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Abstract

The star formation histories of dwarf galaxies in the Local Group are reviewed. First
the question of Local Group membership is considered based on various criteria. The
properties of 31 (36) galaxies are consistent with likely (potential) Local Group member-
ship. To study the star formation histories of these galaxies, a multi-parameter problem
needs to be solved: Ages, metallicities, population fractions, and spatial variations must
be determined, which depend crucially on the knowledge of reddening and distance. The
basic methods for studying resolvable stellar populations are summarized. One method
is demonstrated using the Fornax dwarf spheroidal galaxy. A comprehensive compilation
of the star formation histories of dwarf irregulars, dwarf ellipticals, and dwarf spheroidals
in the Local Group is presented and visualized through Hodge’s population boxes. All
galaxies appear to have differing fractions of old and intermediate-age populations, and
those sufficiently massive and undisturbed to retain and recycle their gas are still forming
stars today. Star formation has occurred either in distinct episodes or continuously over
long periods of time. Metallicities and enrichment vary widely. Constraints on merger and
remnant scenarios are discussed, and a unified picture based on the current knowledge is
presented. Primary goals for future observations are: accurate age determinations based on
turnoff photometry; detection of subpopulations distinct in age, metallicity, and/or spatial
distribution; improved distances; and astrometric studies to derive orbits and constrain
past and future interactions.

1 Introduction

L’EXPLORATION DU MONDE PAR L'HOMME A PROCEDE UN PEU COMME UN ENFANT PREND CONSCIENCE DE
SON ENTOURAGE: FAMILLE, VOISINS, CITE, PAYS... EN FAIT, CE N’EST QUE L'EXTENSION DE CE PROCESSUS
EN DES CERCLES TOUJOURS PLUS LARGES QUI NOUS A CONDUITS AU COURS DES AGES A RECONNAITRE DES
ORGANISATIONS COSMIQUES DE PLUS EN PLUS VASTES, DISTANTES ET COMPLEXES, CONSTITUANT LE SYSTEME
PLANETAIRE, LE MONDE DES ETOILES ~ NOTRE GALAXIE — ET FINALEMENT L'UNIVERS DES GALAXIES LOIN-

TAINES, EXTERIEURES A LA NOTRE. ,
DE VAUCOULEURS, L’EXPLORATION DES GALAXIES VOISINES (1958)

The galaxies of the Local Group (LG) are our closest extragalactic neighbours,
close enough to be resolved into individual stars and to be studied in detail. These
nearby galaxies include different morphological types and their stellar populations
cover a wide range of ages and metallicities. Proximity and variety make these
galaxies ideal targets for investigations of detailed star formation histories in dif-
ferent environments. Ultimately, these studies will lead to a better understanding
of star formation processes in general, the conditions for star formation, and en-
vironmental influences such as metallicity, mass, and interactions. Knowledge of
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these star formation histories will improve our understanding of formation and
evolution of galaxies ranging from our Milky Way to distant, unresolvable galaxies.

The study of resolved stellar populations also yields distances through a variety
of methods. The galaxies in the LG provide a convenient laboratory to test the
consistency of different methods used to derive the cosmological distance scale and
a possibility to investigate their dependence on metallicity and other parameters.

New observational findings on LG dwarf galaxies are being published almost
every month and the resulting complex picture provides interesting challenges for
the theoretical understanding of how the LG formed and evolves. In this review,
the galaxy content of the LG (Section 2) will be discussed first. Then different
techniques and problems in population studies (Section 3) are summarized. As
an example, one of the methods is applied to the Fornax dwarf spheroidal galaxy
(Section 4). In Section 5 star formation histories are presented using population
boxes as introduced by Hodge (1989). Some of the currently entertained ideas on
origin and evolution of the LG dwarf galaxies are discussed in Section 6, and future
needs are summarized in Section 7.

2  Which Galaxies Belong to the Local Group?

SURVEYS OF THE SKY SHOW THAT NEBULE ARE SCATTERED SINGLY AND IN GROUPS OF VARIOUS SIZES UP
TO THE OCCASIONAL GREAT CLUSTERS. THE SMALL-SCALE DISTRIBUTION RESEMBLES THAT OF STARS IN THE
STELLAR SYSTEM. [...] THE GALACTIC SYSTEM IS A MEMBER OF A TYPICAL, SMALL GROUP OF NEBULZE WHICH
IS ISOLATED IN THE GENERAL FIELD. THE KNOWN MEMBERS OF THE “LOCAL GROUP” ARE THE GALACTIC
SYSTEM WITH THE MAGELLANIC CLOUDS AS ITS TWO COMPANIONS; M31 wiTH M32 AND NGC 205 As ITS
COMPANIONS; M33, NGC 6822 anD IC 1613. THE THREE NEBULZ, NGC 6946, IC 10 AND 342, MAY BE
MEMBERS, BUT THEY ARE SO HEAVILY OBSCURED THAT THEIR DISTANCES ARE INDETERMINATE.

HuBBLE, THE REALM OF THE NEBULZE (1936)

Both the number of member galaxies of our LG and its size are not yet fully
known. Knowledge of which galaxies are members and how distant they are allows
us to determine improved mass models for the LG and its two dominant galax-
ies, the Milky Way and Andromeda. Membership has implications ranging from
better dynamical models for the LG to the dark matter problem and cosmological
questions (e.g., Sandage 1986, Peebles 1995). Many of the faint member galaxies
were discovered only in recent years and there may be more low-surface brightness
galaxies in the LG yet to be detected. Proper motions are available only for a few
of the nearer LG galaxies. Distances to galaxies at the periphery of the LG are
uncertain and there are indications that several galaxies beyond the traditionally
assumed boundary of 1 Mpc are LG members as well. To define the sample of
galaxies discussed in this review, I will now present arguments for the inclusion or
rejection of proposed L.G members.

2.1 Radial Velocities as Membership Criterion

A first crude membership criterion is the radial velocity of a galaxy. A low radial
velocity (no more than a few hundred km s~!) indicates a nearby possible member
of the LG. Apparent proximity deduced only from a radial velocity, however, does
not suffice to establish membership, though it warrants further investigation.

In their catalogue of nearby galaxies, Schmidt & Boller (1992: hereafter SB92)
list 51 galaxies as certain or probable LG members based solely on their low radial
velocities. Van den Bergh (1994a: hereafter vdB94) examines LG membership of
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Table 1: Data on eight Local Group suspects from Schmidt & Boller (1992) that I exclude
as member galaxies due to their high heliocentric velocities V5. These data were extracted
in part from NED and SIMBAD. Earlier determinations of low Vg were largely due to
superposition of foreground stars (NED). All the excluded galaxies are spirals.

Name o [ 1 b type mp Vo reference
(J2000) (J2000) [°] [°] [mag] [km/s]

ES0352-02 01"04™5 —33°39'2 280.38 —82.89 Sb: 14.03 10011 Fairall & Jones 1991
ESO416-12 02043m6 —31°56/6 230.90 —65.20 Sc 14.45 4995 Fairall & Jones 1991

I1C 1947 03k30™m5 500202 261.42 —51.96 S 15.50 11545 Fouqué et al. 1993
ESO269-70 13M13™5 —43°23/0 307.17 +19.31 SO 14.48 22300 Fairall & Jones 1991
1C 4739 18h40™8 —61°54'1 333.55 —22.51 Sh: 15.13 4430  Bell & Whitmore 1989
1C 4789 18h56m3  —68°341 326.82 —25.55 Sc 13.99 4234 Fairall & Jones 1991
1C 4937 20R05™3 —56°15'3 341.54 —32.39 S0: 13.99 4758 da Costa et al. 1991
IC 5026 2004875  —78°042 31527 —3242 Sc 15.42 2748 Mathewson et al. 1992

nearby galaxies based on their heliocentric velocities V;;, angles § between a given
galaxy and the solar apex, and distance moduli. The two studies have 29 galaxies
in common as certain LG members. Three galaxies of SB92’s LG list (Leo A,
Pegasus, IC 5152) are considered possible LG members by vdB94, who furthermore
discusses another six galaxies as potential LG members (Sex A, SexB, SculDIG,
NGC 3109, GR 8, Anon 0426+63) that were regarded as non-members by SB92. Of
SB92’s remaining 19 candidate member galaxies, two are in fact globular clusters
(Pal3, Pall12), and one appears to be an open cluster or association (AndIV:
van den Bergh 1972, Jones 1993). I identify the LG suspect ESO056-19 with
the emission nebula DEM 21 (Davies et al. 1976) in the Large Magellanic Cloud
(LMC). Its velocity (Vi = 273 km s~!) supports its being part of the LMC. Eight
more candidates — all of them spiral galaxies — can be shown not to belong to the
LG due to their high radial velocities published elsewhere in the literature (Table
1). Discrepancies between the low radial velocities adopted by SB92 and other
measurements may be explained by superimposed foreground stars for at least
five galaxies (ESO 352-02, ESO 269-70, IC 4739, IC 4937, IC 5026) according to the
NASA Extragalactic Database (NED).

2.2 Position in the cosf, V; Diagram as Membership Criterion

Lacking distance informatior for the remaining seven LG suspects from SB92’s
list, I followed vdB94 in using the location in a cos 6, V, diagram as preliminary
membership criterion. In Fig. 1 known and suspected LG member galaxies are
plotted together with nearby non-members (from the B1 group around IC 342 and
the B7a Sculptor group; Kraan-Korteweg & Tammann 1979, SB92). The values for
cos 6 were calculated using the solar apex (indicated by the solid line) as determined
by Karachentsev & Makarov (1996: lo = 93°,be = —4°,Vy = 316 km s~ 1) and the
galactic coordinates of each galaxy,
cos @ = cosbcosbg cos(l — lg) + sinb sinbg.

Galaxies known to be LG members in Fig. 1 follow the ridge line for the solar
apex, while the galaxies at the periphery and outside of the LG generally show
higher positive velocity residuals due to the cosmological expansion (Sandage 1986).
The dashed lines represent +60 km s~! mean velocity dispersion envelopes with
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Table 2: Data on the remaining seven galaxies from Schmidt & Boller (1992) whose
heliocentric velocities Vi indicate possible membership in the Local Group. The last two
galaxies are suggested Local Group members from Arp (1994). # is the angle between
the solar apex from Karachentsev & Makarov (1996) and a galaxy’s [, b. The likelihood of
Local Group membership based on the available data is estimated in column “LG”.

Name a 4 1 b type mp Vo cos 6 LG
(J2000) (J2000) [°] [°] [mag] [km/s]

Anon 0106421 01h09™0 21°55'0 128.31 —-40.77 Im -324 0.662 ?
Anon 0107401 01R10™0 02°520 132.35 —60.40 —230 0.442  yes?
AM 1001-270 10h04™1  —27°2005  263.11 22.31 Im 361 —0.936 yes?
ESO 318-13 10h47m7  —38°51'3 278.04 17.96 Sd: 14.97 17 —-0.967 no
1C 4247 13h26™8  —30°21'8  311.90 31.89 Sa: 14.37 274 —0.696 no?
Anon2259+12 23k01™6 120440 85.65 —42.05 —364 0.781 no?
ESO 347-08 23h20m8  —41°43'8 348.85 —66.42 Sm 14.61 16 —0.034 ?
NGC 404 01bhogms 35°43'0 127.05 -27.01 E/S0 11.3 —45 0.768 no
1C 342 - 03h46mg 68°06.0 138.17 10.59 Sc 10.5 289 0.689 no

respect to the central ridge line (Sandage 1986) and include most of the nearby
LG member galaxies. It should be remembered that radial velocity is just one
projected velocity component, while the tangential velocity is unknown. An object
on a highly eccentric orbit and close to the pericenter (i.e., close to the Milky Way
or M 31) will have a high radial velocity and yet be bound, while a galaxy at the
apocenter of its strongly eccentric orbit would have a quite low velocity.

Table 2 lists cos 8, Vi, and other parameters for the remaining LG candidate
galaxies from SB92. Its Vy, cos @ values place the LG suspect ESO 318-13 far below
the LG locus in Fig. 1. It is therefore excluded as a LG member. Anon0106+21
and Anon 2259412 both have negative velocity residuals with respect to the (uncer-
tain) LG envelope, but membership cannot be ruled out completely. The position
of Anon 0107401 in the cos 8, V diagram almost coincides with that of IC 1613,
which is considered a member of the LG. ESO 347-08 lies almost on top of the
Vo = —316 - cos @ line supporting LG membership. Fouqué et al. (1993) consider
this galaxy a member of the Sculptor group (Kraan-Korteweg & Tammann 1979)
without giving details. IC4247’s and AM 1001-270’s positions in Fig. 1 fall well
within the adopted LG envelope lines. However, if the V; = 414 km s~! mea-
surement of Quintana et al. (1995) is adopted for IC 4247 rather than da Costa et
al.’s (1987) value, then this galaxy has such a large positive velocity residual that
it unlikely to be a member of the LG. The small angular diameters of the spiral
galaxies as given in the NED (IC4247: 1'3 x 0'5; ESO 347-08: 1’7 x 1'4; AM 1001-
270: 22 x 0'3) would also seem to exclude LG membership. Most radial velocity
determinations quoted by SB92 are based on optical methods. Contamination by
foreground stars may have affected the V; measurements for a number of these
galaxies. Radio-based methods may be affected by interference with Hi of a fore-
ground cloud or in a nearby galaxy. Because of the potential uncertainties in the
velocity measurements, the few galaxies in Table 2 whose cos 6, Vi, values appear
to be compatible with LG membership should not be considered members until
more data, and in particular distance determinations, are available. For most of
the galaxies, a literature search revealed no additional data at all.

Arp (1994) suggests LG membership for the peculiar galaxy NGC404 (con-
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Figure 1: Heliocentric velocity Vi versus the cosine of the angle  between the solar apex
and [, b of galaxies listed in Tables 2, 3, and van den Bergh’s (1994a) Table 1. Filled squares
indicate galaxies possibly bound to M 31, and filled circles stand for possible Milky Way
companions and “isolated” galaxies in the Local Group (Karachentsev 1996). Non-members
are from the B1 galaxy group around IC 342 and the B7a Sculptor group (Kraan-Korteweg
& Tammann 1979, Schmidt & Boller 1992). The solid line represents the adopted solar
motion of Vg = 316 km s™! toward lg = 93°,bg = —4° of Karachentsev & Makarov
(1996). Dashed lines are +60 km s™! envelopes (Sandage 1986) that enclose most known
Local Group member galaxies. The known non-members of the Local Group generally
have positive velocity residuals due to the cosmological expansion (Sandage 1986).

sidered a field galaxy by SB92) and for IC 342, a galaxy that is regarded as the
dominant galaxy in the Bl group (Kraan-Korteweg & Tammann 1979). Figure
1 shows that both galaxies have large positive velocity residuals as compared to
the adopted LG locus (see also Table 2). A radio study indicates that NGC 404
is situated at a distance of about 10 Mpc (Wiklind & Henkel 1990) excluding LG
membership. Due to the high obscuration at low Galactic latitudes distance de-
terminations for galaxies in the B1 group are particularly difficult and have been
a matter of debate (see discussion in Krismer et al. 1995). Following Krismer et
al. (1995) IC 342 is not a member of the LG, though a definite decision has to wait
until reliable distance determinations are available.

In Table 3 the currently known and probable LG member galaxies are listed.
The 29 galaxies from vdB94’s Table 2 are supplemented by the recently discovered
Sagittarius dwarf galaxy (Ibata et al. 1994). Fig. 1 shows that their locations are
well-constrained by the +60 km s~! envelopes around the solar apex ridge line.
Unless noted otherwise, heliocentric velocities were taken from SB92, vdB94, and
Karachentsev & Makarov (1996). The Vg, values of LGS 3, Leo A, GR 8, DDO 187,
SagDIG, DDO 210, and Pegasus were adopted from Lo et al. (1993).
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Some of the known LG members deviate from the mean locus of LG galaxies
in Fig. 1. Sagittarius is in the process of merging with the Milky Way, and it
is offset in mean velocity by ~ 150 km s~! from Galactic bulge stars (Ibata et
al. 1997). With the radial velocity determined by Zaritsky et al. (1989), Leol is
found 67 km s~ above the adopted envelope, while the earlier measurement by
Suntzeff et al. (1986: V;; = 185 km s~!) places this LG member galaxy close to the
solar apex ridge line. Zaritsky et al.’s value is used here because of their higher
measurement accuracy. Byrd et al. (1994) suggest a scenario that can account
for the position and radial velocity of LeoI if it once belonged to M 31. For the
Sculptor dwarf spheroidal galaxy Vg = 110 km s~! (Queloz et al. 1995). Sculptor is
a known member of the Local Group and close to the Milky Way but has a positive
velocity residual of 36 km s~! with respect to the upper envelope of the LG locus.
The position of DDO 210 almost coincides with the solar apex line rather than
lying above the LG locus as found by vdB94. While in both studies the same V
was used, vdB94’s Table 1 gives an incorrect cos 6 value. LG membership is also
supported for vdB94’s LG suspects IC 5152, Pegasus, and Leo A through the cos 6,
Vo diagram. Some of the LG non-members in the groups Bl (NGC 1569) and B7a
(NGC 300, NGC 55) are similarly close to the upper boundary line as are vdB94’s
LG candidates NGC 3109, Sex A, SexB, GR 8, UGC-A438, and UGC-A92, which
all lie a little above the upper LG envelope line as noted earlier by vdB94.

2.3 Proximity As a Membership Criterion

Assuming a mass of ~ 4.8-1012 Mg, for the LG (e.g., Peebles 1995) yields a distance
to the zero-velocity surface of the LG to be = 1.8 Mpc using the formalism laid
out in Sandage (1986). Uncertainties in the mass estimate aside, galaxies more
distant than 1.8 Mpc would seem unlikely tc be members of the LG. Unfortunately,
for almost all galaxies orbits are still unknown. Many of the distances are very
uncertain, and conflicting measurements have been published (see vdB94 for an
extensive discussion). In Table 3 distances from the barycenter of the LG (Drg)
are given. These were calculated from heliocentric distances based on de-reddened
distance moduli when available in the recent literature (Table 4 & 5) or else adopted
from vdB94’s compilation. To estimate the location of the barycenter, the mass
ratio for the Milky Way and M 31 in Peebles (1995) and the distance to M 31
derived by Freedman & Madore (1990) were used. This yields a distance of 0.44
Mpc of the Milky Way from the assumed center of mass of the LG in the direction
of M 31.

UGC-A92 is considered a member of the B1 group by Krismer et al. (1995; but
see discussion in vdB94). For Leo A and GR 8 (distances from Hoessel et al. 1994
and Tolstoy et al. 1995 (only 1 Cepheid)) to be members the mass of the LG would
need to be more than twice as much as assumed above (= 11-10'2 M, and 13-10'2
Mg, resp.) requiring Mg/Lg > 200 for the two dominant LG galaxies. Leo A and
GR 8 LG are rejected as members although the location of Leo A in the cos 8, V
diagram is fully consistent with LG membership.

As noted by vdB94, all presumably known LG members except for Tucana
and SagDIG have Dpg < 0.9 (first three panels of Table 3). Distances between
~ 1.3 and = 1.7 Mpc make LG membership possible for NGC 3109, UGC-A438,
Sextans A and B, and IC 5152, though they all have positive velocity residuals with

© Astronomische Gesellschaft * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1997RvMA...10...29G

7RVNKC T.CT0C D 22060

rt

35

Table 3: Known and possible members of the Local Group. Coordinates were taken from
SIMBAD. Morphological types follow the definition given in Section 2.4 or were adopted
from van den Bergh (1994). Mp values are mostly from Schmidt & Boller (1992) and
were not corrected for more recent distance and reddening determinations. Dy denotes
the distance from the barycenter of the Local Group (Section 2). A colon indicates a
highly uncertain distance. The first two parts of this table contain galaxies assumed to
be companions of the Milky Way and M 31 (Karachentsev 1996). The third panel gives
presumably isolated members of the LG. The fourth panel contains more distant potential
LG members, and the last one galaxies that should be considered non-members.

Name a é 1 b type Mp Vo cos @ Dyg

(420000 (G2000) ]  [] [mag) _[km/s] [Mpe]
Milky Way 17845m7  —29°00 0.00 0.00 Sb/Sc —-20.5 16 —0.052 0.440
Sagittarius 19h00m0  —30°30 6.00 —15.00 dSph —-13.0 140 0.068 0.448
LMC 05h23m6  —69°45 280.46 —32.89 Ir III-IV -18.5 278 —0.793 0.469
SMC 00h52m6  —72°48 302.80 —44.30 Ir IV-V —-17.4 158 —0.571 0.468
Ursa Minor  15h08™8 67°12 104.95 4480 dSph —7.8 —261 0.643 0.419
Draco 17h20™0 57°50 86.37 34.72 dSph —8.9 -277 0.775 0.413
Sextans 10h13™m0 —01°37 243.50 42.27 dSph —8.0 230 —0.689 0.497
Sculptor 00b59™9  —33°42 287.54 —83.16 dSph —-10.0 110 —0.046 0.426
Carina 06k41™m6  —50°58 260.11 —22.22 dSph -10.2 228 —-0.874 0.502
Fornax 02h40™0 —34°27 237.29 —65.65 dSph -11.9 45 —-0.270 0.437
Leoll 11h13m5 22°10 220.17 67.23 dSph —8.9 90 —-0.298 0.561
Phoenix 01b49mQ  —44°52 27249 —68.82 dIr/dSph —8.9 56 —0.295 0.591
NGC 6822 19h44™m9 14948 25.34 —18.39 dIr —-15.8 —58 0.382 0.653
M31 0ohgom7 41°16 121.18 —-21.57 Sbl-II —-21.0 —301 0.843 0.329
M32 00h42m7 40°52 121.15 —-21.98 dE —15.6 —200 0.842 0.326
NGC 147 00h33m1 48°31 119.82 —14.25 dE —14.6 —187 0.880 0.331
AndlI ook45m7 38°00 121.69 —24.85 dSph —10.6 - 0.823 0.374
And III 00h35™3 36°31 119.31 —26.25 dSph —10.6 - 0.833 0.376
NGC 185 00h39™0 48°19 120.79 -—14.48 dE —15.1 —204 0.872 0.191
NGC205 0004073 41°41 120.72 —-21.14 dE —15.6 —236 0.849 0.411
And II 01t16™3 33°25 128.87 —29.17 dSph -10.5 - 0.740 0.170
M33 01h33mg 30°39 133.61 —31.33 SclII-III —19.0 —181 0.683 0.436
IC10 00h20m4 59°18 118.97 -3.34 Ir -17.4 —344 0.899 0.433
LGS3 01h0p3m9g 21°54 126.75 —40.90 dIr/dSph —-9.2 —277 0.673 0.423
IC 1613 01h0p5™Q 02°09 129.82 —60.54 dIr —14.4 —235 0.453 0.426
Leol 10k08™5 12°18 225.98 49.11 dSph —10.4 285 —0.498 0.610
DDO 210 20h46m9  —12°51 34.05 -31.35 dIr —12.2 —-131 0.476 0.85:
Tucana 22h41™m8  —64°25 322.91 —47.37 dSph -8.9 - —0.384 1.100
WLM 00P02m0 —15°28 75.85 —73.63 dIr —14.4 —-123 0.336 0.771
Pegasus 23h2gme 14°45 94.77 —43.55 dIr -13.1 —179 0.771 0.621
SagDIG 198300 —17°41 21.06 -—16.28 dIr -9.9 —-79 0.316 1.25:
NGC 3109 10P03™1  —26°10 262.10 23.07 dIr —16.4 404 —0.943 1.607
UGC-A438 23h26m5  —32023 11.86 -—70.86 dIr —-12.7 62 0.116 1.28:
Sex B 10ho0™m0 05°20 233.21 43.78 dIr -15.1 301 -0.602 1.587
Sex A 10h11™m0  —04°43  246.17 39.87 dIr -13.7 324 -0.728 1.723
IC 5152 22b02m7  —51°18 34292 -50.19 dIr —14.8 121 —-0.166 1.71:
Lec A 09h59™ 4 30°45 196.90 52.42 dIr -13.3 26 -0.201 2.336
GRS 12k58™7 14°13  310.76 76.98 dIr -12.0 216 —0.246 2.51:
UGC-A92 04h32m0 63°36 144.71 10.51 dIr —-15.1 —-99 0.595 3.30:
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respect to the upper LG envelope in Figure 1. Thus the current census of known
and potential LG members comprises at least 36 nearby galaxies.

2.4 Morphological types

THE SIMPLEST PROCEDURE IS TO SORT OUT THE NEBUL® [] INTO GROUPS OF OBJECTS SHOWING SIMILAR
FEATURES. THE MORE CONSPICUOUS MEMBERS OF EACH GROUP CAN THEN BE STUDIED IN DETAIL AND THE
RESULTS USED FOR THE COMPARISON OF THE GROUPS THEMSELVES. THE DEGREE OF SUCCESS ATTAINED
BY THE METHOD DEPENDS LARGELY UPON THE SIGNIFICANCE OF THE FEATURES SELECTED AS THE BASIS OF

CLASSIFICATION.
HuBBLE, THE REALM OF THE NEBULE (1936)

Several classification schemes for galaxies have been developed (e.g., Sandage
& Binggeli 1984, de Vaucouleurs et al. 1991, van den Bergh 1960). For the purpose
of this review, four basic galaxy types are distinguished (Fig. 2) — large spiral (S),
irregular (Ir) or dwarf irregular (dIr), dwarf elliptical (dE), and dwarf spheroidal
(dSph) galaxies. Gallagher & Wyse (1994) define a dSph as a galaxy with Mp >
—14 mag, low surface brightness (V > 22 mag arcsec™2), no well-defined nucleus,
and very little gas, while a dE is elliptical in appearance, shows a dense, globular-
cluster-like nucleus, and may contain larger amounts of gas. DIrs usually are at least
a few magnitudes brighter than dSphs, “irregular” in appearance, gas-rich, and
show recent star formation (e.g., Lee 1995a). A galaxy is considered intermediate
between dSphs and dIrs when it contains predominantly old (or intermediate-age)
populations, does not show recent star formation, but contains more than 10% M,
Hi. See Table 3 for examples.

Let us briefly recall the distribution of morphological types in the LG: The
distribution of morphological types with distance (e.g., Table 3} shows the well-
known clustering of dEs and dSphs around the dominant spiral galaxies in the LG,
while the Irs and dIrs are found at larger distances (except for LMC and SMC). Due
to their low surface brightness, more distant dSphs may not yet have been detected.
While both dSphs and dEs can be seen around M 31, the Milky Way does not have
dEs as companions. Thirteen dSphs are currently known, 2 dIr/dSphs, and 14 Irs
and dIrs, while there are only 4 dEs. M 33 does not seem to have close companions.
Two of the three spirals, M 31 and the Milky Way, contain almost the entire mass
of the LG. Consistent with findings for more distant galaxy clusters, dwarf galaxies
are the most frequent type of galaxy.

3 Methods to Study Resolved Stellar Populations

HET ONDERZOEK IS VHII: DGCH, WAT GIJ VANDEN MOET --

EN ANDERS EEBT GIJ 'T ZWAAR IN DIT EN 'T ANDRE LEVEN! —
IS BIIGAAND REZULTAAT; WANT DIT ALLEEN IS GOED,

EN AL DE REST WORDT DOCR DEN DUIVEL INGEGEVEN.

P.A. DE GENESTET (186€0)

In order to derive the star formation history of a galaxy, or parts thereof,
one needs to explore the ages, metallicities, fractions, and spatial distribution of
the stellar populations it contains. The distance to the target galaxy as well as
foreground and internal extinction must be determined as accurately as possible.

Stellar populations resolvable into individual stars can be studied with much
higher accuracy than the integrated light of distant, unresolved populations, but
there are still many difficulties to overcome. Observational results are constrained
by the limiting magnitudes attainable. by resolution and crowding effects, and by
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Figure 2: Examples for the four basic morphological types of galaxies found in the Local
Group (see also Table 3 and the definitions in Section 2.4) — spirals (S), irregulars (Ir),
dwarf ellipticals (dE), and dwarf spheroidals (dSph). Note how little central concentration
and density a dSph shows in comparison to a dE, while the dIr has prominent regions of
high gas concentration and young massive stars.

dust obscuration. Interpretation of the observations suffers from problems such
as disentangling a mix of populations, the age-metallicity degeneracy, and poten-
tially inadequate theoretical models. The usefulness of methods employed in stellar
population studies depends on their ability to deal with these problems.

The combination of different, independent approaches helps to yield a more
comprehensive and consistent picture of the star formation history of a galaxy.
This holds not only for different methods for detailed studies of the stellar content,
but ideally also involves supplementary data on the gas content, internal kinematics
and overall dynamics, chemical enrichment, the extragalactic neighbourhood, past
and future interactions, etc. Once such a truly comprehensive picture is available,
an understanding the evolutionary history of the LG will be forthcoming.

Methods for the study of resolved stellar populations rely primarily on CCD
photometry and, to a lesser extent, on spectroscopy. Spectroscopy yields abun-
dances, radial velocities, or spectral types. Studies in other wavelength ranges,
such as the UV or the infrared, often have a survey nature and tend to concentrate
on special types of stars.

Derived ages of stellar populations are often loosely referred to as young, intermed-
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iate-age, and old. In this review, “young” will generally denote an age range from
10° to 108 years, “intermediate-age” some 10° years, and “old” > 1010 years.

3.1 Stellar Content: What Can Different Types of Stars Tell Us?

Certain types of stars may serve as indicators of distance, age, and/or metallicity.
This type of information is independent of isochrone fitting techniques or the mod-
eling of the observed populations through different population synthesis methods
and can be used either as supplementary information or for consistency checks. In
the following subsections, examples will be given for information attainable through
observations of certain types of stars, and groups of stars.

3.1.1 Distances

Distances may be obtained through period-luminosity relations of variable stars
or the brightness of individual stars or stellar groups. Classical Cepheids and
RR Lyr stars are excellent primary distance indicators if the metallicity dependence
is considered (e.g., Madore & Freedman 1991, Carney et al. 1992, Nemec et al. 1994,
Sasselov et al. 1997). The absolute magnitude of the zero-age horizontal branch
(ZAHB), also metallicity-dependent, is a distance indicator for old populations.

The I magnitude of the tip of the first-ascent red giant branch (TRGB) has
been calibrated as a distance indicator for populations in the age-range of 7 to
17 Gyr and more metal-poor than 47 Tuc (Lee et al. 1993a). The TRGB method
requires less telescope time, is less affected by internal extinction problems than
Cepheids, is based on stars 4 magnitudes brighter than RR Lyr stars, and quite
insensitive to metallicity variations for —2.2 < [Fe/H] < —0.7 dex. Crowding effects
and other potential problems are discussed in Madore & Freedman (1995).

In this review, preference is given to the above described photometric distance
indicators. Other methods such as the brightest red or blue stars, C stars, plan-
etary nebulae, surface brightness fluctuations, etc. (see Jacoby et al. 1992 for a
review) are not considered. Apart from their metallicity dependence, distance de-
terminations depend critically on the adopted extinction. For a given interstellar
extinction Ay, the amount of reddening that a specific star suffers in a given filter

depends on its effective temperature, surface gravity, and metallicity (Grebel &
Roberts 1995).

3.1.2 Metallicities

A short red horizontal branch (HB) indicates a metal-rich population, while ex-
tended blue HBs are found in old, metal-poor populations. However, HB morphol-
ogy in old populations depends on more parameters than just metallicity, and many
suggestions have been made to explain the unknown “second parameter(s)” (e.g.,
Lee et al. 1994, Stetson et al. 1996, Buonanno et al. 1997). The colours of AGB
stars also depend on metallicity but are poor indicators since often it is difficult to
disentangle their position from that of the blue portion of the RGB.

The ratio of carbon (C) stars to evolved M stars, and the ratio of late to early
M stars, are strong functions of parent galaxy luminosity and are indicative of
metallicity changes in intermediate-age stars (Cook et al. 1986). Also the ratio
of WC/WN stars depends to a certain extent on metallicity (e.g., Armandroff
& Massey 1991). The blue-to-red supergiant ratio in galaxies is a function of
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metallicity (Langer & Maeder 1995) as are evolution and winds of massive OB
stars (e.g., Walborn et al. 1995).

Spectroscopic abundance determinations are usually more accurate than pho-
tometric methods. However, due to the large amounts of telescope time required,
spectroscopic abundances are often measured only for very few stars that may or
may not be representative for an entire population, a caveat that may be overcome
with multiple-object spectroscopy. A comparison of spectroscopic and photometric
methods for young stars and reasons for discrepancies is given in Grebel (1995).
Special care has to be taken when converting oxygen abundances measured in HII
regions into stellar iron abundances (Richer & McCall 1995).

} Stars\?\
yes no
W-R? 8§ Cepheids
X X
~3-4 Myr s ovn? o ~3o-30\0 Myr  Juminous
/ \ N AGB stars?

515 Myr Bj? \\ y X
<40 Myr C stars? -,

oun R
young yes 20 red HB clump?
yes no
~100 Myr - ~5 Gyr  ~30-120 Myr
~18Gyr  RR Lyrae
intermediate-age *
~10-16 Gyr
old

Figure 3: Flow chart illustrating how crude age estimates can be derived from special
types of stars for a single population. Age ranges were in part taken from Maeder &
Meynet (1994), Frogel et al. (1990), Caputo et al. (1995), and Ibata et al. (1997). The
ages always depend on the masses, luminosities, and metallicities of the stars involved.
Finally, the presence of a certain star type is a sufficient criterion for population in the
corresponding age range, while the absence of this type does not necessarily imply a lack
of a stellar population in this age range (e.g., RR Lyr).

3.1.3 Ages

As certain types of stars exist only in certain age ranges, their lack or presence
can be used for crude age estimates as illustrated in Figure 3. For instance, OB
and Wolf-Rayet stars are unmistakable tracers of recent star formation (e.g., Ar-
mandroff & Massey 1991, Maeder & Meynet 1994). The presence of OB stars but
absence of W-R stars helps to detect regions of recent star formation — either before
the formation of W-R stars or more than ~ 4 Myr ago so that W-R stars are no
longer visible. Total number and fractions of Be stars are largely a function of
spectral type and thus of age (Mermilliod 1982, Grebel 1997).

The proportion of stars of a certain type may be translated into the fraction
of the subpopulation whose age they represent. Since the mean luminosities of C
stars in a galaxy are a function of age, the mean fractional C star contribution to
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the V magnitude of a galaxy can be used to derive the fraction of the intermediate-
age population (Aaronson & Mould 1985). Anomalous Cepheids may be indicators
of an intermediate-age population unless they result from binary mass transfer
or coalescence and are coeval with the underlying population. Blue stragglers
are probably not tracers of a younger population but instead the result of binary
evolution (e.g., Stryker 1993, Bailyn & Pinsonneault 1995).

Morphological age criteria based on certain types of stars include the magni-
tude difference between the intermediate-age red HB clump (core-helium burning
stars) and the main-sequence turnoff, which was calibrated as an age indicator by
Caputo et al. (1995). The magnitudes of the ZAHB and of the main-sequence
turnoff serve as age indicators for old populations (see Stetson et al. 1996 for a
comprehensive review of methods). Mighell & Rich (1996) apply different morpho-
logical age indicators to LeolIl. The resulting ages range from ~ 7 Gyr to ~ 11
Gyr. A very reliable age indicator is a well-defined main-sequence turnoff position,
which requires uncrowded photometry extending well below the turnoff.

3.2 Deciphering Colour-Magnitude Diagrams

e e I S A A R A A S R AR BRI IS AR
" Sextans dSph ed L © ] " NGC 3109 dIr
16 - 18
[
L
18 - 18
vV v
20 - 20
oo [ 22
24 |- 24
L
| ' | | |

-1 -0.5 0 0.5 1 1.5 2
(B-v)

Figure 4: B,V colour-magnitude diagram for the dSph Sextans (left panel, taken from
Mateo et al. 1995a) and for the dIr NGC 3109 (right panel, taken from Greggio et al.
1993). The main morphological features are indicated qualitatively by hand-drawn lines.
The abbreviations stand for the following: MS = main sequence, BSG = blue supergiants,
BS = blue stragglers, RSG = red supergiants, AGB = asymptotic giant branch, RGB =
red giant branch, anom. Ceph = anomalous Cepheids, RR Lyr = RR Lyrae stars, HB =
horizontal branch, field = foreground stars. For NGC 3109, the interpretation follows in
part Lee (1993) and Davidge (1993).

Colour-magnitude diagrams (CMDs) of stellar populations in LG dwarf galaxies
usually show a mix of populations. Owing to the relative proximity of dSphs,
their CMDs show less scatter and reach fainter absolute magnitudes than CMDs
of composite populations in dIrs. The most conspicuous feature of a dSph CMD
is a wide red giant branch (RGB) coupled with a more or less pronounced HB, or
a red HB clump, or both (Figure 4). Ideally, the main-sequence turnoff will be
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visible. CMDs of dIrs usually show the upper portion of an RGB/AGB region, red
supergiants (RSGs) on top of it, and an upper main sequence plus blue supergiants
(BSGs). Due to crowding and the faintness of the stars, the main sequence/BSG
region and the RGB/AGB/RSG region both exhibit wide scatter, which makes the
interpretation of dir CMDs more difficult (Figure 4). Often different approaches
are chosen for the analysis of CMDs of predominantly intermediate/old populations
and populations with a high fraction of young stars.

3.2.1 Morphological Criteria
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[ [Fe/H] varies A ]

ab from left to right: A
[ 2.3,20,-18, / 4

0.7 dex _{

4
// Fiducials from Da Costa & Armandroff 1990

- 3 -
[ -1.7,-15,-13, [ / z ]
0 [ -10,-08,-0.7, - Globular  [Fe/H] |
[ -0.5 dex M [ g Cluster: [dex] |
1f 1 L —M -17 -
I Age= 2L 4 -
M F s const = o/ —— NGC 1851 -1.3 ]
2 f N 07 dex i . — 47Tuc 0.7 ]

- I

w
1

, Ages vary
from left to right:

Lo oo o W o )0 o by a b )i 0 JI’[Li]LLJ[LJI[][(lII

[} 02 04 0.6 08 1.0 12 14 1.0 12 14 v 1.6 18
0

Figure 5: Left panel: Effects of metallicity and age on the red giant branch (RGB). All
isochrones are from Bergbusch & VandenBerg (1992). The left-hand set of isochrones was
shifted by —0.5 mag in V' — I so that both sets of isochrones could be displayed in the
same diagram. While the locus and slope of the RGB are sensitive to metallicity, the RGB
is a poor age indicator for old populations. Note how the metallicity resolution decreases
with decreasing metallicity. Right panel: Comparison of isochrones from different groups
to globular cluster fiducials from Da Costa & Armandroff (1990: solid lines). Location and
slopes of the fiducials agree better with the Bergbusch & VandenBerg (1992: short dashes)
isochrones than with Bertelli et al. (1994: long dashes). All isochrones have an age of 14
Gyr. For a more detailed comparison, see Grebel (1995).

The simplest approach for deriving the parameters of galaxies dominated by old
and/or intermediate-age populations, such as found in dSphs, is through morpho-
logical criteria. For instance, the tip of the RGB or the HB can be used for distance
determinations, and HB and main-sequence turnoff for age estimates as mentioned
earlier. For a given age, slope and position of the RGB are strong functions of
metallicity. The metallicity resolution decreases toward lower abundances (see left
set of isochrones in Figure 5). For a fixed metallicity, in turn, the position of the
RGB shows little variation with age while the main-sequence turnoff is sensitive to
both age and metallicity. Ground-based CCD photometry often does not reach the
turnoff region, which makes age determinations highly uncertain or impossible.
Metallicities are estimated by comparing the slope and width of the composite
RGBs to fiducials of Galactic globular clusters of known metallicity (Da Costa &
Armandroff 1990), or with isochrones, assuming that most of the width of the RGB
is caused by metallicity effects rather than variations in age. For old populations
with well-defined RGBs, reddening and metallicity can be determined simultane-
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ously through the shape of the RGB, the HB magnitude, and the colour at the HB
level (Sarajedini & Norris 1994, Sarajedini 1994).

3.2.2 Luminosity Functions

Mighell (1990, Mighell & Butcher 1992) developed a technique to derive star forma-
tion histories of intermediate-age populations by fitting their observed luminosity
functions (LFs) with theoretical LFs covering a range of parameters and distance
moduli. The theoretical LFs primarily are functions of age, metallicity, He abun-
dance, and IMF. Correct interpretation of complicated star formation histories of
older populations requires large numbers of stars in the LF to minimize the age-
metallicity-distance degeneracy. If this condition is fulfilled, this method allows
one to derive age, metallicity, and distance modulus simultaneously for single or
composite populations.

A pronounced discontinuity in the LF at the RGB tip may be indicative of an
old population (e.g., Minniti & Zijlstra 1996). Comparing observed LF's of globular
clusters to the LF of a dSph, Mateo et al. (1991, 1995a) found an excess in the
RGB portion possibly caused by AGB stars from an intermediate-age population.
An apparent overabundance of stars in a dSph’s main-sequence LF may imply
the presence of a younger population in the dSph rather than an unusually high
blue straggler content. For young populations, the LF consists of a blue plume of
inseparable massive blue main-sequence stars and blue supergiants (e.g., Marconi
et al. 1995), possibly mixed with intermediate-age blue-loop stars.

3.2.3 Isochrones and Metallicity Distribution Functions

Grebel and collaborators (Grebel et al. 1994, Grebel 1995) developed a technique
to simultaneously determine ages, abundances, reddening, and distance moduli
through simultaneous isochrone fits to multi-colour photometry in at least four
filters. Four filters formally suffice to avoid degeneracy. The fits are done for a
range of values in all four parameters and statistically evaluated.

The use of a metallicity-sensitive photometric system allows one to determine
the metal abundances of a large number of stars, and the metallicity-sensitive
Washington broadband system (Harris & Canterna 1977, Geisler et al. 1991) allows
it to be done with reasonable exposure times. Studying mixed old and intermediate-
age populations in dSphs, one can determine the metallicities of red giants from
their M — T3, C — M colours, independently of age and isochrones. The resulting
metallicity distribution functions enable one to detect subpopulations distinct in
metallicity (Section 4) while avoiding the age-metallicity degeneracy.

3.2.4 Synthetic CMDs

Tosi, Greggio, and collaborators (e.g., Tosi et al. 1991) compared observed CMDs
of composite stellar populations with synthetic CMDs. The synthetic CMDs are
based on evolutionary tracks combined with Monte-Carlo simulations assuming
an IMF and a given star formation rate. In addition, scatter was introduced in
accordance with the standard error of the magnitudes. Completeness and blending
effects also were evaluated. An independent consistency check was introduced
by comparing observed LFs to simulated ones. In comparison to the methods
described earlier, this method also accounts for stochastic and crowding effects,
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and allows the derivation of a complete picture of the star formation history of
the observable populations. Codes taking into account chemical enrichment and
observed metallicities are in preparation (Marconi et al. 1995).

Aparicio, Gallart, and collaborators (e.g., Aparicio et al. 1996) included com-
prehensive simulations of crowding effects as a function of completeness, colour,
and magnitude in their synthetic CMDs. The intermediate-age and old popula-
tions were modeled from the observed distribution in two features in the CMD
termed “red tail” and “red tangle” by Aparicio & Gallart (1995). The red tail
contains old and intermediate-age AGB stars, and the red tangle consists of old
RGB stars, old and intermediate-age AGB stars, and intermediate-age blue-loop
stars. Chemical enrichment was also considered (Gallart et al. 1996).

Statistical evaluations can help to decrease degeneracy in synthetic CMDs. Tol-
stoy (1995; Tolstoy & Saha 1996) developed a quantitative technique to compare
observational data to synthetic CMDs of mixed populations investigating the like-
lihood that model and observed CMDs are drawn from the same distribution.

3.3 Possible Tests of Different Methods

An obvious consistency check is to compare the results of one’s method of choice to
independent age indicators such as certain types of stars, or independent metallic-
ity indicators such as spectroscopically determined abundances or globular cluster
fiducials. Figure 5 (right panel) shows a comparison of isochrones from theoretical
models to fiducials of globulars with well-established metallicity. All methods that
use theoretical models (stellar evolutionary tracks and/or isochrones, Kurucz mod-
els, etc.) depend on how closely these models match the actual physical properties
of the stars. Many models are frequently updated and improved.

The Carina dSph is a well-suited object to test the age sensitivity of different
methods. Carina shows several main-sequence turnoffs while the spread in metal-
licity is very small (Smecker-Hane et al. 1996). Thus the subpopulations of this
galaxy as well as their ages are quite well known. The existing data could be ar-
tificially truncated at different absolute magnitudes and then subjected to various
analysis methods. Differences between the analysis of Carina based on LF fitting
by Mighell & Butcher (1992) and Smecker-Hane et al.’s results may be caused
largely by the different quality of the input data.

3.4 Some of the Remaining Problems

Smecker-Hane et al.’s (1996) data underline the need for photometry below the
turnoff region to derive ages. Generally, reliable interpretation of resolvable stellar
populations requires high-quality data extending to faint magnitudes. Observa-
tionally, the excellent resolution attainable with the Hubble Space Telescope needs
to be combined with large-area coverage. With respect to theory, the quality of
the available models and our understanding of stellar evolution strongly constrain
the correct interpretation of star formation histories.

While models like those of Bergbusch & VandenBerg (1992) for old populations
agree well with observations for metal-poor systems, the shape of the upper RGB
still can not be satisfactorily reproduced for old, metal-rich systems (e.g, Grebel
et al. 1996a), though progress is being made (e.g., Tripicco et al. 1995). There
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is also progress in understanding and reproducing HB morphology (e.g., Mazz-
itelli et al. 1995, Caputo & Degl'Innocenti 1995, Caputo et al. 1995, Castellani
& Degl’Innocenti 1995), but neither the second-parameter problem is solved (e.g.,
Stetson et al. 1996) nor are “diagonal”, metal-rich HBs well understood.

For young populations, the main sequence is quite insensitive to metallicity,
which makes metallicity derivations through synthetic CMDs difficult. The location
of the supergiants and the extension of the blue loops is a more sensitive function of
metallicity, but theoretical models from different groups arrive at different results
depending on the input physics (discussed in, e.g., Bertelli et al. 1994). What affects
the blue-to-red supergiant ratio is still poorly understood (e.g., Langer & Maeder
1995). The upper main sequence for massive stars overlaps with the blue supergiant
locus (nice discussion in Massey et al. 1995). The determination of the main-
sequence turnoff is made harder by effects of binary evolution and rapid rotation,
which also lead to significant main-sequence widening, and mimic crowding effects
and age spreads (e.g., Grebel et al. 1996b, Grebel 1997). Patchy or differential
extinction may have similar effects. Although synthetic CMDs appear to be the
best approach for understanding the complicated population mix in the poorly
resolved dIrs, they suffer from ambiguity caused by the degeneracy of the locations
of main sequence(s), blue supergiants, blue-loop stars, and binaries on the one
hand and AGB stars of various ages superposed on RGBs on the other. The
age resolution depends directly on crowding and faintness of magnitudes reached.
Uncertainties and ambiguities of results based on synthetic CMDs with different
input models are illustrated in the discussion in Greggio et al. (1993). Problems
with the red-tail, red-tangle approach are discussed in Gallart et al. (1996).

4 Example: The Fornax dSph Galaxy

Fornax was the second dSph galaxy to be discovered (Shapley 1938). Fornax and
Sagittarius are the brightest, largest, and most massive dSphs known, and the only
two known to contain globular clusters. The field populations and the globular
clusters span a range of metallicities (Buonanno et al. 1985, Sarajedini & Layden
1995, Da Costa & Armandroff 1995). I will use Fornax to illustrate metallicity
distribution functions (MDF) and simultaneous isochrone fitting.

In order to determine the abundances of individual red giants in dSphs with
good number statistics, Washington colours were calibrated in metallicity using
the full set of Kurucz’s synthetic spectra, standard filter passbands, and a library
of stars with logg, Teg, and [Fe/H] from high-resolution spectroscopy and well-
observed Washington-photometric colours. This yields metallicities for any red
giant with C — M, M — T3 colours. Using Washington CCD photometry of a
field in Fornax including globular cluster (GC) #3 kindly made available by Doug
Geisler, Metallicities were determined for red giants with small photometric errors
(Grebel et al. 1994, Grebel 1995). The left panel of Figure 6 shows the two-colour
diagram (TCD) with iso-abundance curves and observed red giants in Fornax. The
right panel of Figure 6 shows the resulting MDF. The pronounced central peak
corresponds to the dominant component of the field population. A small, more
metal-rich subpopulation also is found. The metal-poor peak in the MDF consists
mostly of red giants in GC #3. Gaussians were fitted to the peaks in order to
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Figure 6: Two-colour diagram (left) of red giants in Fornax with superimposed iso-

abundance curves. Filled circles represent stars probably belonging to GC #3, while open

circles correspond to likely field stars. The resulting metallicity distribution function (right)

shows three peaks. The most metal-poor one consists mainly of globular cluster members,

while the other two are field stars.

estimate the abundance spread. As long as the spread is 0.5 dex or less a Gaussian
in [Fe/H] will also be a Gaussian in Z within the precision of the data.

The result of the simultaneous isochrone fitting in four colours with a range of
metallicities, ages, reddening, and distance moduli is listed in the upper left panel
of Figure 7. The metallicities agree well with the findings from the MDF. The
potential small metal-rich subpopulation has too few members to be discernible
by isochrone fits. The dominant field population is found to be younger than the
globular cluster (8 Gyr vs. 11 Gyr) though not extending to as young an age as
the dominant field population found in the center of Fornax by Beauchamp et al.
(1995). While these age determinations are uncertain owing to photometry not
extending below the turnoff, a comparison of Beauchamp et al.’s CMD to Grebel’s
(1995) results (upper right panel in Figure 7) shows that star formation appears to
have continued for a longer period of time in the central areas, while it ceased a few
Gyr earlier in the outer parts. Judging from the 1987 Yale isochrones superimposed
on Beauchamp et al.’s CMD, part of the central field population may contain more
metal-rich populations than present in Grebel’s (1995) outer region, which would
be indicative of enrichment during the extended central star formation episode. A
small, underlying, old population indicated by potential blue HB stars may exist
in the outer field. Indications for a sparsely populated old blue HB have also
been found by Demers et al. (1994). The absence of an old population would be
surprising particularly with regard to the globular clusters, most of which appear
to have formed well before the intermediate-age field population. For an extensive
discussion of the results see Grebel (1995). Large-area coverage with Washington
photometry reaching below the main-sequence turnoff is needed to resolve the star
formation history of Fornax spatially, in age, and in metallicity.
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Figure 7: A subset of Washington CMDs of the region around globular cluster (GC)
#3 in Fornax. The upper left panel shows the results of isochrone fits to the dominant
field population and GC #3. In the CMD in the lower left panel only stars within 70"
around the cluster center are plotted. In contrast to the field star population in the lower
right panel, the metal-poor globular cluster shows an extended red and blue HB and RR
Lyrae strip. The field star population around GC#3 is predominantly of intermediate-age
(~7-8 Gyr) and features a short red HB clump. Dotted younger isochrones from Schaller
et al. (1992) with a metallicity of —~1.3 dex are plotted for illustrative purposes. While
the stars within the range delineated by the 1-3 Gyr isochrones may indeed be “young”
intermediate-age stars, they might alternatively be blue stragglers. Stars located along the
1 Gyr isochrone might instead be blue HB stars belonging to an old field population with
very few members (compare with position of the HB of the globular cluster in the lower left
panel). The upper right panel shows a hand-drawn sketch of the population components
observed in our field compared to data for the center of Fornax (Beauchamp et al. 1995:
Figure 20). The amount of shading gives a crude representation of the stellar density in
the Beauchamp et al.’s CMD, while solid lines indicate features identified in our field. In
the central region of Fornax younger populations (8-3 Gyr) are strongly represented and
star formation may have continued until 1 Gyr ago, while it mostly ceased > 6 Gyr ago in
the outer region around GC #3. This indicates a radius-dependent age gradient.
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5 Star Formation History of Local Group Dwarf Galaxies

IF WE INDULGE IN FANCIFUL IMAGINATION AND BUILD WORLDS OF OUR OWN, WE MUST NOT WONDER AT
OUR GOING WIDE ASTRAY FROM THE PATH OF TRUTH AND NATURE... ON THE OTHER HAND, IF WE ADD
OBSERVATION TO OBSERVATION, WITHOUT ATTEMPTING TO DRAW NOT ONLY CERTAIN CONCLUSIONS, BUT
ALSO CONJECTURAL VIEWS FROM THEM, WE OFFEND AGAINST THE VERY END FOR WHICH OBSERVATIONS

OUGHT TO BE MADE.
WILLIAM HERSCHEL

ancient major 2nd smaller
SF episode ¢ 1 + SF episode
7

low continuous SF
7

recent small
_- SF event

10 1 0.1 001

<— Time [Gyr]

Figure 8: Example of a population box (Hodge 1989) to visualize the overall star formation
history of a (fictitious) galaxy. The three axes show star formation rate (SFR), metallicity,
and time. For convenience, a logarithmic time axis is used, which corresponds best to the
common distinctions between “old”, “intermediate-age”, and “young” populations. Each
galaxy is depicted as an isolated system. Spatial variations are not represented.

Our knowledge about the star formation histories (SFHs) of LG galaxies is
growing rapidly as more and better data are becoming available. I have surveyed
the available literature to attempt to give a comprehensive overview of our current
knowledge (as of November 1996).

To facilitate inter-comparison, SFHs are summarized in table format and pop-
ulation boxes. Hodge (1989) introduced the concept of population boxes (Figure
8) to visualize the SFHs of galaxies. For many LG galaxies our knowledge is still
incomplete. In particular, star formation rates (SFRs) usually are known poorly.
Thus the representation of SFRs in population boxes presented here only illustrates
relative ratios and is not to scale. Modeling observed CMDs as described in Section
3 provides a good means to estimate SFRs.

Figures 9 & 10 show that SFHs of galaxies may differ strongly even within
the same morphological type in terms of star formation times, rates, and enrich-
ment. In all LG galaxies studied to-date with sufficiently deep photometry, old
and intermediate-age populations (whose fractions vary) have been found. Thus
the dSph galaxies that seem devoid of gas today must have lost their remaining
gas a few Gyr ago, possibly through the winds of massive stars and supernova
explosions (e.g., Fornax, LeoI?), or through tidal effects or ram pressure stripping
caused by neighbouring massive galaxies like the Milky Way (e.g., Draco, Ursa
Minor?). NGC 205 and M 32 may be bulge remnants of disrupted companions who
had much of their gas and possibly their disk removed by M 31 through ram pres-
sure stripping (Sofue 1994). Van den Bergh (1994b) pointed out that ages of the
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dominant populations in low-mass galaxies seem to decrease with increasing Galac-
tocentric distance. The distant .G galaxies that are intermediate between dIrs and
dSphs (Phoenix, LGS 3) may represent a transition between these two types (e.g.,
Kormendy 1985).

By heating the gas in a dSph, Type Ia supernovae from the first star formation
episode might delay the next episode by a few Gyr (Burkert & Ruiz-Lapuente 1997).
While the different populations in Carina do not show the predicted enrichment
(Smecker-Hane et al. 1996), the two old populations in Sculptor that are distinct
in metallicity (Grebel 1995) make this dSph a candidate for temporary deactiva-
tion through Type Ia supernovae. Photometry extending below the main-sequence
turnoff is needed for a reliable age determination.

More massive galaxies (dIrs, dEs) can retain much of their gas in spite of strong
stellar winds and supernovae (De Young & Heckman 1994). Modeling with syn-
thetic CMDs indicates that star formation in dIrs often occurs slowly and continu-
ously over very long time scales while being interrupted by short, inactive periods
(Aparicio & Gallart 1995: “gasping” star formation). Depending on the feedback
from newly formed stars and critical mass densities (Hunter & Plummer 1996) small
frequent star formation episodes can maintain a young population over a Hubble
time through gas recycling (Welch et al. 1996). External triggers (i.e., interactions)
are not required for this mechanism.

A simplified scenario for the possible evolutionary history of dwarf galaxies is
given in Figure 11. Many details, especially the differing enrichment histories, are
not yet taken into account.

6 Where Do They Come From, Where Do They Go?

LIKE BUBBLES ON THE SEA OF MATTER BORN,
THEY RISE, THEY BREAK, AND TO THAT SEA RETURN.

ALEXANDER POPE

Gerola et al. (1983) proposed that dE or dSph galaxies are bound remnants
of more massive parent galaxies or unbound tidal debris from the interaction of
giant galaxies. Dwarf galaxies have been found to form in tidal tails of interacting
galaxies (e.g., Mirabel et al. 1992). If this scenario holds for the Local Group, the
Milky Way and M 31 should have accreted or merged with the progenitor galaxies.
Galaxy mergers may lead to the formation of, or contribute, globular clusters.
Globulars with retrograde orbits may be contributed by an incoming galaxy with
retrograde motion. Indeed, Milky Way dwarf companions and so-called “young”
(red HB morphology) globular clusters with presumably retrograde orbits (Rodgers
& Paltoglou 1984, van den Bergh 1993, Lee et al. 1994) were found to lie on two
great circles (Kunkel 1979, Lynden-Bell 1982, Majewski 1994), possibly indicating
two major merger events. DSphs should have been more numerous in the past.
The Sagittarius dSph is currently merging with the Milky Way, and the gaseous
Magellanic Stream may be accreted by the Milky Way within 1 Gyr (Sofue 1994).
Mergers with, and ram pressure stripping of, dwarf companions of M 31 may be
responsible for its disrupted inner gaseous disk and its double nucleus (Sofue 1994).

New data on kinematics and ages show that several of the above mentioned
clusters are neither young nor have retrograde orbits. Judging from the few globular
clusters with known angular momenta and space motions (Dauphole et al. 1996),
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Figure 11: A simplified scenario for the evolutionary history of Local Group dwarf
galaxies taking into account effects of massive star formation (“SF”, grey arrows) and
interactions (italics, black arrows). “BCD” stands for blue compact dwarf galaxy. To what
extent (if at all) the various effects contribute depends on mass, location, and (gas) content
of each individual dwarf galaxy. I list possible examples for certain processes among Local
Group galaxies in brackets.

and turnoff ages (Chaboyer et al. 1996) in Figure 12, a merger that contributed
previously formed globular clusters with retrograde motion could have taken place
14 Gyr ago or less. Most of these clusters would have had blue HBs. Chaboyer et
al. suggest that the inner Galactic halo formed in rapid collapse, while the outer
formed over an extended period of time possibly in part through accretion.

Studying stellar populations in the Galactic halo in search for merger signatures,
Unavane et al. (1996) found that mergers must have been rare within the past 10
Gyr. They estimate that at most 40 small, metal-poor Carina-like dSphs could
have been accreted or up to 5 Fornax-like dSphs to account for the more metal-rich
stars. Majewski et al. (1996) report possible subpopulations with common proper
motion and metallicity among north Galactic pole halo stars that might be left
from merger events longer ago than the one with Sagittarius.

Since the massive Fornax and Sagittarius dSphs are the only ones that contain
globular clusters, mergers may have contributed only few globular clusters to the
Milky Way. The four globular clusters possibly belonging to Sagittarius have [Fe/H]
= —0.4 to —2.0 dex (Da Costa & Armandroff 1995), while the 10 — 14 Gyr field
population ranges from —0.8 to —1.2 dex (Fahlmann et al. 1996). Two of the
globulars are “young” (Ter7: 7.2 Gyr, Arp2: 12.3 Gyr); the other two (M 54;
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Figure 12: The z-component of the angular momentum I, of 18 Galactic globular clus-
ters (Dauphole et al. 1996) plotted vs. apogalactic distance R,p,, age, and morphological
horizontal branch index (B-R)/(B+V+R) (data from Dauphole et al. 1996 and Chaboyer
et al. 1996). Due to small-number statistics, the following preliminary conclusions should
be considered with caution: Clusters with retrograde orbits appear to lie beyond the solar
circle and to show a smaller range of ages. Clusters with blue HB morphology exhibit a
higher scatter in angular momenta than the rest. Globular clusters on retrograde orbits are
more metal-poor than —1.2 dex (plot not shown here). Four bona-fide “young” globular
clusters suggested to be possibly associated with the great circles (Majewski 1994; fat dots)
have in part prograde, in part retrograde orbits.

Ter8: 16.9 Gyr) are old (Chaboyer et al. 1996).2 Fornax’s globulars range from
—1.3 to —2.0 dex and appear to be older than the intermediate-age field population.
Mergers can thus contribute both old and “young” globular clusters (Da Costa &
Armandroff 1995) of different HB morphology. Second-parameter effects, age and
metallicity spreads among Galactic halo globular clusters should have been caused
mostly by effects other than mergers with dwarf galaxies. The age-metallicity
relation discovered by Chaboyer et al. (1996) indicates formation of halo globular
clusters over a time period of more than 5 Gyr with progressive enrichment.
Lynden-Bell & Lynden-Bell (1995) pointed out that any two points in the sky
have a great circle passing through them, and there are plenty of possible “streams”
with at least three members. Apparently isolated dSphs (Tucana) exist as well,
indicating that at least some dSphs may not be remnants of more massive galaxies.
The abundance differences between dSphs do not exclude an origin in the same
parent galaxy if a positive mass-metallicity relation (Gerola et al. 1983) exists. Due
to their (possibly) high dark matter content, masses of dSphs are poorly known

>The high metallicity and young age of Ter 7 would let it appear unlikely that this globular
cluster initially formed in Sagittarius (Sgr). Formation elsewhere and subsequent capture is one
possibility. Renzini (1996) suggested Ter 7 might be a bulge globular cluster in chance superposi-
tion with Sgr. If so, both its young age and large distance from the bulge (= 26 kpc as opposed
to =< 3 kpc) are atypical for bulge globulars. Ibata et al. (1997) demonstrate that Sgr has an
orbital period of < 1 Gyr and survived many orbits around the Milky Way. If the bulk of Sgr’s
field population formed before it began to merge with the Milky Way, the merger should have
started < 10 Gyr ago. Triggered through the interaction Ter 7 might have formed from enriched
gas in Sgr or possibly through collision with a Galactic high-velocity cloud.
On the other hand, the above quoted ages and metallicities were obtained using different methods
so that an absolute comparison may be misleading. Adopting Sarajedini’s & Layden’s (1995) re-
sult of —0.5 dex for one of Sgr’s field subpopulations and considering that Whitelock et al. (1996)
found an intermediate-age population of AGB and C stars, both comparable in age to Ter7, it
is conceivable that Ter 7 may have formed in Sgr with no need for external influences after all.
Consistent methods are paramount when making absolute comparisons.
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(e.g., Gallagher & Wyse 1994).

Absolute proper motions and space motions are needed for dwarf galaxies and
globular clusters to unambiguously determine their orbits and potential affiliation
with great circles. Dauphole et al. (1996) derived space motions of globular clusters
and show that three of Majewski’s (1994) bona-fide “young” globular clusters are
not associated with the proposed Fornax-Leo-Sculptor stream. The space motion
for Sculptor (Schweitzer et al. 1995) does not confirm its motion along the Fornax-
Leo-Sculptor stream, but neither is it ruled out. Sculptor was found to be on an
elliptical orbit with little eccentricity around the Milky Way. Ursa Minor was shown

to move along the Magellanic stream in the same sense as the Large Magellanic
Cloud (Schweitzer & Cudworth 1996).

7 Outlook

HoEe’T NIET 1S, ZEGGEN ONS DE HEEREN;
MAAR HOE HET IS, MIJN GOEDE LiEN,
DE TuD OF DE EEUWIGHEID ZAL'T LEEREN —

MISSCHIEN. P.A. DE GENESTET (1859)

This review started with a discussion of membership in the LG. Then I presented
methods used for population studies, summarized the star formation histories of
LG dwarf galaxies, and discussed which internal and external effects may have
influenced their evolution.

Despite the large body of observations available today, we have only a crude
and simplistic picture of the history of our nearest neighbours and our own Galaxy.
All galaxies appear to have old and intermediate-age populations. Whether they
also have recent star formation seems to depend on their mass and their distance
from the massive spirals. Sufficiently massive dIrs and dEs may be capable of
sustaining a moderate amount of star formation over long periods by recycling
processed gas. Less massive dIrs, dEs, and dSphs lose their gas through their own
star formation processes, or external influences, and may all end up as dSph-like
galaxies. Dwarf galaxies may be remnants of initially much more massive galaxies
and may eventually merge with the massive spirals. Such mergers may contribute
both old and young globular clusters.

Nearby galaxies in the Local Group and beyond will constitute prime targets for
the coming generation of large ground-based and space-based telescopes with their
high-resolution imaging capabilities, large infrared arrays, efficient multi-object
spectroscopy, and coverage of different wavelength ranges. Accurate ages through
photometry extending below the turnoff are needed. We should study spatial
variations in star formation and subpopulations through large-area coverage with
metallicity-sensitive photometry, and spectroscopy. Obtaining accurate distances,
studying highly obscured LG galaxies, completing the census of LG group mem-
bers, and solving the the missing gas and dark matter mysteries are some of the
key issues for the coming years. Astrometry and space motions are paramount
to calculate past and future orbits, and to investigate to what extent interactions
took place and to estimate their impact on global star formation processes and the
evolution of the LG. In all these important studies, we must take care to apply
methods and theoretical models correctly — and consistently — both in our own
analyses and when carrying out intercomparisons.
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