−3 for E(B − V ) = 0.15, which is roughly twice that
of the number density found by Erb et al. (these proceedings) for the ultravio-
let (UV) bright sample. This suggests that roughly half of the massive galaxies
with M�MM > 1010h−1 M� at z = 2 are part of the UV-bright population, and the
other half is bright at infrared (IR) wavelengths. The most massive galaxies at
z = 2 have stellar masses ≥ 1011−12 M�. They typically have been forming
stars continuously, at a rate exceeding 30 M� yr−1 over a few Gyr from z = 10
to z = 2, together with a significant contribution from starbursts reaching up to
1000 M� yr−1, which lie on top of the continuous component. TVD simula-
tions indicate a more sporadic star-formation history than the SPH simulations.
Our results do not imply that hierarchical galaxy formation fails to account for
the observed massive galaxies at z ≥ 1. The global star-formation rate density
in our simulations peaks at z ≥ 5, a much higher redshift than predicted by the
semi-analytic models. This star-formation history suggests an early build-up of
the stellar mass density, and predicts that 70 (50, 30)% of the total stellar mass
at z = 0 had already been formed by z = 1 (2, 3). Upcoming observations
by Spitzer and Swift might help to better constrain the star-formation history at
high redshift.

1. Introduction

A number of recent observational studies have revealed a new population of
red, massive galaxies at redshift z ∼ 2 (e.g., Chen et al. 2003, Daddi et al.
2004, Franx et al. 2003, Glazebrook et al. 2004, McCarthy et al. 2004, van
Dokkum et al. 2004), utilizing near-IR wavelengths which are less affected by
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Figure 1. Stellar mass vs. (G − R) color of simulated galaxies at z = 2. Gray points show
the total galaxy population, and the black crosses indicate the galaxies brighter than R = 25.5.
The vertical long-dashed lines roughly indicate the UV color selection range of Adelberger et
al. (2004).

dust extinction. At the same time, some studies focused on the assembly of the
stellar mass density at high redshift by comparing the observational data and
semi-analytic models of galaxy formation (e.g., Dickinson et al. 2003, Fontana
et al. 2003, Poli et al. 2003). These studies have suggested that the hierarchical
structure formation theory may have difficulty to account for sufficient early
star formation. The concern grew with the mounting evidence for high-redshift
galaxy formation, including the discovery of Extremely Red Objects (EROs)
at z ≥ 1, sub-millimeter galaxies at z ≥ 2, Lyman-break galaxies (LBGs) at
z ≥ 3, and Lyα emitters at z ≥ 4. We now face the important question as to
whether this evidence for high-redshift galaxy formation is consistent with the
concordance ΛCDM model. See Nagamine et al. (2004, 2005) for the details
of the simulations and the present work.

2. Results

Figure 1 shows the stellar mass vs. (G−R) color of the simulated galaxies
at z = 2. The most massive galaxies have stellar masses M�MM > 1010h−1 M�,
and UV colors −1.2 < (G−R) < 0.8, consistent with the UV color selection
criteria of Adelberger et al. (2004). The differences in the distribution of the
points can be understood in terms of the different box sizes and the randomness
of the initial condition of the simulations. On the right-hand side of the panels,
there are a few red, passive systems that have stellar masses M�MM > 1010h−1

M�. The near-IR properties of these passive systems will be reported in future
papers. Figure 2 shows the star-formation histories of the most massive and
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Figure 2. Star-formation history of the most massive galaxies (a and c), and the reddest
galaxies (b and d) in the simulation. The two left-hand panels are for the SPH G6 run, and the
right-hand ones are for the TVD run.

reddest galaxies in the simulations. For the most massive systems, the star-
formation rate has a continuous component of ≥ 30 M� yr−1 over a few Gyr,
and a starburst component that reaches up to 1000 M� yr−1 exists on top of
the continuous component. Such extreme star-formation histories allow these
galaxies to build up stellar masses greater than a few ×1011 M� by z = 2. The
TVD simulation indicates a somewhat more sporadic star-formation history,
which is perhaps due to the differences in the details of the star-formation
recipe and the numerical resolution.

Figure 3 shows the star-formation history of the entire simulation box. In
panel (a), all models – including the analytic model of Hernquist & Springel
(2003) – show that the SFR density peaks at z ≥ 5. These SFR histories
lead to an early build-up of the stellar mass density compared to both the cur-
rent observational estimates and the results from the semi-analytic models (see
Nagamine et al. 2005 for a direct comparison), and we predict that 70 (50,
30)% of the total stellar mass at z = 0 had already been formed by z = 1 (2, 3)
based on these theoretical models.

In summary, we have shown that the simulations based on the hierarchical
ΛCDM model can in fact account for the masses and the co-moving number
densities of the massive galaxies at z = 2 that are found from recent observa-
tions. Our simulations indicate that the properties (i.e., stellar mass, color, SF
history, clustering) of the UV-bright LBGs at z ≥ 2 can be understood if they
are identified with galaxies that reside in massive dark matter halos.
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Figure 3. (Left) Star-formation rate density as a function of redshift for simulations and for
the analytic model by Hernquist & Springel (2003). The sources of the extinction-corrected
data points are described in Nagamine et al. (2004). (Right) Stellar mass density as a function
of redshift.
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K-LUMINOUS GALAXIES AT Z ∼ 2

Metallicity and B Stars

Duília de Mello1,2 and the K20 Team
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2 Johns Hopkins University, Baltimore, MD21218, USA

duilia@ipanema.gsfc.nasa.gov

Abstract We present the results from the analysis of the composite spectrum of five near-
IR luminous (K < 20) galaxies at z ∼ 2. Several of the strongest absorption
lines are present in the UV spectrum of the merging galaxy NGC 6090 and not
in the spectra of Lyman Break Galaxies at z ∼ 3. They were identified as
SiIIIλ1296, CIIIλ1428, SiIIλ1485, and Fe ∼ λ1380 Å, which are photospheric
lines typical of B stars. A metallicity higher than solar is suggested by comparing
the pure photospheric lines known as the 1425 Å index (SiIII, CIII, FeV) with
STARBURST99 models. The evidence of high metallicity, together with the high
masses, high star-formation rates, and possibly strong clustering, suggest that
these galaxies are candidates to become massive spheroids.

1. Introduction – The K20 Survey

A key open question in galaxy evolution is the epoch of formation of mas-
sive spheroidal galaxies. As the rest-frame optical–near-infrared traces the
galaxy mass, the KsKK band allows a fair selection of galaxies based on their
masses up to z ∼ 2. Based on this, a VLT spectroscopic survey of about 500
galaxies with KsKK < 20 in the GOODS southern field was conducted (Cimatti
et al. 2002). In this contribution (see also de Mello et al. 2004), we analyze the
average spectrum of five K20 galaxies at 1.7 < z < 2.3 with the highest S/N
ratios among the ones presented in Daddi et al. (2004). These K < 20 galax-
ies at z ∼ 2 appear to be massive (≥ 1011 M�) and have high star-formation
rates (SFR 100–500 M� yr−1; Daddi et al. 2004), thus qualifying as good
candidates for assembling/forming massive early-type galaxies.

2. Local starbursts and B stars

We have compared the K20 average spectrum with the local starburst galax-
ies NGC 1705, NGC 1741, NGC 4214, and NGC 6090. The best match is ob-
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Figure 1. Sloan r-band image of NGC
6090, extracted from the National Virtual
Observatory (∼ 4 arcmin2).
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Figure 2. Spectrum of NGC 6090 (dot-
ted lines) and the K20 composite spectrum.
Photospheric lines are marked with ∗.

tained with NGC 6090 which is an interacting system at v ∼ 9062 km s−1, and
in the process of merging. It is a luminous infrared galaxy (log LIR = 11.51
(L�; Scoville et al. 2000), containing a number of luminous clusters triggered
by the galaxy-galaxy interaction. The Sloan Digital Sky Survey r-band image
(Fig. 1) 1 shows tidal tails that extend several arcminutes from the two merg-
ing objects. HST/NICMOS images of NGC 6090 (Scoville et al. 2000) showT
the inner site of the interaction in more detail, where a less massive galaxy
seems to be merging with a disk. The spectrum of NGC 6090 taken by the
HUT during the Astro-2 mission (González Delgado et al. 1998) is shown in
Fig. 2. It has several absorption lines which are similar in strength to the K20
composite spectrum, such as the photospheric lines SiIIIλ1295 Å, CIIIλ 1430
Å and SiIIλ1485 Å, and a marginally weaker FeVλ1380 Å line.

In order to search for the stellar population from which these photospheric
lines originate, we examined a far-UV (IUE) library of Milky Way OB stars
(de Mello et al. 2000). The similarity between the spectra of B stars and the
K20 composite spectrum is remarkable. In Figs. 3 and 4, we show the average
spectrum of two main sequence stars (B0V and B8V) and a supergiant (B3I),
where the main photospheric lines are identified. B stars live longer than the
more luminous short-lived O stars and become a major source of the UV flux
in the integrated spectrum of starbursts. The photospheric lines found in the
spectrum of K20 galaxies, and in NGC 6090, are stellar features of B stars.
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Figure 3. The spectrum of a B3I star
(dashed) and the K20 composite spectrum.
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Figure 4. The spectrum of a B8V

(dashed) star and a B0V (dotted) star and
the K20 composite spectrum. Photospheric
lines are marked with ∗.

3. Lyman Break Galaxies and Metallicity

We also compared the K20 average spectrum with the average spectrum of
Lyman Break Galaxies (LBGs) at z ∼ 3 (Shapley et al. 2003). The best match
is obtained with the LBGs without Lyα emission (Fig. 5). The most striking
differences between the LBG composite spectra and the K20 average spectrum
are the photospheric lines described above. One caveat that one has to keep
in mind, before further interpreting this comparison, is the fact that the aver-
age LBG spectrum contains several hundred spectra, whereas the spectrum we
present here is the average of only 5 objects. Therefore, a few peculiar objects
could be present and co-addition of a larger number of spectra is desirable in
the future, in order to smooth out the contribution of individual objects. Nev-
ertheless, they comprise an interesting class of objects that might be important
in galaxy evolution scenarios.

We have used the pure photospheric lines known as the 1425 Å index (SiIII,
CIII, FeV; Leitherer et al. 2001) to estimate metallicity (Fig. 6), since this
index does not strongly depend on age. The equivalent width of the index is
2.3 ± 0.4 Å, a value much larger than given in STARBURST99 models (Lei-
therer et al. 1999) for solar (1.5 Å) and LMC metallicity (0.4 Å). It corresponds
to models with continuous star formation, fewer massive stars, and metallici-
ties greater than solar (see Fig. 11 in Rix et al. 2004). Recently, Shapley et
al. (2004) also suggested that K < 20 galaxies at 2.1 < z < 2.5 have at
least solar metallicity, based on near-IR spectroscopic measurements of seven
galaxies. Near-IR spectroscopy of a larger sample of K20 galaxies is needed to
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confirm the metallicities and estimate the relative importance of O and B stars
in these objects.
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Figure 5. The spectrum of Lyman Break
Galaxies (dotted) and the K20 composite
spectrum.

Figure 6. The 1425 Å index region of the
K20 composite spectrum. STARBURST99
models for solar metallicity (dashed) and
0.25 Z� (dotted).

Notes
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RESOLVED MOLECULAR GAS EMISSION IN A
QSO HOST GALAXY AT Z = 6.4

Fabian Walter
Max Planck Institut für Astronomie, Heidelberg, Germany

Abstract We present high-resolution VLA observations of the molecular gas in the host
galaxy of the highest-redshift quasar currently known, SDSS J1148+5251 (z =
6.42). Our VLA data of the CO(3–2) emission have a maximum resolution of
0.17 × 0.13 arcsec2 (≤ 1 kpc2), and enable us to resolve the molecular gas
emission both spatially and in velocity. The molecular gas in J1148+5251 is
extended to a radius of 2.5 kpc, and the central region shows 2 peaks, sepa-
rated by 0.3 arcsec (1.7 kpc). Assuming that the molecular gas is gravitationally
bound, we estimate a dynamical mass of ∼ 4.5 × 1010 M� within a radius of
2.5 kpc. This dynamical mass estimate leaves little room for matter other than
the detected molecular gas, and – in particular – the data are inconsistent with a
∼ 1012 M� stellar bulge, which would be predicted based on the MBHMM −σbulge

relation.

1. Introduction

More and more objects have been found at the highest redshifts in recent
years, back to the “Dark Ages” (the epoch of formation of the first luminous
structures), at z > 6 when the Universe was less than a Gigayear old (e.g., Fan
et al. 2002, 2003, 2004, Hu et al. 2002, Stanway et al. 2003). Optical spectra
of the brightest quasars at z > 6 show a clear Gunn & Peterson (1965) effect,
demonstrating that these objects are located at the end of cosmic re-ionization
(Becker et al. 2001, Fan et al. 2003, White et al. 2003). It is of paramount
importance to study these sources in detail, to measure the stellar and gaseous
constituents, chemical abundances and dynamical masses of the host galaxies,
which in turn constrain galaxy evolution models in the very early Universe.

The highest-redshift quasar currently known is SDSS J114816.64+525150.3
(hereafter: J1148+5251) at z = 6.42 (Fan et al. 2003). J1148+5251 is a highly
luminous object, which is thought to be powered by mass accretion onto a
supermassive black hole of mass (1− 5)× 109 M� (which accretes at the Ed-
dington limit; Willot et al. 2003). Thermal emission from warm dust has been
detected at millimetre wavelengths, implying a far-infrared (FIR) luminosity
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Figure 1. Left: CO(3–2) map of J1148+5251 of the combined B and C-array data
set (covering the total bandwidth, 37.5 MHz or 240 km s−1). Contours are shown at
−2,−1.4, 1.4, 2, 2.8, 4σ (1σ = 43µJy beam−1). The beam size (0.35 × 0.30 arcsec2) is
shown in the bottom left corner. Right: CO(3–2) map at ∼ 1 kpc resolution of the central
region, shown as a box to the left. Contours are shown at −2.8,−2,−1.4, 1.4, 2, 2.8, 4σ (σ =
45µJy beam−1). The beam size (0.17 × 0.13 arcsec2) is shown in the bottom left corner. The
positional uncertainty of the SDSS position is of order ±0.1 arcsec, or about the size of the
cross in both panels

of 1.3 × 1013 L� (Bertoldi et al. 2003a), corresponding to about 10% of the
bolometric luminosity of the system. Using the Very Large Array (VLA) and
the Plateau de Bure interferometer (PdBI), we have detected various rotational
lines of carbon monoxide (CO), the most common tracer of molecular gas, in
J1148+5251 (Walter et al. 2003, Bertoldi et al. 2003b).

Here we present follow-up high-resolution observations of the molecular
gas distribution of J1148+5251, obtained with the NRAO VLA. For details on
the observations and more discussion on this subject, the reader is referred to
Walter et al. (2004).

2. Results

Global Distribution of Molecular Gas

In Fig. 1 we present the CO(3–2) emission in J1148+5251 over the total
measured bandwidth (37.5 MHz, 240 km s−1) at 0.35×0.30 arcsec2 (1.9×1.7
kpc2) resolution. The emission is clearly extended and Gaussian fitting in the
map plane gives a deconvolved major axis (FWHM) of 0.65 ± 0.12 arcsec (∼
3.6 kpc), a marginally resolved minor axis of 0.25 ± 0.12 arcsec (∼ 1.4 kpc),
and a position angle of 15±10◦ (measured east from north). Molecular gas can
be seen out to distances of 0.42 arcsec from the centre (∼ 2.5 kpc; numbers are
deconvolved for the beam size). The source is possibly extended towards the
north but more sensitive observations are needed to confirm this extension. If
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we assume that the main molecular gas concentration forms an inclined disk,
this gives an inclination of ∼ 65◦ (where 0◦ corresponds to face-on), which
implies that any inclination correction to the measured rotational velocities is
minimal. The fitted peak to the central distribution is 0.21 mJy beam−1, and
the integral intensity is 0.55 mJy. This corresponds to an H2 mass of M(H2) ∼
1.6×1010 M�. Given our beam size of 0.35×0.30 arcsec2, the peak brightness
of 0.21 mJy beam−1 corresponds to a surface brightness of 1.1 K, or a beam-
smoothed brightness temperature of 1.1 × (1 + z) = 8.3 K at z = 6.42.

Dynamics of the Molecular Gas

Assuming that the molecular gas is gravitationally bound and forms an in-
clined disk with a radius of 2.5 kpc (see previous section), and that the gas
seen in the PdBI spectrum emerges from the same region (full width at zero
intensity: 560 km s−1 or vrot ∼ 280 km s−1; Bertoldi et al. 2003b), we de-
rive an approximate dynamical mass for J1148+5251 of ∼ 4.5 × 1010 M� (or
∼ 5.5 × 1010 M� if we correct for an inclination of ∼ 65◦), with an error of
order 50%. Within the large uncertainties, this number is compatible with the
derived molecular gas mass and the mass of the central black hole, but does
not leave much room for additional matter (e.g., a massive stellar bulge, see
discussion below).

Distribution of CO at 1 kpc scale

The distribution of molecular gas at even higher resolution reveals that the
situation is likely more complex than described by the simple disk model
above. In Fig. 1, we show our highest resolution CO(3–2) map derived
from B-array data only. Here, the resolution is only 0.17 × 0.13 arcsec2, or
∼ 0.95 × 0.72 kpc2. This map shows that the emission breaks up into two re-
gions, a northern source at 11h48m16.640s, 52◦51′50.51′′ (peak flux density:
192 ± 45µJy), and a southern source at 11h48m16.641s, 52◦51′50.21′′ (flux
density: 180 ± 45µJy), i.e., separated by ∼ 0.3 arcsec (1.7 kpc). On a Kelvin
scale, both sources are at ∼ 4.5 K, which corresponds to a lower limit for the
beam-averaged brightness temperature of ∼ 35 K at z = 6.42.

3. Discussion

We present the first resolved maps of a system located at the end of cos-
mic re-ionization at z = 6.4. The molecular gas distribution in J1148+5251
is extended out to radii of 2.5 kpc. The central region is resolved and shows 2
peaks, separated by 1.7 kpc; they account for about half of the total emission,
with the other half present in the more extended molecular gas distribution.
We have assumed that the gas is gravitationally bound and is situated in a disk,
although the data do not rule out the presence of an unbound system, such as
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an ongoing merger. Based on the extent of the molecular gas distribution and
the line-width measured from the higher CO transitions, we derive a dynamical
mass of ∼ 4.5 × 1010 M� (∼ 5.5 × 1010 M� if we correct for an inclination
of i ∼ 65◦). This dynamical mass estimate can account for the detected mole-
cular gas mass within this radius, but leaves little room for other matter. In
particular, given a black-hole mass of ∼ 1 − 5 × 109 M� (Willot et al. 2003),
this dynamical mass could not accommodate an order a few ×1012 M� stellar
bulge, which is predicted by the present-day MBHMM − σbulge relation (Ferrarese
& Merritt 2000, Gebhardt et al. 2000), if this relation were to hold at these
high redshifts. Our finding therefore suggests that black holes may assemble
before the stellar bulges.
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CONFERENCE SUMMARY: STARBURSTS AND
GALAXY EVOLUTION

Robert W. O’Connell
Astronomy Department, University of Virginia, Charlottesville, VA 22903-0818, USA

rwo@virginia.edu

Abstract Starbursts are extreme concentrations of star-forming activity with mass con-
version surface densities reaching over 1000 times higher than normal for disk
galaxies. They are responsible for a large fraction of all cosmic star forma-
tion. They have shaped the cosmic landscape not just in individual galaxies, but
though the effects of “superwinds” that enrich the intergalactic gas, constrain su-
permassive black hole growth, and perhaps facilitate cosmic re-ionization. This
conference provided vivid testimony to the importance of starbursts in galaxy
evolution and to the speed with which our understanding of them is being trans-
formed by a flood of new pan-spectral data, especially at high redshifts. A key re-
sult is that it appears possible to scale the physics of smaller star-forming events
upward to encompass starbursts.

1. Introduction: Solved and Unsolved Problems

“Galaxy formation is a solved problem.” That was the most memorable quote
from the last meeting I attended at Cambridge, the 1996 conference on the
Hubble Deep Field. The prominent astronomer who offered this sentiment
was perhaps a little premature, but his excess of enthusiasm was forgivable
considering the stream of beautiful data on the high-redshift Universe that had
just begun to emerge. That stream has exponentiated over the last 8 years, and
it may well be that we can solve the problem of galaxy formation within the
next couple of decades.

Before that is possible, however, we need to understand star formation. We
have already solved the basic problem of stellar structure and evolution. That
can fairly be said to be the primary accomplishment of astrophysics in the 20th

century (especially because it had been several million years since humans had
first wondered about the stars!). There are only a few remaining dark corners of
the evolutionary process. But one is crucial: star formation. This is central to
galaxy astrophysics, but the deficiencies in our understanding are obvious. For
instance, faulty prescriptions for star formation are thought to be the culprits in
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discrepancies between predictions of CDM models for galaxy formation and
the observations.

A great deal of observational firepower will be directed at the problem of
star formation in the coming years, but we already know one essential fact:
star formation is a collective process. Most stars (perhaps nearly 100% in our
Galaxy) form in clusters. There are strong interactions with the surrounding
environment and among protostars. Quantifying feedback processes, both pos-
itive and negative, is a key to understanding star formation. All this means that
star formation is a more difficult problem than was the astrophysics of isolated
stars. Progress will be importantly informed by observations of other galaxies
and a wider range of environments than are found in our Galaxy.

Starbursts are important because they are clearly a collective phenomenon
and represent one extreme of the star-formation process. Furthermore, they are
bright enough to be detected throughout the observable Universe and can serve
as tracers of the cosmic history of star formation. This conference provided
vivid testimony to the importance of starbursts as keys to galaxy evolution and
to the speed with which our understanding of them is being transformed by the
flood of new data, especially at high redshifts.

2. What Are Starbursts?

The term starburst conveys the dual notions of intensity and limited du-
ration. There is no strict definition, however, so the term has been used (or
abused) to encompass a huge variety of star-formation events. Several speak-
ers proposed useful definitions, and I will follow their lead.

Significant star formation is a hallmark of about half the galaxies in the local
Universe. There are several convenient proxies for active star formation: blue
optical/UV colors, emission lines, or strong infrared output. Although there
was a general awareness of the statistics, the Sloan Digital Sky Survey has re-
cently brought home the unmistakable bimodality of optical colors: galaxies
fall into either a red or blue sequence (separated by about 0.4 mag in (B − V )
color), with few systems in between. This means they are either active star
formers (blue) or have not hosted significant star formation for ∼> 1 Gyr. Inter-
phase types are rare because once star formation ceases, color evolution from
the blue to the red sequences occurs in only ∼ 500 Myr (as long as the active
galaxy is itself old).

The blue systems are mainly disk-dominated. The normal structure and
dynamics of disks favor relatively slow conversion of gas into stars. Global
self-regulation within disks is evidently effective over long time-scales because
there are good correlations between ionizing populations (lifetimes ∼< 10 Myr)
and broad-band optical colors (characteristic times of ∼> 1000 Myr). The range
of what might be called “quiescent” star formation encountered along the nor-
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mal Hubble sequence is about 4 orders of magnitude in both star-formation rate
(ṡ, measured in M� yr−1) and star formation surface density (ΣSFR, measured
in M� yr−1 kpc−2). A significant number of local galaxies, mostly dwarfs,
exhibit elevated activity, ranging above ΣSFR ∼ 0.1, which might be called
“enthusiastic” star formation. This accounts for only ∼ 15% of all local star
formation.

The most interesting cases, naturally, are the “psychopathic” ones at the
extremes, which are the starbursts. These are often, though not always, associ-
ated with a large disturbance to normal disk kinematics. The central feature of
a starburst is the concentration of star-forming activity and especially the large
feedback it produces on its surroundings, often driving a “superwind” out of
the host galaxy. For definiteness, I will define a “major starburst” as an episode
where such effects are important. This requires ΣSFR > 1 M� yr−1 kpc−2,
equivalent to ΣLbol

> 1010 L� kpc−2, or about 1000× normal values for disk
galaxies. The relevant quantities must be averaged over a finite cell size in area
and time (say, 1 kpc2, 10 Myr), and the initial mass function (IMF) must con-
tain massive stars capable of producing ionization, winds, and core-collapse
supernovae.

The fact that this definition is arbitrary is actually significant: the properties
of star-formation regions appear to be continuous across the range of ampli-
tudes observed.

Starbursts constitute an important fraction of all detected high-redshift galax-
ies. Because of the fierce dimming effects in distance modulus and surface
brightness at large z, there is a powerful selection effect operating here. None-
theless, statistics based on co-moving volume densities have shown that while
major starbursts are rare locally (∼ 0.5% of nearby systems), they were much
more common at earlier times (perhaps 15% in number and 70× in luminosity
density at z = 1). IR-bright starbursts have been responsible for as much as
80% of the local stellar mass.

Although we do not yet have a definitive understanding of starbursts and
their effects, the wealth of new data is making progress rapid. Along the way,
there are two central difficulties: (i) major starbursts are rare in the local Uni-
verse, and we are forced to scale up our understanding of physical processes
from local samples and conditions; and (ii) starbursts are notoriously complex
3D systems, made especially difficult to probe by often severe differential in-
ternal extinction.

3. Are Starbursts Important?

Starbursts are certainly fascinating, but how important are they? An inter-
esting way to frame the question is to ask: if we did not know that major star-
bursts existed from direct observations, would we have difficulties explaining
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what we see in the Universe? That is, are starbursts a necessary inference from
other phenomena? The answer is an emphatic “yes,” and here is a tentative and
incomplete list of the essential fingerprints of starbursts based on issues raised
in this conference:

Super star clusters: These very massive but compact systems, ranging
from very young clusters still in dust cocoons to classic globular clusters,
can evidently form only in a high-pressure medium, with P/k ∼ 108−9,
over 104× higher than normal for disk galaxies. This requires abnormal,
non-equilibrium conditions such as prevail in starbursts. Young SSCs
are found to be mainly associated with interaction-induced starbursts.

Massive bulges and E galaxies: The high stellar densities found in the
centers of nearby early-type galaxies (ETGs) imply conversion of large
amounts of gas into stars at rates equivalent to the most extreme star-
bursts known, ṡ ∼ 1000 M� yr−1, if only a single event was involved.
There is good statistical evidence that many, if not all, ETGs originate
from gas-rich mergers, which are well known to produce violent star-
bursts. A few large mergers rather than a series of minor mergers are fa-
vored. (The best direct evidence for bulge-producing starbursts at early
times is probably the high-redshift sub-mm sample – e.g., from SCUBA
– with ṡ up to ∼ 1000 M� yr−1.)

Cosmic mass deposition in stars: For a decade, we have been able to es-
timate the conversion rate of gas into long-lived stellar mass at redshifts
z ∼< 4. The present-day mean mass density cannot by itself place very
good constraints on the range of ΣSFR, since over 13 Gyr have elapsed
since the Big Bang (although, as noted above, direct statistics on distant
starburst progenitors can do so). However, recent deep probes to z ∼ 2,
such as GDDS, reveal that a considerable fraction of all stars then are in
“dead and red” systems comparable to local gE galaxies, with little star
formation in the preceding 1.5 Gyr. The data imply that massive galaxy
assembly begins early (zf ∼> 3–5) in dense regions and, since there is so
little time for this to happen, massive starbursts with ṡ ∼> 300 M� yr−1

must be involved, possibly through gas-rich mergers.

The remaining items on the list involve superwinds generated by starbursts:

Chemical enrichment of the ICM and IGM: Although metal abundances
at higher redshifts are generally lower than prevailing local values, much
of the gas to the highest z’s yet probed has been processed through stars.
The primordial generations of stars responsible can be explored only the-
oretically now, but it is clear that the natural mechanism for dispersing
new metals from the halos in which they form is a superwind.
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The mass-metallicity relation in galaxies: The correlation between larger
galaxy masses and higher metal abundances has been known for about
40 years. Optical, UV, and IR observations are currently providing much
better information on metallicites and dust abundances in both local and
high-redshift samples. Again, the natural explanation for the mass de-
pendence is that starburst superwinds evacuate gas preferentially from
lower-mass systems.

Absence of super-supermassive black holes: Supermassive black holes
(SMBHs) are now thought to exist in all spheroidal systems, and their
masses are linked to the surrounding stellar population. Their growth
by gas accretion is self-limited to the Eddington rate. Nonetheless, in
the absence of another inhibiting mechanism, SMBH masses would ex-
ponentiate with an e-folding time of about 100 Myr. Star formation in
nuclei is often found associated with SMBHs, and it may be that star-
burst winds act to regulate SMBH growth in the same way they limit
star formation itself.

Cosmic re-ionization: It is likely that massive stars, rather than AGN, are
responsible for cosmic re-ionization at redshifts z ∼> 7. But the optical
depth in typical nearby galaxies is such that only 3–10% of ionizing
photons can escape. Superwinds in protogalaxies may be necessary to
clear out channels for ionizing radiation.

4. We’re All Pan-Spectral Now

In the past 5 years, the necessity as well as the opportunities to attack the
problem of starbursts using a multi-wavelength approach have become mani-
fest. No single band suffices, and the full EM spectrum from radio to gamma
rays is now enthusiastically embraced in starburst research. Some examples:
(i) stellar ages and abundances are best deduced from UV–optical–near-IR ob-
servations; (ii) the best ṡ estimator is L(UV) + L(IR), meaning that different
instruments are always necessary; (iii) a long-wavelength baseline is essential
to overcome distortions by extinction of statistical samples and of physical in-
ferences from any given band; (iv) starburst regions can be opaque, even at
mid-IR wavelengths; radio/mm observations are needed for the youngest (∼ 2
Myr) embedded sources; (v) mid-IR photometry and spectroscopy, now just
coming into their own with the Spitzer Space Telescope, show great promise
as dust/gas tracers within starbursts.

Understanding the physical coupling mechanisms between wavelength do-
mains is essential: (i) there has recently been good progress in modeling the
UV through IR spectral energy distributions of starbursts taking all three major
components (stars, gas, dust) into account, but this remains a key area for addi-
tional effort; (ii) the long-recognized relation between radio continuum and far-
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IR dust emission in star-forming systems is sometimes said to be the best cor-
relation known in extragalactic astronomy, yet we do not fully understand its
origins or implications for the star-formation process. A less well-established
radio/X-ray correlation in young systems is also important to understand.

The fastest increments in observational insight into starbursts are currently
coming from Spitzer and GALEX (IR and UV). Probably the fastest incre-
ments for the coming decade will be from ALMA (mm-wave).

Although this conference emphasized observations, we cannot forget that
theoretical and computational astrophysics have to be part of a “pan”-discipline
approach to starbursts.

5. The Limits of Spatial Resolution

A hard lesson in the study of starbursts has been that their scales and com-
plexities push the limits of instrumental spatial resolution even in nearby sys-
tems. For instance, it is difficult: (i) to measure the diameters of SSCs (∼ 2–10
pc), in order to obtain reliable mass and IMF inferences; (ii) to study super-
wind substructures in nearby starbursts and to determine host morphologies
in distant ones; and (iii) to obtain kinematics of starbursts on the appropriate
physical scales.

The Hubble Space Telescope (HST) has been the mainstay of high-resolution
(∼ 0.05 arcsec) imaging and spectroscopy for 14 years. An informal count
shows that over half the contributions in this conference relied in some way
on HST data. But HST will not last much more than another 6 years even
if NASA can find a safe way of servicing it. In the foreseeable future, we
will have the EVLA and ALMA for high-resolution radio/mm observations
and JWST and ground-based AO systems for high-resolution near and mid-IR
observations. However, it is doubtful that AO systems will operate well for
λ ∼< 1µm. Unfortunately, there are no current plans to replace or improve (to
∼ 0.01 arcsec?) high-resolution optical/UV capability in space. It is vital to
remedy that situation.

6. Scalability

“Scalability” was a major theme of the conference. It arises from two main
concerns: To what extent can we scale local starburst systems to cosmically
distant ones? And to what extent can we scale the physics of modest to ex-
treme star-formation amplitudes? The evidence, fortunately, is that scalability
is good, implying modest rather than fundamental adjustments with changes in
environment and scale.

The premier example of scalability is the Schmidt-Kennicutt “law,” under
which ΣSFR ∝ Σ1.4

gas. The quantities refer to global averages over the surfaces
of individual galaxies. The relation applies over a remarkable 6 decades. As
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noted above, a similar degree of scalability applies to the radio/far-IR correla-
tion for star-forming systems.

Other encouraging, if less firmly established, examples of scalability in-
clude:

Congruences in EM spectral shape for starbursts across a wide range of
environments and amplitudes.

The continuity of starburst properties across a large range of amplitudes.
It is possible to define a scaling sequence between the nearby (3.5 Mpc)
archetypal starburst M82 (L ∼ 2 × 1010 L�), more distant ULIRGs
(1012 L�), and high-redshift SCUBA sub-mm sources (1013 L�).

The smooth increase of starburst activity with lookback time exhibits no
evidence of a transition point where starbursts suddenly become more
important.

Continuity of Lyman-break galaxies (LBGs) at z ∼> 3 with more lo-
cal systems. Careful studies, lately including GALEX data, show that
properties (sizes, surface brightnesses, masses, kinematics) of LBGs are
continuous with those of lower-redshift luminous blue compact galax-
ies, some of which may be the progenitors of local dE galaxies (i.e.,
dynamically hot systems).

The mass-metallicity-extinction relation, which changes slowly with red-
shift and has no transition points. The abundance scale seems to decrease
smoothly with redshift.

The duration of starburst episodes is δt ∼ 100 Myr and seems similar
at all redshifts. Individual galaxies may experience a number of such
episodes.

The IMF for star formation on the scales of star clusters or galaxies
now appears to be universal, except in a small number of SSCs where
there may be changes in MlowMM . The massive star IMF appears universal,
which is very important for analyzing feedback processes. (Progress
here has been excellent despite many complications, e.g., limited spatial
resolution, large differential extinction effects, and mass segregation.)

Star-formation histories of nearby galaxies may all be similar for a given
gas density, despite the presence of “noise,” which gives rise to “mini-
bursts.” It is important to understand the disk self-regulation mechanism.
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7. Conclusion

Recent progress in understanding starbursts and placing them in the context
of galaxy evolution has been outstanding and is healthily accelerating. We are
fortunate to be riding a tidal wave of marvelous new data highlighted by un-
precedented large sample sky surveys, HST high-resolution imaging, sensitive
new infrared and sub-mm instrumentation, and the inauguration of the Spitzer
and GALEX observatories.

To close, let me mention some critical aspects of starburst physics that de-
serve special attention. How does feedback operate in young starbursts to regu-
late processes like saturation, quenching, and outflows? In particular regarding
the latter, the largest effects of starbursts are related to galactic superwinds, but
there are numerous uncertainties regarding their underlying physics. Nearby
systems are the benchmarks for detailed scrutiny of superwinds. A crucial
open question is the mechanism of starburst triggers: for a given trigger, there
is apparently a large variation in the resulting star-formation amplitude, which
remains poorly understood as yet. A final important problem concerns the
drivers and time-scales for dust shroud dissipation, which transforms an IR-
bright galaxy into a UV/optical-bright one. All of these areas will benefit from
a combined observational/theoretical attack.
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MEMORABLE QUOTES

Max (Pettini) told me I had to be dynamic and harsh.
Linda Smith (on chairing a session)

You can plot whatever model you like.
Almudena Alonso Herrero

Same data, different authors, different results.
Marco Sirianni

What did you ask me?
Andrea Gilbert (halfway through answering a question)

No man is an island, even if he is British.
Mark McCaughrean (on collaborators)

It’s easy to get a good fit, which means that your fit doesn’t mean much...
Ariane Lançon

Blue now means redder colours and red bluer colours.
Eva Schinnerer

The question mark here summarises everything, and I have nothing to
add...

Claus Leitherer

Everything I say is going to be reasonably uncertain. It’s going to have
caveats, which are probably also going to have caveats.

Neil Trentham

Maybe burstiness is an illusion.
Curtis Struck

We are talking about M31 compressed into NGC 205, with a starburst
added on.

Matthew Bershady
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Is there a population of galaxies that essentially form stars like popcorn?
Rob Kennicutt

The reason for that is that we cheated – and they didn’t.
Bob Abraham

You have to be really careful when you are going to put up tomb stones
at talks!

Bob Abraham

Surprisingly good agreement, although it looks different...
Jarle Brinchmann

Because it’s the brightest cluster in region A, “A1” seemed quite a good
name for it...

Linda Smith

Everybody has got gas in that group; it’s the Saudi Arabia group.
Jay Gallagher (on the Cen A group)

Of course, I cannot discuss everything about the high-redshift Universe.
Daniel Schaerer

I am a Madau plotter.
Rodger Thompson

Did you help organise this meeting?
(Name withheld), to Richard de Grijs (Chair of the SOC),

upon leaving at the end of the meeting

It’s hard to comment on other people’s work.
Jerry Ostriker

She is going to talk about – hey, that’s different!
Evan Skillman (chairing a session)

Theorists have a tendency to plot things that observers find hard to un-
derstand.

Duília de Mello

This is small-number statistics, with only one source.
Fabian Walter

Some people claim to understand it, but I have never understood they are
understanding it.

Bob O’Connell
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Apples 1 dSph 177 Cloverleaf P84
Arches P13 Coma P25, P37
Arcturus Stream 201 CTS1008 P32
Arp 94 see NGC 3226/7
Arp 220 109, 115, P57 DDO 154 P36
Arp 284 163 DDO 165 P83
Arp 299 81, 127 DSF 2237+116 C2 P27
Arp 299-A/B1 127
AzV 15 P17 ELAIS N1-01 P68
AzV 18 P17 ELAIS N1-02 P68
AzV 22 P17 ELAIS N1-04 P68
AzV 49 P17 ELAIS N1-07 P68
AzV 69 P17 ELAIS N1-09 P68
AzV 75 P17 ELAIS N1-10 P68
AzV 80 P17 ELAIS N1-12 P68
AzV 95 P17 ELAIS N1-13 P68
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ELAIS N1-15 P68 HD 91969 P17
ELAIS N1-16 P68 HD 96248 P17
ELAIS N1-24 P68 HD 111973 P17
ELAIS N1-29 P68 HD 148688 P17
ELAIS N1-45 P68 HDF-N 17, 89, 289, T1,
ELAIS N1-68 P68 P7, P29, P79
ELAIS N1-101 P68 HDF-S P7, P27
ELAIS South 1 269 HDFS 85 P27
ESO 185-G13 P86 HDFS 1825 P27
ESO 194-G13 P78 He 2-10 45, 89, 127, P21, P86
ESO 311-G012 P48 HERC1-13088 17
ESO 338-G04 P86 HERC1-14739 17
ESO 338-IG04B P73 HV 888 P28
ESO 381-G006 P78 HV 957 P28
ESO 381-G009 P78 HV 11417 P28
ESO 400-G43 P70, P86 HV 2084 P28
ESO 421-G02 P86
ESO 462-G20 P86 IC 10 11, 21, P12, P87
ESO 480-G12 P86 IC 342 109, P4

IC 1613 167, P87
FLY99-824 P27 IC 2560 P20
FLY99-825 P27 IC 4710 P5
FLY99-957 P27 IC 4767 P48
Fornax cluster P18 II Zw 40 P32, P77
Fornax dSph 157 IRAS 05189−2524 P21

IRAS 08339+6517 P73
G1 see M31-G1 IRAS 16007+3743 173, P19
GOODS(-N/S) 293, 307, 323, P7, IRAS 20551−4250 P21

P29, P42, P62, IRAS 23128−5919 P21
P63, P65, P74 IRASF 10214 P84

GRB 000926 293 I Zw 18 247, P2, P35, P73, P58
GRB 010222 115 I Zw 36 247
GRB 011211 293
GRB 021004 293 J0053+1234 P29
GRB 030115 P75 J0738+0507b P81
GRB 030323 115 J1023+1952 P51
GRB 030329 115 J114816.64+525150.3 see SDSS J1148+5251
GRB 970508 P55 J1720−67.8 see CG J1720-67.8
GRB 981226 P11

LMC 11, 21, 49, 57,
H1-13088 P26 157, 233, 247, P9,
H1-13385 P26 P10, P18, P26, P53
Haro 3 127 LCBG 313088 177
Haro 11 P86 Leo I 167
KCS 1166 P34 Lockman 850.2 121
KCS 1173 P34 Lockman 850.5 121
HCM 6A T1 Lockman Hole 121
HD 14818 P17 Lynx2-1635 17
HD 58350 P17
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M31 21, 157, 177 Mrk 309 21
M31-G1 157 Mrk 332 P70
M33 21, 49, 57, 89, Mrk 334 P71

127, 157, 247, P8, Mrk 493 P71
P10, P30, P35, P44 Mrk 538 P59

M51 31, 97, 157, 251, Mrk 573 P71
P5, P60 Mrk 710 P77

M81 11, 157, 277, P5 Mrk 900 P86
M82 11, 31, 35, 45, 57, Mrk 1318 P77

71, 75, 81, 89, 109, MS 1512-cB58 89, 115, 311, P17
127, 157, 163, 277,
233, 333, P13, P55, NGC 87 P78
P56, P85 NGC 88 P78

M82-A/A1 277 NGC 89 P78
M82-B 157 NGC 92 P78
M82-C 277 NGC 205 177, P52
M82-D 277 NGC 253 81, 109, 127, 233,
M82-E 277 P33, P56, P57
M82-F 57, 71, 75, 277, P13 NGC 278 181
M82-L 277 NGC 303 P71
M82 MGG-9 57, 75, P13 NGC 330 P17
M82 MGG-11 57, 75, P13 –A01,A02,B22,B37 P17
M83 see NGC 5236 NGC 346 – 12,113, P17
M83-74 21 324,355,368,487
M100 P1 NGC 404 263
MBR H013 P28 NGC 588 P30
MBR H037 P28 NGC 604 49, 57, 247,
MBR H044 P28 P30, P35, P44
MBR H071 P28 NGC 625 P9, P36
MBR H091 P28 NGC 841 263
MBR P106 P28 NGC 891 163
MBR P123 P28 NGC 1019 P20
MD 69 303 NGC 1275 11
MD 94 303 NGC 1313 21
MD 174 303 NGC 1365 P57
Mice, The 143, 157, 201, P51 NGC 1672 P71
Milky Way 3, 11, 21, 57, NGC 1377 223

81, 115, 143, 157, NGC 1399 P18, P41
167, 201, 209, 233, NGC 1530 35
251, 323, P3, P13, NGC 1560-30 P4
P17, P18,P25, P52, NGC 1569 21, 41, 209, P4, P13,
P80, P82, P86 P21, P50, P67, P83

Mrk 42 P71 NGC 1569-A/A1/A2 41, 57
Mrk 36 P77 NGC 1569-B 41
Mrk 54 89 NGC 1614 57
Mrk 59 247 NGC 1705 11, 41, 89, 323,
Mrk 231 P21, P76 P2, P13, P17, P21,
Mrk 273 P21, P76 P36, P67, P83
Mrk 297 P55 NGC 1705-I/1 41, 57
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NGC 1705-2 41 NGC 5236-502 219
NGC 1741 323 NGC 5236-805 219
NGC 1808 109, P33, P57 NGC 5253 35, 45, 57, 89,
NGC 1960 57 127, 215,P21
NGC 2070 49 NGC 5253-C1 35
NGC 2194 57 NGC 5253-C2 35
NGC 2403 163 NGC 5256 P71
NGC 2681 263 NGC 5674 P71
NGC 2903 P60 NGC 5678 263
NGC 3077 215, P21 NGC 5866 P5, P69
NGC 3125 21 NGC 5940 P71
NGC 3125-1 21 NGC 6090 323
NGC 3256 35, 57 NGC 6240 11, P21
NGC 3226/7 P51 NGC 6300 P71
NGC 3227 P71 NGC 6503 263
NGC 3310 11, 89, P60 NGC 6722 P48
NGC 3351 P60 NGC 6814 P71
NGC 3393 P71 NGC 6946 57, 81, 127
NGC 3504 P60 NGC 6946-1447 219
NGC 3507 263 NGC 6951 P71
NGC 3603 P13 NGC 7023 31
NGC 3627 263 NGC 7130 P71
NGC 3628 P21 NGC 7252 143, 209, P18, P33, P83
NGC 3705 263 NGC 7252-W3 P18
NGC 3921 143 NGC 7331 31, P5
NGC 3982 P71 NGC 7469 35, P71
NGC 4038/39 see Antennae NGC 7469-C1 35
NGC 4150 263 NGC 7479 P71
NGC 4214 89, 323 NGC 7496 P71
NGC 4214-10 219 NGC 7552 109
NGC 4214-13 219 NGC 7673 11, 177, P10, P52
NGC 4253 P71 NGC 7674 P71
NGC 4303 263 NGC 7677 P10
NGC 4321 see M100 NGC 7714 P26, P60
NGC 4449 219, P12, P21
NGC 4449-27 219 Ophiuchus 57, 65
NGC 4449-47 219 Orion Region 11, 65, 115
NGC 4569 263 OSK SP 29-13 P28
NGC 4579 P5 OSK SP 29-14 P28
NGC 4676 see Mice
NGC 4826 263 Perseus 57
NGC 4945 P57 – h and χ Persei 57
NGC 5033 P5 Pox 186 P58
NGC 5055 263 PKS 1345+12 257
NGC 5128 57, 153, P57 PKS 1549−79 257
NGC 5135 P71 PKS 1932−46 257
NGC 5194 157
NGC 5236 11, 81, 89, 215, Q0000-263 D6 P27

P57, P72 Q1307-BM1163 299, 311
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Quintuplet P13 SN 1982aa P55
SN 1986J P54

R136 45, 49, 57, 71, P13 SN 1987A P54
SN 1988Z P54

SA57-1501 17 SN 1993J P54
SA57-5482 17, P26 SN 1994I P54
SA57-7042 17, P26 SN 1994W P54
SA57-10601 17, P26 SN 1995N P54
SA68-1067 17 SN 1998bw P54, P55
SA68-3307 17 SN 1998s P54
SA68-6134 P26 SN 1999em P54
SA68-8846 17 SN 1999gi P54
SA68-17169 17 SN 2002ap P54
SA68-17418 17 SN 2003bg P54
SBM03-1 P74 SN 2003dh 115
SBS 0335−052 247, T1, P58 SN 2004am 81
SBS 0807+580B P66 SNR 41.95+575 81
SBS 0808+581A P66 SNR 43.31+592 81
SBS 0808+581B P66 Subaru Deep Field T1
SBS 0809+582 P66 SXDF 121
SBS 0810+581 P66
SCG 0018−4854 P78 Tadpole, The 157, 209
Sco-Cen OB assoc. 57 Taurus 57
Sculptor group P36 Tol 0226−390 P32
SDSS J0124+0050 P59 Tol 0341−407 P86
SDSS J0834+0139 P59 Tol 0538−416 P32
SDSS J1148+5251 327 Tol 1214−277 P58
Sk 191 P17 Tol 1223−359 P77
SL 0119+1452 P59 Tol 1238−36.4 P78
SL 0218+0757 P59 Tol 1345−420 P77
SL 0222-0830 P59 Tol 1924−416 P32, P73, P70
SL 0745+2826 P59 Tol 2019−405 P77
SL 0834+0139 P59 Tol 65 P58
SL 0904+5136 P59 Tucana dSph 177
SL 0934+0014 P59 TXS 2226−184 P76
SL 0936+0106 P59
SL 0943−0215 P59 UCM 0014+1829 17, P3
SL 1231+0435 P59 UCM 0019+2201 17
SL 1234+0319 P59 UCM 0040+0220 17
SL 1241−0007 P59 UCM 0135+2242 17
SL 1354+0205 P59 UCM 0148+2123 17
SL 1402+0955 P59 UCM 0159+2354 17
SL 1507+5511 P59 UCM 1253+2756 17
SMC 21, 57, 89, 157, 167, UCM 1302+2853 17

247, P17, P53, P82 UCM 1324+2926 17
SMMJ 14011 P84 UCM 1656+2744 17
SN 1978K P54 UCM 2304+1640 17
SN 1979C P54, P55 UCM 2351+2321 17
SN 1980K P54
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UDF 289, T1, P7, P16,
P42, P52, P74, P79

UDF 0206 P52
UDF 0900 P52
UDF 0901 P52
UDF 4142 P52
UDF 4445 P52
UDF 7559 P52
UDSR 23 P40
UGC 5296 P23
UGC 8387 57
UGC 10214 see Tadpole
UM422 P47
UM423 P47
UM439 P47
UM446 P47
UM452 P47
UM456 P47
UM461 P47, P77
UM462 P47
UM463 P47
UM465 P47
UM477 P47, P77
UM483 P47, P77
UM491 P47
UM499 P47
UM500 P47
UM501 P47
UM504 P47
UM523 P47
UM533 P47
UM538 P47
UM559 P47

Virgo 187, P37

W49A 127
W51 57
Westerlund 1 21, P13
WR6 31
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