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The Local Group is a small cluster of galaxies of which 35 members are currently
known, including the Milky Way. It is believed that at least half of all galaxies in
the Universe belong to similar groups. Galaxies of the Local Group can be used as
“stepping stones” to determine the distance to more remote galaxies, and thus they
help to measure the size and age of the Universe. Studying stars of differing ages
in different members of the Local Group allows us to see how galaxies evolve over
timescales in excess of 10 billion years. The oldest stars in the Local Group galaxies
also provide critical information on the physical conditions of the early Universe.
The Local Group thus provides many valuable clues to understanding the rest of the
Universe.

This authoritative volume provides a comprehensive and up-to-date synthesis of
what is currently known about the Local Group of galaxies. It includes a summary of
our knowledge of each of the individual member galaxies, as well as those galaxies
previously regarded as possible members. After examining each galaxy in detail,
the book goes on to examine the mass, stability, and evolution of the Local Group
as a whole. The book includes many important previously unpublished results and
conclusions.

With characteristic clarity, Professor van den Bergh provides in this book a mas-
terful summary of all that is known about the galaxies of the Local Group and their
evolution, and he expertly places this knowledge in the wider context of ongoing
studies of galaxy formation and evolution, the cosmic distance scale, and the condi-
tions in the early Universe.
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Preface

In April of 1968 I gave a series of lectures on the structure, evolution, and stellar content
of nearby galaxies at the University of California in Berkeley. An outline of these talks
was printed as a slender volume entitled “The Galaxies of the Local Group” (van den
Bergh 1968a). Since the publication of this booklet the number of known members of the
Local Group has doubled. Furthermore both the quantity, and the quality, of the data that
are available on the previously known Local Group members have increased enormously.

Particularly exciting developments since 1968 have been (1) the discovery of the
Sagittarius dwarf, which is the nearest external galaxy, (2) the discovery of six dwarf
spheroidal companions to the Andromeda nebula, (3) the application of CCD detectors
to studies of stellar populations in various Local Group systems, and (4) deep high-
resolution observations of various objects in the Local Group with the Hubble Space
Telescope. With the presently available enlarged sample, and the improved quality of
data on individual objects, we are now in a much better position to start exploring the
evolutionary history of the Local Group and its constituent galaxies. Finally (5) it has
become clear during the past quarter century that the masses of dark matter halos are
typically an order of magnitude greater than the masses of the baryonic galaxies that are
embedded within them.

The distance scale within the Local Group remains somewhat controversial, even
though the adopted distances to most individual galaxies have not changed by more
than ~10% over the past three decades. In the present volume the highest weight has
been given to distance determinations based on observations of Cepheids and RR Lyrae
variables. However, recent observations with the HIPPARCOS satellite have cast some
doubt on the most widely accepted luminosity calibrations of classical Cepheids and RR
Lyrae stars.

Literature citations in this book are complete for papers that arrived at the Dominion
Astrophysical Observatory before February 1, 1999. All coordinates in this volume refer
to equinox J2000.

The astronomical literature on the galaxies of the Local Group is so vast that it is quite
impossible to do justice to all of it. The present volume has therefore been written in the
spirit of Winston Churchill’s History of the English-Speaking Peoples, of which Clement
Attlee said that it should have been called “things in history that interested me.”

It is a particular pleasure to acknowledge the help and encouragement by friends
and colleagues too numerous to be thanked individually. I should also like to express

xiii



xiv Preface

my gratitude to Donald Lynden-Bell, the Institute of Astronomy, and Clare College,
Cambridge, where the first outline of this book was written many years ago, and to
the Dominion Astrophysical Observatory of the National Research Council of Canada,
where it was finished. Thanks are also due to Janet Currie for typing many drafts of this
manuscript, to David Duncan for drawing the majority of the figures, to Eric LeBlanc
for helping to find numerous obscure references, and to text editor Ellen Tirpak for
many helpful suggestions. Thanks are also due to Stéphane Courteau and Chris Pritchet
for help with the redetermination of the solar apex, and of the slope of the Local Group
luminosity function, respectively. I am also indebted to the Observatories of the Carnegie
Institution of Washington and to the Cerro Tololo Inter-American Observatory, where I
obtained most of the plates that are reproduced in this volume. I am deeply grateful to
Eva Grebel, Jim Hesser, and Mario Mateo for their careful reading of the manuscript.
Finally, I thank my wife Paulette for her support, patience, and understanding.



Introduction

The galaxies of the Local Group are our closest neighbors in the Universe. Because
most of them are nearer than one megaparsec (Mpc) they are easily resolved into stars.
This enables one to study these objects in much more detail than is possible for more
distant galaxies. The members of the Local Group are therefore the laboratories in which
individual objects, such as star clusters, planetary nebulae, supernova remnants, etc., can
be studied in detail. Furthermore, important empirical laws, such as the Cepheid period—
luminosity relation (Leavitt 1907), the maximum magnitude versus rate-of-decline rela-
tion for novae, and the luminosity distribution of globular clusters, can be calibrated in
Local Group galaxies. For an earlier review of the properties of some of these galaxies
the reader is referred to the proceedings of the symposium on The Local Group: Com-
parative and Global Properties (Layden, Smith & Storm 1994). Reviews of more recent
work are provided in New Views of the Magellanic Clouds = IAU Symposium No. 190
(Chu, Hesser & Suntzeff 1999), in The Stellar Content of the Local Group of Galaxies
= JAU Symposium No. 192 (Whitelock & Cannon 1999), and in Stellar Astrophysics
for the Local Group (Aparicio, Herrero & Sanchez 1998).

1.1 Is the Local Group typical?

Inspection of the Palomar Sky Survey (Minkowski & Abell 1963) shows (van
den Bergh 1962) that only a small fraction of all galaxies are isolated objects or members
of rich clusters. The majority of galaxies in nearby regions of the Universe are seen to
be located in small groups and clusters resembling the Local Group. Our Milky Way
system s therefore situated in arather typical region of space. Hubble (1936, pp. 128-129)
already pointed out that study of individual galaxies in the Local Group was important
because they were (1) “the nearest and most accessible examples of their particular types”
and (2) because they provided “a sample collection of nebulae, from which criteria can be
derived for further exploration.” In Chapter 2 it will be seen that the Local Group contains
examples of most major types of galaxies, except giant ellipticals. In fact Shapley (1943)
commented that if Fate or Chance had placed a giant elliptical (or spiral) at the distance
of the Magellanic Clouds then “The astronomy of galaxies would probably have been
ahead by a generation, perhaps even fifty years.” In fact, the presence of a giant elliptical
at a distance of only 50 kpc would have disrupted the Milky Way galaxy, so that human
beings (and hence astronomers) probably would not have come into existence!



2 Introduction

The Local Group contains an early-type spiral (M31) and a late-type spiral (M33), a
luminous irregular (LMC) and a dim irregular (Leo A), a spheroidal! (NGC 205) and
a dwarf spheroidal (Sculptor), and a single dwarf elliptical (M32). The Local Group
does not contain a giant elliptical or cD galaxy, or a blue compact galaxy,” although
IC 10 is, perhaps, a presently rather inactive example of this class. Finally, the Local
Group is not known to contain an oversized dwarf spheroidal (dSph) such as F8D1 in the
MS81 Group (Caldwell et al. 1998). However, such a large low surface-brightness object
would be difficult to find. If F8D1, which has a central visual surface brightness of only
25.4 mag arcsec™!, were placed at the distance of the LMC it would have a scale-length
of over a degree. Clearly such objects would be very difficult to discover in the Local
Group.

1.2 Discovery of the Local Group

The term “The Local Group” was introduced by Edwin Hubble (1936, pp. 124—
149) in his seminal book The Realm of the Nebulae. It refers to the small cluster of
stellar systems surrounding our own galaxy. In addition to the Milky Way system (=
the Galaxy®), Hubble assigned its two satellites, the Large Magellanic Cloud (LMC)
and the Small Magellanic Cloud (SMC), the Andromeda galaxy (M31 = NGC 224)
and its companions M32 (= NGC 221) and NGC 205, the Triangulum galaxy (M33 =
NGC 598), NGC 6822, and IC 1613 to the Local Group. He also mentioned the heavily
reddened objects NGC 6946, IC 342, and IC 10 as possible Local Group members.
However, we now know that only IC 10 is a true member of the Local Group (Wilson
et al. 1996, Sakai, Madore & Freedman 1998) and that NGC 6946 and IC 342 are more
distant objects. Krismer, Tully & Gioia (1995) quote a distance D = 3.6 Mpc for IC
342, and Sharina, Karachentsev & Tikhonov (1997) give 5.5 < D(Mpc) < 7.0 for NGC
6946. So the total number of true Local Group galaxies known to Hubble was nine. More
recently Baade (1963, p. 24) listed 18 probable Local Group members, of which we now
know that IC 5152 is too distant to be gravitationally bound to the Local Group (Zijlstra
& Minniti 1999). The increase from nine to 17 Local Group members was due to the
addition of the distant M31 satellites NGC 147 and NGC 185 and to the discovery of
the intrinsically faint dwarf spheroidal galaxies Sculptor, Fornax, Leo I, Leo II, Draco,
and Ursa Minor. Finally, the recent discovery of additional faint dwarf irregular (dIr)
and dSph galaxies brings the total number of presently known probable members of the
Local Group up to 35. Figure 1.1 shows that the number of known members of the Local
Group has been increasing at the rate of about four per decade.

Since NGC 205 is quite luminous (My = —16.4) it seems inappropriate to call it a dwarf spheroidal.
In this book objects such as NGC 147, NGC 185, and NGC 205 will therefore be referred to as
spheroidals, whereas objects fainter than My = —15 (such as Sculptor and Fornax) will be referred to
as dwarf spheroidals. It should, however, be emphasized that the spheroidals and dwart spheroidals
are bright and faint members of the same physical class of galaxies.

Blue compact galaxies were formerly known as intergalactic H I regions.

Throughout this book “Galaxy” and “Galactic” refer to the Milky Way system, while galaxy and
galactic refer to other extragalactic systems.

[N
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Fig. 1.1. Number of known Local Group members as a function of time. Over the past half
century the number of known Local Group members is seen to have increased by about four
per decade. Last point is for 1997.
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Local Group membership

2.1 Introduction

Critical discussions of membership of individual galaxies in the Local Group
have recently been given by van den Bergh (1994a,b, 1999), by Grebel (1997), and by
Mateo (1998). A galaxy distance <1.5 Mpc was used as a preliminary selection criterion
for Local Group membership. A detailed discussion of additional selection criteria will
be given in Chapter 16 of the present volume, which deals with the membership of
individual galaxies located near the outer fringes of the Local Group. Table 2.1 presents
a summary of the observational parameters for the 35 most probable members of the
Local Group. This table lists the name and (where appropriate) one alias for each Local
Group member, its DDO classification (mostly from van den Bergh 1966a), the 12000
coordinates of each galaxy, its observed heliocentric velocity, its integrated magnitude
in the V band, and its reddening E(B — V). The derived parameters for each of these
galaxies, based on the discussion in the present volume, will be given in Table 19.1.

2.2 Incompleteness of the sample

The fact that IC 1613 (M, = —14.9) has been known (Dyer 1895) for about a
century indicates that our Local Group sample (at least outside the zone of avoidance at
low Galactic latitudes) is almost certainly complete for objects brighter than My = —15.
The fact that Irwin (1994) discovered only a single new Local Group member during a
survey of ~20,000 square degrees at high Galactic latitudes suggests that the search for
Galactic satellites at high latitudes is probably complete to at least My, = —10. However,
the fact that all known Local Group members fainter than My = —9 are satellites of
the Galaxy suggests that the sample of more distant faint Local Group galaxies is still
incomplete. Two lines of evidence support this conclusion: (1) A number of faint new
members of the M31 subgroup of the Local Group were discovered by Armandroff,
Davies & Jacoby (1998) and by Karachentsev & Karachentseva (1999), and (2) Bellazini,
Fusi Pecci & Ferraro (1996) have noted that the dwarf spheroidal companions to the Milky
Way system that have the lowest surface brightnesses are situated closest to the Galaxy.
This is surprising because one would have expected only those satellites with the highest
densities to survive tidal disruption close to the Galaxy.! This strongly suggests that

! Alternatively, low surface brightness might be the signature of an advanced state of disruption.
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Table 2.1. Observational data on Local Group members

Vf

Name Alias Type o (J2000) § (kms™) VvV EB-YV)
WLM DDO 221 IrIV-V 00" 01™ 5788 —15°27'51"  —120 10.42 0.02
IC 10 ... IrIv: 002024 +591730 344 10.4 ~0.85
NGC 147 ... Sph 003311.6 +483028 —193 9.52 0.17
And IIT . dSph 003517 +363030 ... 14.21 0.05
NGC 185 ... Sph 00 38 58.0 +482018  —202 9.13 0.19
NGC205 ... Sph 0040 22.5 +414111 244 8.06 0.04
M32 N 221 E2 0042419 +405155 —205 8.06 0.06
M31 N 224 Sb I-11 0042 44.2 +411609 —301 3.38 0.06
And 1 . dSph 004543 4380024 ... 12.75 0.04
SMC . Ir IV/IV-V 005236 —724800 +148 1.97 0.06
Sculptor . dSph 0100 04.3 —334251 +110 8.8 0.00
Pisces LGS 3 dIr/dSph 0103 56.5 4215341 286 1426  ~0.03
IC 1613 . Irv 0104473 +0208 14  —232 9.09 0.03
And V ... dSph 011017.1 +473741 ... 15 0.16
And II ... dSph 011627 +332542 ... 12.71 0.08
M33 N 598 Sc III 0133509 +302937 —181 5.85 0.07
Phoenix . dIr/dSph 015103.3 —442711 ... ... 0.02
Fornax ... dSph 02 3953.1 —343016  +53 7.3 0.03
LMC . Ir III-IV 0519 36 —692706  +275 04 0.13
Carina . dSph 06 41 36.7 —505758 +223 10.6 0.05
Leo A DDO69 IrV 0959 23.0 +3044 44  +24 12.69 0.02
Leol Regulus  dSph 10 08 26.7 +121829  +287 10.2 0.02
Sextans ... dSph 1013 02.9 —013652 +226 10.3 0.04
Leo Il DDO93  dSph 1113274 4220940 +76 11.62 0.03
UrsaMin. DDO 199 dSph 1508 49.2 +670638  —247 10.6 0.03
Draco DDO 208 dSph 1720 18.6 +575506 —293 11.0 0.03
Milky Way ... S(B)bc I-1I: 1745 39.9 —290028  +16 . ...
Sagittarius ... dSph(t) 185504.3 —302842 +142 . 0.15
SagDIG* . Irv 1929 58.9 —-174041 =79 14.2 0.07
N 6822 . Ir IV-V 1944 56.0 —144806 —56 8.52 0.25
Aquarius® DDO210 V 204653 —125058 —131 13.88 0.04
Tucana® ... dSph 2241489 —642521 ... 15.15 0.00
Cassiopeia And VII  dSph 232631 +504131 ... 15.2 0.17
Pegasus DDO 216 IrV 232834 +144448 —182 12.59 0.15
Pegasus II  And VI dSph 235139.0 +243542 ... 14.1 0.04

“Local Group membership needs to be confirmed.

observational selection effects may have biased the presently known sample of faint
dwarf galaxies against distant objects of low surface brightness. The suspicion that the
effect noted by Bellazini et al. is due to observational selection effects is strengthened by
the observation (Grebel 1999) that the correlation between central surface brightness and
distance from M31 is much less pronounced for the Andromeda dwarfs than it appears
to be for the dwarf spheroidal companions to the Milky Way system.
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M31 has fewer known satellites than the Galaxy, even though the Andromeda galaxy
is more luminous than the Milky Way system.? This strongly suggests that more faint
members of the Andromeda subgroup of the Local Group remain to be discovered. A
deep CCD search for objects within 100 kpc (795) of M31 would probably prove to
be particularly rewarding. On the basis of the work by Einasto et al. (1974) one might
expect such a search of the inner corona of M31 to turn up mainly dSph galaxies,
whereas dIr/dSph galaxies, which have managed to retain some hydrogen gas, might be
more common at larger distances from M31. A recent deep search for H I galaxies with
radial velocities <7,400 km s~! by Zwaan et al. (1997) shows no evidence for large
numbers of hydrogen-rich low-mass galaxies. A single object with a velocity of ~ +350
km s~!, relative to the centroid of the Local Group, was found by Burton & Braun (1998).
A more detailed discussion of this point will be given in Chapter 17, which deals with
interstellar matter in the Local Group.

2.3 Substructure within the Local Group

Ithas been known for many years that the Local Group exhibits considerable sub-
structure (see Table 2.2). The two main subgroups of the Local Group are centered on M31
and on the Galaxy (Ambartsumian 1962; van den Bergh 1968a; Gurzadyan, Kocharyan
& Petrosian 1993). In the Andromeda subgroup M31, M32, and NGC 205 form a tight
core. Within the Galactic subgroup the Large and Small Magellanic Clouds constitute a
close interacting pair. The low-luminosity members of the Local Group, which are not
listed in Table 2.2, are also subclustered. Fornax, Sculptor, Sagittarius, Sextans, Leo II,
Ursa Minor, and Draco (and perhaps Leo I) are associated with the Galaxy. The positions
of AndromedaI and Andromeda III on the sky (see Figure 2.1) strongly suggest that these

Table 2.2. Substructure in the Local Group®

M31
M32
NGC 205

NGC 147}
NGC 185
M33

IC 10
NGC 6822
IC 1613
WLM

LMC }
SMC

Galaxy

Andromeda subgroup

Galaxy subgroup

“Only galaxies with My <—14.0 listed.

2 1t should, however, be emphasized that the M31 companions NGC 147, NGC 185, and NGC 205 are
much more luminous than any of the dwarf spheroidal companions to the Galaxy.
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Fig. 2.1. The Andromeda subgroup of the Local Group.

objects are satellites of M31. Even though Andromeda II is located closer to M33 (d =
11°) thanto M31 (d = 20°), it might, in fact, be gravitationally bound to the more massive
Andromeda galaxy, rather than to the less massive Triangulum galaxy. Alternatively And
I might be regarded as a free-floating member of the Andromeda subgroup of the Local
Group. The Pisces dwarf (= LGS 3) also appears to be a member of the Andromeda
subgroup of the Local Group, as are the recently discovered dwarf spheroidals And V, And
VI, and And VII. IC 10 may also be an outlying member of the Andromeda subgroup.

Among the brighter Local Group members NGC 6822, IC 1613, and the Wolf-
Lundmark-Melotte (WLM) system seem to be free-floating objects. The fainter Phoenix
(dSph/dIr), DDO 210 (dIr), Tucana (dSph), and Pegasus (dIr) systems also appear to
be unattached giant Local Group members. Available evidence does not appear to fa-
vor Ambartsumian’s (1962) suggestion that dwarf galaxies might fill the Local Group
uniformly.

From its observed radial velocity dispersion, van den Bergh (1981a) derived a mass
of (7.5£3.9) x 10!! M, for the Andromeda subgroup of the Local Group. This value is
comparable to the mass of (4.9 £ 1.1) x 10'" M that Kochanek (1996) obtained for the
volume within 50 kpc of the Galactic center but perhaps smaller than the (4.6-12.5) x
10'! M, mass that Zaritsky et al. (1989) and Zaritsky (1998) found from distant satellites
of the Milky Way system. On the basis of the 7.5 x 10! M and 4.9 x 10!! M, masses
of the Andromeda and Milky Way subgroups, respectively, it will be assumed that the
center of mass of the Local Group is situated in the direction of the Andromeda galaxy,
but that it is closer to M31 than to the Galaxy.

24 Summary
The number of known Local Group galaxies, which is presently 35, continues
to increase at the rate of about four per decade. All three of the most luminous Local
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Group members are spiral galaxies. However, the 22 faintest known members of the
Local Group are all of types dSph, dIr, or dSph/dIr. The luminosity function of the Local
Group contains fewer faint dwarfs than do the luminosity functions of many rich clusters
of galaxies. This difference is too large to be entirely accounted for by observational
bias against the discovery of very low surface-brightness Local Group members. Most
of the galaxies in the Local Group belong to subclusterings that are centered on M31 and
the Galaxy. Even though the Andromeda galaxy is more luminous than the Milky Way
system, its known complement of satellites is smaller than that of the Galaxy. It might
prove rewarding to search for additional faint companions to M31 with modern detectors.



3
The Andromeda galaxy (M31)

31 Introduction
The great spiral in Andromeda is the most luminous member of the Local Group.
The first known record of this object is by al-Sufi (903-986). M31 was first viewed
through a telescope by Marius, who described it as looking “like a candle seen through
a horn,” in 1612. The spiral nature of the Andromeda galaxy was first clearly shown in
photographs obtained by Roberts (1887) with a 0.5-m reflector. Ritchey (1917) referred to
these arms as “great streams of nebulous stars.” Itis listed as object number 31 in Messier’s
catalog of nebulae. An atlas of finding charts for clusters, associations, variables, etc. in
M31 has been published by Hodge (1981). Van den Bergh (1991b) has written a long
review paper on this object. The monograph The Andromeda Galaxy by Hodge (1992)
provides a detailed historical discussion of research on this object and an annotated
bibliography for the period 1885-1950. A monograph entitled Tumannost Andromedy
(The Andromeda Nebula) has been published by Sharov (1982). On the sky M31 covers an
area of 92’ x 197’ (Holmberg 1958). This large angular size makes the Andromeda galaxy
particularly suitable for detailed studies of its structure and stellar population content.
De Vaucouleurs (1959b) has shown that the distribution of surface brightness / in spiral
galaxies can often be decomposed into a spheroidal component in which I ~ exp(—R"/*)
and an exponential disk in which I ~ exp(—a R), where R is radial distance and « is a
constant. From photoelectric UBV surface photometry de Vaucouleurs (1958) concluded
that ~70% of the V (yellow) light of M31 is emitted by an exponential disk that has an
inclination' i = 77° and that most of the remaining ~30% of the light is radiated by
the central bulge that exhibits an R'/* radial profile. Additional population components
are a (double) semistellar nucleus and an extended halo. The bulge of M31 has been
resolved into red stars of “Population I’ by Baade (1944), whereas the light of the Disk
is dominated by bright blue main sequence stars and red supergiants of Population I.
The first (unsuccessful) attempts to obtain a spectrum of the Andromeda galaxy were
made by Sir William and Lady Huggins in 1885 (Rubin 1997). The true nature of M31
was established by Scheiner (1899), who obtained an 7.5" spectroscopic exposure of
the central region of the Andromeda galaxy. From a comparison of this spectrum with
one obtained of the Sun, with the same instrument, he concluded that “die bisherige
Vermuthung, dass die Spiralnebel Sternhaufen seien, zur Sicherheit erhoben ist” (the

! Inclination is defined as the angle between the fundamental plane of a galaxy and the plane of the
sky.



10 The Andromeda galaxy (M31)

T T T T

I

3500 4000 4500 A 5000

Fig. 3.1. Comparison of photoelectric spectrum scan (van den Bergh & Henry 1962) of the
central region of M3 1 with those of a G8 I1I giant and a G8 V dwarf. Note the strong cyanogen
absorption feature in the M31 and giant spectra, which is not present in the corresponding
dwarf spectrum. These observations show that the light of the central region of M31 is
dominated by strong-lined “cyanogen giant” stars (i.e., not by metal-poor stars of Baade’s
Population II).

previous suspicion that spiral nebulae are clusters of stars has now become a certainty).
Almost two decades later Pease (1918) obtained a 79-hour exposure of the nuclear region
of M31 with the slit aligned along the major axis of the galaxy. This spectrum exhibited
inclined spectral lines, whereas the spectral lines on a second exposure with the slit
aligned along the minor axis showed no inclination. These observations convincingly
demonstrated that the Andromeda galaxy was a rotating system. It is of interest to note
that this discovery was made before it was generally accepted that spiral nebulae were
“island universes” resembling the Milky Way galaxy. The next great advance in spectro-
scopic studies of the central region of M31 was made in 1955, when Herbig and Morgan
(Morgan & Mayall 1957) showed that the stars in the nuclear region of the Andromeda
galaxy were strong-lined “cyanogen giants.” This result was subsequently confirmed by
the spectrophotometry of van den Bergh & Henry (1962), which is shown in Figure 3.1.
The fact that the integrated light of the central region of M31 is dominated by strong-lined
stars (see Morgan & Osterbrock 1969 for a review) shows that the central bulge of the
Andromeda galaxy is populated by metal-rich stars, not as had previously been supposed,
by the metal-poor stars of Baade’s (1944) Population II. In fact, inspection of Figure 3.1
suggests that the giant stars in the bulge of M31 have A 4216 CN-band absorption that
is as strong as, or stronger than, that in normal giants in the solar neighborhood.

3.2 Reddening and distance

Using photoelectric photometry on the DDO system, McClure & Racine (1969)
derived areddening E(B — V) =0.1110.02 for the Andromeda galaxy. From a compar-
ison between little reddened open clusters in M31 and the Galaxy, Schmidt-Kaler (1967)
computed a foreground reddening E(B — V) =0.12 £ 0.04. Using the standard relation
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between neutral hydrogen column density and dust absorption, Burstein & Heiles ob-
tained a value Ap =0.32 mag, corresponding to E(B — V)=0.08. Finally, Massey,
Armandroff & Conti (1986) found a minimum foreground reddening of E(B — V) =
0.08 from color—color diagrams of OB associations in M31. More recently Schlegel,
Finkbeiner & Davis (1998) have used 100-pum mapping to study the dust distribution
over the entire sky. From these data Schlegel (1998, private communication) estimates
that the foreground reddening in the direction of M31 is E(B — V) = 0.062, from which
Ay = 0.19 mag. This value will be adopted in the subsequent discussion. It should, how-
ever, be emphasized that M31 occupies such a large area on the sky that point-to-point
variations in foreground extinction are to be expected.

The first modern distance estimates for the Andromeda galaxy are by Oepik (1922) and
by Lundmark (1923). By comparing novae in M31 with those in the nuclear bulge of the
Galaxy in Sagittarius, Lundmark estimated that M31 was 63 times more distant than the
Galactic novae. With a distance of ~8 kpc to the nucleus this yields a distance of ~500
kpc for M31. (Lundmark himself adopted an M31 distance of 4.3 x 10° light years, corre-
sponding to 1.3 Mpc.) From what we would now refer to as the Tully—Fisher relation, in
conjunction with an assumed mass-to-light ratio of 2.6, Oepik found a distance of 450 kpc
for M31. This distance was more accurate than the value of 285 kpc that Hubble (1925a,b)
derived from the Cepheids that he discovered in M31. The reason for this is now known
to be (Baade 1954) that the luminosities of Cepheid variables had been underestimated
by a factor of ~2. Prophetically Hubble (1925a) had written “The greatest uncertainty
[in this distance] is probably in the zero point of Shapley’s [period—luminosity] curve.”

A representative sample of distance determinations to M31 is given in Table 3.1. Some
caveats apply to the data listed in this Table. First, the Cepheid period—luminosity re-
lation may be slightly dependent on metallicity (Nevalainen & Roos 1998). Also, the
luminosities of red giant clump stars might depend on their metallicity and age (Cole
1998, Girardi et al. 1998). Furthermore, possible systematic problems with the HIP-
PARCOS calibrations of their luminosities have been discussed by Soderblom et al.

Table 3.1. Recent distance determinations to M31

Method (m — M), Reference

Cepheids 24.43 +£0.12¢ Freedman & Madore (1990)
Cluster red giants 24.47 +0.07 Holland (1998)

Red clump 24.47 + 0.06 Stanek & Garnavich (1998)
Halo red giants 2423 +0.15° Pritchet & van den Bergh (1988)
Giant branch tips 24.62 +0.18 Salaris & Cassisi (1998)

Novae 24.27 +0.20 Capaccioli et al. (1989)

Field RR Lyrae 24.34 +0.15° Pritchet & van den Bergh (1987a)
Carbon stars 24.50 +0.18¢ Richer et al. (1990)

Planetary nebulae 24.26 + 0.04 Ciardullo et al. (1989)

Globular cluster HB 24.60° Fusi Pecci et al. (1996)

SN 1995A 24.74+0.3 Fesen et al. (1998)
Faber-Jackson 24.12+0.45 Di Nella-Courtois et al. (1998)

“LMC distance modulus (m — M), = 18.5 assumed.
My (RR) = +0.6 assumed.
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(1998) and by Pinsonneault et al. (1998). Kaluzny et al. (1998) have found 12 eclipsing
variables in M31, some of which may be semidetached. They estimate that a purely
geometrical distance determination, with an accuracy of better than 5%, may be pos-
sible from detailed studies of these stars. Another geometrical distance determination
for M31 can be obtained from observations of the remnant of SN 1885 by Fesen et al.
(1998). From Hubble Space Telescope observations these authors find that the remnant
of S Andromedae is circular with a diameter of 0770 £ 0705 and a maximum expansion
velocity of 13,100 & 15,00 km s~!. Assuming that the remnant is spherical, and that its
motion has not been decelerated, this gives a distance of (8§70 & 120) kpc, corresponding
to a distance modulus (m — M), = 24.7 +0.3. Table 3.1 lists a representative sample of
a dozen recent distance determinations to M31. The formal unweighted mean of these
values is (m — M), = 24.42 £ 0.05. In the subsequent discussion a distance modulus of
(m — M), = 24.4 £ 0.1 will be adopted for the Andromeda galaxy.

33 The mass of the Andromeda galaxy
A comprehensive compilation of mass determinations for M31 has been given by
Hodge (1992, p. 109). Most of these determinations fall in the range (1.8-3.7)x 10" M.
The main reason these masses cover such a large range is that the fraction of the total
mass that consists of dark matter increases dramatically with increasing distance from
the nucleus of M31. The total H I mass of M31 is found to be 5.8 x 10° M, (van de Hulst,
Raimond & van Woerden 1957). Gottesman, Davies & Reddish (1966) estimate the total
mass of H1I in the Andromeda galaxy to be ~2 x 107 M, which is significantly smaller
than the total H 11 mass in the Milky Way system, which they estimate to be 8.4 x 107 M.
The total H, mass of the Andromeda galaxy is found to be only ~3 x 108 M, (Dame et al.
1993). In other words only about 2% of the baryonic mass of M31 presently remains in
the form of hydrogen gas. This shows that most of the gas that was originally present in
the M31 protogalaxy has either been used up in star formation or was ejected.
Surprisingly, the radial velocity of M31 is not very well determined. A compilation of
high-weight velocity determinations for the Andromeda galaxy has been published by
Rubin & O’Dorico (1969). The weighted mean of their data yields (V,) = —300 + 4

kms™'.

34 The nucleus of M31

High-resolution observations of the semistellar nucleus of M31 (= BD +
40°148) by Light, Danielson & Schwarzschild (1974) show that this object appears
to be a distinct physical entity with V = 12.6 0.3, which corresponds to My = — 12.0,
that is embedded in the central bulge of the Andromeda galaxy. De Vaucouleurs &
Corwin (1985) give the following astrometric position (equinox 1950) for this nucleus:
a = 00"40m00¢13, § = +40°59'42"7. It is, however, not entirely clear (see below) to
which component of the nucleus this value refers.

A puzzling feature of the high-resolution Stratoscope Il balloon observations by Light
etal. (1974) was that they found the nucleus of M31 to be offset relative to its outer parts
(i.e., the nucleus was not located at the centroid of the outer isophotes of the nuclear
bulge). This mystery was resolved by Lauer et al. (1993). Using the Planetary Camera of
the Hubble Space Telescope, these authors were able to show that the nucleus of M31 is
double. It consists of two components P, and P, that are separated by 0749 (1.8 pc). The
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nuclear component P, is coincident with the bulge photocenter to ~0705. The brighter
component P; is well resolved and separated from the photocenter of the bulge by ~0'5.
A beautiful yellow-light image of the off-center nucleus of M31, which was obtained
with the Hubble Space Telescope, is shown in Figure 1 of King, Stanford & Crane (1995).
A color image of the two nuclei is reproduced in Lauer et al. (1998). These authors find
that P, is compact, but not pointlike. It has a half-light radius of 0.2 pc at 3,000 A.

The hypothesis that P, is the nucleus of a recently captured companion to M31
is implausible because the timescale for merger, via dynamical friction, is so short
(<10® years). Tremaine (1995) has made the attractive suggestion that the offcenter
source P, is the apoapsis region of a thick eccentric disk composed of stars centered on
a black hole and coincident with the lower surface brightness source P,. On Tremaine’s
hypothesis P; is bright because stars linger in their orbits near apoapsis. The recent
discovery (Lauer et al. 1996) that the nucleus of the Virgo galaxy NGC 4486B is also
double suggests that eccentric nuclear disks may not be excessively rare. By combining
photometric and spectroscopic observations, the mass of the black hole that coincides
with P; is found to be ~5 x 107 M, (Dressler & Richstone 1988, Kormendy 1988, Bacon
et al. 1994). Tremaine, Ostriker & Spitzer (1975) suggested that this nucleus was built
up from globular clusters that had been dragged into the center of the potential well of
M31 by dynamical friction. To account for the observed luminosity of the nucleus of
M31 ~70 globular clusters of average luminosity would have to have been dragged into
the center of M31. An argument against the scenario suggested by Tremaine et al. is that
the metallicity of the nucleus of M31 is higher (McClure 1969) than that of 97% of the
present-day Andromeda globular clusters for which integrated spectra are available (van
den Bergh 1969). However, the observation that the compact nucleus of M31 exhibits an
ultraviolet excess relative to the inner ~40” of the bulge (Sandage, Becklin & Neuge-
bauer 1969) might be accounted for by the hypothesis that a few globulars were tidally
captured by the nucleus. Hubble Space Telescope observations of the central region of
M31 by King, Stanford & Crane (1995) show that the fainter optical peak (P,), which is
located at the centroid of the outer bulge isophotes, exhibits an ultraviolet (UV) upturn
that is much greater than that of the brighter off-center source P, and than that of the
main body of the M31 bulge. This observation supports the suggestion that the black hole
at the geometrical center of M31 tidally captured a small number of globular clusters
that contained a significant population of blue horizontal branch stars. Alternatively, the
UV excess of the nucleus might be due to collisional stripping of the envelopes of some
stars in this very dense region. A detailed discussion of this possibility is given in Lauer
et al. (1998). Finally, Brown et al. (1998) have proposed that the observed UV spectrum
of the nucleus of M31 might be accounted for if 2% of the stars in this region have
progenitors of ~0.5 M, that have evolved through the extreme horizontal branch phase
and post—extreme horizontal branch phase of evolution.

From observations of the strengths of magnesium and iron lines Sil’chenko, Burenkov
& Vlasyok (1998) conclude that the nucleus of M31 is physically distinct from the bulge
in which it is embedded. Using HB observations these authors find that the nuclear
population is significantly younger than the bulge. Finally, Sil’chenko et al. have found
evidence for a central disk that extends from 20” to 60” from the nucleus.

Radio observations by Crane, Dickel & Cowan (1992) yield a radio flux density of
28 £ 5 uJy for the nucleus of M31. This value corresponds to only ~1/30 of the radio
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luminosity of Sgr A at the center of the Galaxy. Variability of the nuclear radio source in
M31 has been suspected by Crane et al. (1993). Furthermore, X-ray observations using
the ROSAT observatory by Primini, Forman & Jones (1993) yield a (possibly variable)
luminosity of 2.1 x 1037 erg s~! for the nucleus. These observations show that the black
hole associated with the nucleus of the Andromeda galaxy must presently be in a very low
state of activity. Observations by Sreekumar et al. (1994), with the EGRET gamma-ray
telescope, have failed to detect M31.

3.5 The nuclear bulge of M31
The nuclear bulge of M3 1, which contributes ~30% of the total visual luminosity

of the Andromeda galaxy, has integrated colors B — V = 1.02 and U — B = 0.48 (de
Vaucouleurs 1961). With an assumed foreground reddening of E(B — V) =~ 0.06 the
corresponding intrinsic colors are (B — V), ~ 0.96 and (U — B), ~ 0.44. The nuclear
bulge of M31 has an effective semi-major axis a. = 17'5 (3.8 pc)* and an apparent
flattening b./a. >~ 0.6. The observed rotational velocity of the bulge is sufficient to
account for this flattening (Richstone & Shectman 1980). Kent (1983, 1987) found that
the outer isophotes of the nuclear bulge of M31 are slightly “boxy.” Furthermore, the
position angle of the major axes of the disk and bulge differ by ~10°.

According to Lawrie (1983) the velocity dispersion in the bulge (excluding the nucleus)
is (o) = 146 & 6 km s~'. Kent (1983) finds that the bulge photometry and rotation
curve give a mass-to-light ratio

M/Ly ~ 3(c/160)>. 3.1)

Ultraviolet observations by Deharveng et al. (1982) limit the star formation rate in
the bulge of M31 to ~1 x 10~* M yr~!, if a Salpeter luminosity function is assumed.
This compares to 3 x 1072 M, yr~! of gas ejected by planetary nebulae in the bulge
of M31 (Ford & Jacoby 1978a). From observations of emission lines (Rubin & Ford
1971) it is found that the total amount of ionized gas within 400 pc of the nucleus is
<10°My,. The high N/H and O/H values in the bulge gas (Rubin, Kumar & Ford 1972)
show that this gas must have been ejected from evolving stars. To prevent a buildup of
gas in the bulge one has to assume that the bulge of M31 is either (1) continuously being
cleansed by stellar winds or (2) is cleared intermittently by explosive events. (A similar
discrepancy between the rate of mass loss by stars and the rate of star formation in the
Galactic nuclear bulge had been noted long ago by van den Bergh (1957).) It should,
however, be emphasized that the central bulge of M31 is not entirely dust free. A special
series of short exposures of the central region of M31 with the Hale 5-m telescope has been
obtained by van den Bergh (unpublished) to study the distribution of dust clouds. These
plates show that dust clouds occur up to a projected distance of ~10" (37 pc) from the
nucleus. The nucleus itself appears to be located in a dust-free area. The dust clouds within
3 arcmin (660 pc) of the center of M31 show evidence for shearing by differential rotation.
There is, however, no unambiguous evidence for spiral structure in the innermost region
of M31. A beautiful photograph published by Johnson & Hanna (1972) shows an intricate
pattern of dust clouds superimposed on (or embedded in) the bulge of M31. Using a CCD

2 The effective radius is defined as the radius that contains half of the light in projection.
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camera and an interference filter that transmitted the light of Hee + [N II], Ciardullo et al.
(1988) found a spiral-like emission feature with a diameter of ~7’ that is centered on the
nucleus. Surprisingly it appears that this spiral-like feature is being viewed almost pole-
on. Since the gas in M31 exhibits a strong radial metallicity gradient (Blair, Kirshner &
Chevalier 1981) the gas in the bulge might be metal rich (i.e., the presence of a few dust
patches need not imply the presence of a large mass of gas inside the nuclear bulge).

Observations of the integrated light of the bulge of M31 (Morgan 1959, McClure & van
den Bergh 1968) demonstrate that the dominant contribution to its light is produced by
very metal-rich (u Leonis-like) giant stars. Stellar photometry of the inner bulge of M31
by Rich & Mighell (1995) shows that (1) the red giant branch extends to I = 19.5 (M; =
—5) and that (2) the population in the inner bulge at » < 40” does not differ substantially
from that in an outer bulge field located ~120" south of the nucleus. The bulge of M31 has
also been observed spectroscopically in the far ultraviolet with the Hopkins Ultraviolet
Telescope (Ferguson & Davidsen 1993) and via UV imagery by Bertola et al. (1995)
with the Hubble Space Telescope. Ferguson & Davidsen find that the spectral energy
distribution of the nuclear bulge of M31 exhibits a smaller far-UV excess than does that
of the giant E1 galaxy NGC 1399. The far-UV flux excess in (very metal-rich) supergiant
ellipticals is thought to be produced by low-mass extreme horizontal branch stars and/or
by “asymptotic branch manqué ™ stars (i.e, objects that have masses that are too low to
allow them to ascend the classical post—asymptotic giant branch). Presumably such stars
have low masses because high metallicity caused their stellar winds to lose more mass
than would have been the case for metal-poor stars. Ferguson & Davidsen (1993) find
that they can obtain an acceptable fit to the ultraviolet spectral energy of the M31 bulge
if ~65% of the flux (at ~1,400 A) comes from post—asymptotic branch stars and the
remaining ~35% from stars of the type(s) that produce the far-UV excess in NGC 1399.
Such a picture is consistent with the conclusion by Peimbert (1990) that the specific
frequency of planetary nebulae (which are only formed by classical post—asymptotic
branch stars) decreases in galaxies as their metallicity increases.

From the distribution of “pixel luminosities” Renzini (1998) concludes that there is no
solid evidence for the existence of an intermediate-age stellar population in the central
region of M31.

3.6 The disk of the Andromeda galaxy

3.6.1 Surface brightness of the disk

The surface brightness of the disk component of a spiral galaxy can, as de
Vaucouleurs (1959b) has shown, usually be represented by an exponential disk in which
the surface brightness in linear units is of the form

I(R) = I,exp(—R/h), (3.2)

in which £ is the radial scale-length of the disk. This result can also be conveniently
represented in logarithmic form as

o0(R) =0,+ 1.086 (R/h), (3.3)

in which o, is the central surface brightness expressed in mag arcsec™.



16 The Andromeda galaxy (M31)

According to Walterbos & Kennicutt (1987) the disk of M31 has an integrated magni-
tude V = 4.12. The disk scale-length decreases with increasing wavelength from 34’ (7.5
kpe)in U to 29’ (6.4 kpc) in B and 26’ (5.7 kpc) in V. This trend continues toward longer
wavelengths (Hirimoto, Maihara & Oda 1983) with a scale-length of only 20" (4.4 kpc)
in the K band (2.2 um). These color observations show that the outer disk population of
M31 is younger (bluer) than that of the inner disk. This result was already implicit in the
early work of Babcock (1939), who “suspected that the relative strength of this line [H6]
increased with increasing distance from the nucleus.” A surprising result is that UBV
photometry of the disk of M31 (Walterbos & Kennicutt 1988) shows uniform colors of
09 <B—-V <1.0and 0.45 < U — B < 0.55. Possibly the blue light contributed by
young blue stars in the outer disk of M31 is compensated for by the reddening produced in
dusty gas, which has not yet been turned into stars in the outer regions of the Andromeda
galaxy. Tinsley & Spinrad (1971) were able to show that the light of the disk of M31 is
dominated by an old stellar population, which accounts for the red integrated colors of
this disk. From color-magnitude diagrams in a number of disk fields Morris et al. (1994)
were able to show that the red giant branch of disk stars exhibits considerable width.
Contributions to this width are probably provided by both a range in metallicity of the
old M31 disk stars and by the fact that the stars on the red giant branch of the M31 disk
have funneled up from main sequence stars having a significant range in masses. From
spectroscopic observations of H 1I regions and of supernova remnants, Blair, Kirshner
& Chevalier (1981) were able to show that the disk of the Andromeda galaxy exhibits
a significant radial abundance gradient. In this respect M31 resembles the Milky Way
system (Smartt & Rolleston 1997) and many other giant and supergiant spiral galaxies.
Venn et al. (1998) have found that A-type supergiants in the disk of M31 exhibit a radial
abundance gradient similar to that derived from H II regions and supernovae.

From digital stacking of Palomar Schmidt plates Innanen et al. (1982) showed that the
outermost parts of the optical disk of M31 are warped. This conclusion was subsequently
confirmed by Walterbos & Kennicutt (1988). The observation that this warp shows up in
both yellow and red light demonstrates that this warp is due to starlight and not to (red)
emission nebulosity. This warping of the M31 disk was first seen by Baade (1963, p. 73),
who noted that the outermost ‘“Population II suddenly swirls off to one side.” Radio
observations by Newton & Emerson (1977) and by Cram, Roberts & Whitehurst (1980)
show that the neutral hydrogen in M31 is warped in the same direction as the optical
disk. The 21-cm isophotes do, however, appear to remain close to the fundamental plane
of M31 out to somewhat greater distances from the nucleus than do the optical isophotes.

3.6.2  Spiral structure

The spiral structure embedded in the disk of the Andromeda galaxy has been
described by Baade (1963, p. 60). He writes that N; and S; (see Table 3.2) are pure dust
arms that contain no supergiants or H 11 regions. The first supergiants appear in N, and
S,, and H 11 regions are first seen in N3 and in S;. The maximum display of Population
I stars is seen in Ny, N5 and S4, Ss. Finally Baade notes that arms Ng, N7 and S¢, S; are
defined only by scattered groupings of supergiants with no obvious sign of dust. The
apparent lack of dust in the outermost region of the M31 disk is probably due to both a
radial decrease in the dust-to-gas ratio and to the fact that dust can only be seen when it
absorbs or scatters light from background luminous material. The high-resolution 21-cm
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Table 3.2. Main spiral arms of M31 according to Baade (1963)

Arm Distance” Arm Distance”

N, 34 0.8 kpc M 17 0.4 kpc
N, 8.0 1.8 S, 105 23

N3 25 5.5 S3 30 6.6

Ny 50 11.1 Sy 47 104

Ns 70 155 Ss 66 14.6

N 91 2I1.1 Se 95 21.0

N5 110 243 S5 116  25.6

“Distances are measured along the north-following and south-preceding
parts of the major axis of M31.

observations by Emerson (1974) show that the dust lanes in M31 correspond to major
concentrations of neutral hydrogen gas.

A 408 MHz continuum map of M31 by Pooley (1969) is shown in Figure 3.2. This
map shows that the continuum radiation emitted by the Andromeda galaxy has two main
components: (1) a centrally peaked source and (2) an annulus of emission that coincides
with the broad ring of OB associations and H 11 regions at R ~ 10 kpc. The existence
of the second component shows that particle acceleration in M31 must be closely linked
with the formation (or death!) of massive stars.

3.6.3 OB associations
A comprehensive study of the distribution of young stars in the disk of M31 was
undertaken with the Tautenburg 134-cm Schmidt telescope by van den Bergh (1964). By
“blinking” plates in five colors he was able to isolate a total of 188 OB associations (see
Figure 3.3). Using CCD photometry Magnier et al. (1993) were able to recover 174 asso-
ciations. From far-UV photometry of a number of these OB associations Hill et al. (1993)
have estimated the masses and ages of individual stars in some of these associations.
Figures 3.4 and 3.5 show plots of the distribution of van den Bergh’s associations
projected onto the fundamental plane of M31. A major axis position angle of 37¢7 and
an inclination of 77?7 were assumed for these deprojections. The figures suggest that
the entire spiral structure of M31 has been distorted, possibly by tidal interactions with
M32 (Schwarzschild 1954, Arp 1964). Due to the tidal interaction between M32 and
the fundamental plane of M31, the bottom part of the rectified spiral pattern shown in
Figure 3.5 may be systematically distorted. Fori = 77?7 a deviation of 0.2 kpc from the
fundamental plane will transform into a displacement of almost one kiloparsec. Baade
(1963) proposed a schematic model (see Table 3.2) of the M31 spiral structure. In this
model the spiral pattern of the Andromeda galaxy is interpreted in terms of two tightly
coiled spiral arms, which can each be followed over three or four complete revolutions.
However, van den Bergh’s (1964) observations of the OB associations in M31, which
are shown in Figure 3.5, suggest a much less ordered pattern in which the spiral structure
of the Andromeda galaxy consists of short disjointed spiral-arm segments of differing
age. Detailed study of the spiral pattern in M31 suggests that the relation among dust
lanes, H 11 regions, and OB associations is often quite complex. In some (but not all!)
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Fig. 3.2. Map of 408-MHz continuum radiation from M31. Note the source associated with
the nucleus and the ring-shaped distribution of emission that coincides with the ring of OB
associations and H 11 regions at R ~ 10 kpc.

cases dust lanes are located along the inner edges of the spiral arms that are outlined
by bright young stars. Occasionally strings of H I regions occur in regions that appear
to be devoid of stars. As Baade (1963, p. 63) pointed out, “the spiral arm is like a
chameleon — it can change its appearance.” Van den Bergh (1964) used the clumpiness
of the distribution of stars within associations to estimate their relative ages. Adopting an
expansion velocity of 10 km s~! he obtained expansion ages of 15 x 10° yr, 30 x 10° yr,
and 40 x 10% yr for young, intermediate-age, and old associations, respectively. Young
associations were found to contain the largest number of bright stars and H II regions.
Furthermore, Figure 3.5 suggests that young associations (shown as filled circles) may
be more strongly associated with well-defined spiral arm segments than old associations
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Fig. 3.4. Positions of OB associations projected onto the fundamental plane of M31. The
locations of the nucleus of M31, and of M32, are marked by crosses. The apparent concentra-
tion of associations NE of M32 is probably due to a projection effect resulting from warping
of the M31 Disk by M32.
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m

Fig. 3.5. Distribution of OB associations in M31 for an assumed disk inclination i = 77°7.
Possible spiral arm segments are indicated. The location of M32 is indicated by E. In the
figure the major axis is vertical. The youngest associations are shown as filled circles.

(plotted as open circles). Inspection of this figure also shows that the most active region
of star formation occurs between 9 kpc and 15 kpc from the nucleus of M31. Magnier et
al. (1997a) have used the positions of individual stars in V versus U — V diagrams, in
conjunction with theoretical evolutionary tracks, to derive the age distributions of stars in
different associations. In addition Magnier et al. (1997b) have speculated that NGC 206,
which s the largest associationin M3 1, was formed by the intersection of two spiral arms.

Because the density of young stars in the disk of M31 is rather low, it is possible to
trace individual associations in this galaxy out to rather large radii. This contrasts with
the situation in M33 (Humphreys & Sandage 1980), in which associations appear to be
small because they cannot be traced far into the rich stellar background in the disk of the
Triangulum galaxy.

3.6.4  Young star clusters

Hodge (1992, pp. 163-182) gives a detailed discussion of open clusters in the
disk of the Andromeda galaxy. He provides a catalog of ~400 probable open clusters
in M31. A plot of the distribution of these clusters shows them to be mostly located in
spiral arms, with the main concentration in a broad annulus that extends from r = 45’
(10 kpc) to r = 75 (17 kpc). The brightest known young cluster in M31 is C* 107 (=
vdB0), for which V = 14.94 (My = —9.6) and B — V = 0.20 (van den Bergh 1969).
Cluster C 107 contains Hubble’s (1929) Cepheid V 40, which has a period of 33 days.
According to Hodge (1992, p. 174) the most remote open cluster in M31 is C 1, which
is situated at = 139" (29 kpc). This places it about 4 kpc beyond the most distant spiral
arm recognized by Baade (1963).

3 C numbers are from Table 11.2 of Hodge (1992).
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Fig. 3.6. (a) Color-magnitude diagram for the integrated colors of the brightest star clusters
in M31. The plot shows that bright old red clusters are much more common than young blue
ones in the Andromeda galaxy. This indicates that the rate of star and cluster formation must
have been much higher in M31 in the distant past than it is at present. (b) Color-magnitude
diagram for the brightest clusters in the Large Cloud. Young blue clusters are seen to be much
more common in the LMC than are old red clusters.

Figure 3.6(a) shows a color-magnitude diagram for integrated colors of the brightest
clusters in M31 (van den Bergh 1969). For comparison Figure 3.6(b) shows a similar plot
(van den Bergh & Hagen 1968) for the integrated colors and magnitudes of the brightest
clusters in the Large Magellanic Cloud. Intercomparison of these plots clearly shows that
a much larger fraction of the M31 clusters are red than is the case for the LMC clusters.
This difference implies that th