
THE ASTRONOMICAL JOURNAL, 115 :1869È1887, 1998 May
1998. The American Astronomical Society. All rights reserved. Printed in U.S.A.(

A WIDE FIELD PLANETARY CAMERA 2 STUDY OF THE RESOLVED STELLAR POPULATION OF
THE PEGASUS DWARF IRREGULAR GALAXY (DDO 216)1

J. S. GALLAGHER

Department of Astronomy, University of Wisconsin, 475 North Charter Street, Madison, WI 53706-1582 ; jsg=tiger.astro.wisc.edu

E. TOLSTOY

Space Telescope European Coordinating Facility, ESO, Karl-Schwarzschild-Strasse 2, D-85748 Garching bei Mu� nchen, Germany

ROBBIE C. AND E. D.DOHM-PALMER SKILLMAN

Department of Astronomy, University of Minnesota, 116 Church Street, SE, Minneapolis, MN 55455

A. A. AND J. G.COLE HOESSEL

Department of Astronomy, University of Wisconsin, 475 North Charter Street, Madison, WI 53706-1582

A. SAHA

Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218

AND

M. MATEO

Department of Astronomy, University of Michigan, 821 Dennison Building, Ann Arbor, MI 48109-1090
Received 1997 October 27 ; revised 1998 January 15

ABSTRACT
The stellar population of the Pegasus dwarf irregular galaxy is investigated in images taken in the

F439W (B), F555W (V ), and F814W (I) bands with the Wide Field Planetary Camera 2 (WFPC2) on the
Hubble Space Telescope. With WFPC2 the Pegasus dwarf is highly resolved into individual stars to limit-
ing magnitudes of about 25.5 in B and V and 25 in I. These and ground-based data are combined to
produce color-magnitude diagrams that show the complex nature of the stellar population in this small
galaxy. A young (\0.5 Gyr) main-sequence stellar component is present and clustered in two centrally
located clumps, while older stars form a more extended disk or halo. The colors of the main sequence
require a relatively large extinction of mag. The mean color of the well-populated red giantA

V
\ 0.47

branch (RGB) is relatively blue, consistent with a moderate-metallicity young, or older metal-poor,
stellar population. The RGB also has signiÐcant width in color, implying a range of stellar ages and/or
metallicities. A small number of extended asymptotic giant branch stars are found beyond the RGB tip.
Near the faint limits of our data is a populous red clump superposed on the RGB. E†orts to Ðt self-
consistent stellar population models based on the Geneva stellar evolutionary tracks yield a revised dis-
tance of 760 kpc. Quantitative Ðts to the stellar population are explored as a means of constraining the
star formation history. The numbers of main-sequence and core helium burning blue-loop stars require
that the star formation rate was higher in the recent past, by a factor of 3È4 about 1 Gyr ago. Unique
results cannot be obtained for the star formation history over longer time baselines without better infor-
mation on stellar metallicities and deeper photometry. The youngest model consistent with the data con-
tains stars with constant metallicity of Z\ 0.001 that mainly formed 2È4 Gyr ago. If stellar metallicity
declines with increasing stellar age, then older ages are allowed of up to B8 Gyr. However, even at its
peak of star-forming activity, the intermediate-ageÈdominated model for the Pegasus dwarf most likely
remained relatively dim, with M

V
B [14.
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1. INTRODUCTION

The Pegasus dwarf irregular galaxy (DIG) was Ðrst iden-
tiÐed by A. Wilson (see and its status as aHolmberg 1958),
nearby dwarf was conÐrmed only with the detection of H I

by & Tully Despite its small size, PegasusFisher (1975).
supports ongoing star formation, as evidenced by the pres-
ence of luminous blue stars & Mould(Hoessel 1982 ;

& Tully and small H IIChristian 1983 ; Sandage 1986)
regions Hawley, & Gallagher Pegasus is(Hunter, 1993).
fairly typical of the least luminous DIGs detected in the

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
1 Based on observations with the NASA/ESA Hubble Space Telescope,

obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-26555.

Local Group and a few other nearby galaxy groups (see
et al.Karachentseva 1987 ; Miller 1996).

Pegasus presents an interesting structural combination of
a dwarf irregular system, with a chaotic appearance due to
star formation, and a relatively symmetric dwarf elliptical
(dE) or dwarf spheroidal (dSph) galaxy, typically without
young stars. Pegasus has a smooth outer envelope with
elliptical isophotes and a brighter core that contains at least
two OB associations It also has a relatively(Ivanov 1996).
low amount of H I, as indicated by its moderate (for a DIG)
ratio of et al. Pegasus may,MH I/L V

\ 0.4 (Ho†man 1996).
therefore, be a nearby example of a transition object
between a dwarf galaxy dominated by current star forma-
tion and one dominated by past star formation.

While the evolution of very low mass galaxies is still
unclear, one possibility is that brief epochs of very active
star formation produce a signiÐcant fraction of the stellar
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TABLE 1

PROPERTIES OF THE PEGASUS DWARF

IRREGULAR GALAXY

Property Value Reference

E(B[V ) . . . . . . . . . . . 0.15 1
B

T
0 . . . . . . . . . . . . . . . . . 12.61 2

(B[V )0 . . . . . . . . . . . B0.47 2
D (kpc) . . . . . . . . . . . . 760^ 100 1
M

B
. . . . . . . . . . . . . . . . . [11.8 1

M(H I) (M
_

) . . . . . . 3.1] 106 3
M(H I)/L

B
. . . . . . . . . 0.4

A0 (kpc) . . . . . . . . . . . 1.7 4

REFERENCES.È(1) This paper ; (2) NED; (3)
et al. (4)Ho†man 1996 ; Holmberg 1958.

mass over a few dynamical timescales, or less than 1 Gyr
(see, e.g., & Ferguson Such events couldBabul 1996).
disrupt or eject a small galaxyÏs interstellar medium (ISM),
thereby inhibiting further star formation for a time (see, e.g.,

& Silk & Fomalant etDekel 1986 ; Sandage 1993 ; Marlowe
al. Under these conditions, much of the metal-rich1995).
supernova ejecta will also be lost, and so the remaining
stellar populations are expected to be relatively metal-poor
and may show little metal enrichment over time. It is inter-
esting to see whether any indications exist for epochs of
enhanced star formation activity in the recent history of the
Pegasus dwarf, which might have led to its transitional
morphological structure.

This paper presents the Ðrst optical study of the stellar
population of the Pegasus dwarf based on observations
obtained with the Wide Field Planetary Camera 2
(WFPC2) on the Hubble Space Telescope (HST ). Supple-
mentary ground-based data were obtained with the WIYN
3.5 m The Pegasus dwarf is highly resolved intotelescope.2
individual stars by WFPC2. These data sets allowed us to
obtain high-quality color-magnitude diagrams (CMDs) for
the Pegasus dwarf, which we analyze to derive its recent star
formation history (SFH).

The next section reviews the global properties of Pegasus,
and describes our new observations. Our analysis of the° 3
color-magnitude diagrams is covered in subsequent sec-
tions, the derived SFH is presented in and the results are° 7,
summarized in ° 8.

2. GLOBAL PROPERTIES OF THE PEGASUS DWARF

IRREGULAR GALAXY

2.1. Stellar Populations
summarizes several key observables for Pegasus.Table 1

The B[V color of Pegasus is sufficiently blue that some
ongoing star formation is required. This is consistent with
the CMD from an early CCD study by & MouldHoessel

They noted a modest young stellar population com-(1982).
ponent and suggested that ““ recent star formation in
Pegasus has been very subdued.ÏÏ

This point was reinforced by the discovery et al.(Hunter
that Pegasus contains small, faint H II regions and1993)

some di†use ionized gas (see also & GallartAparicio 1995 ;

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
2 The WIYN Observatory is a joint facility of the University of

WisconsinÈMadison, Indiana University, Yale University, and the
National Optical Astronomy Observatories.

Bomans, & Kobulnicky Based on theSkillman, 1997).3
Hunter et al. observed L (Ha) \ 1 ] 1036[D/(1 Mpc)]2 ergs
s~1, we estimate that only a few late-type O stars have been
born in the past few million years. This leads to a rough
estimate of the current star formation rate for a(SFR0)Salpeter initial mass function (IMF) of M0

*
^ 3 ] 10~4 M

_yr~1, or kpc~2 Myr~1 averaged over theSFR0D 500 M
_central region of the Pegasus dwarf. For a stellar mass of

the Roberts time to form theM
*

\ 7 ] 106M/L
V

M
_

,
existing stars at the current SFR would be over 20 Gyr for
the expected The low L (Ha), lack of luminousM/L

V
º 1.

blue stars, and B[V color indicate that the is lowerSFR0than the lifetime mean SFR for this galaxy.
More recently & Gallart andAparicio (1995) Aparicio,

Gallart, & Bertelli made a ground-based study of(1997a)
Pegasus based on V RI photometry of resolved stars. They
conÐrm the presence of young, evolved red stars. These are
seen against an extensive background population of older
stars on the red giant branch (RGB), which they suggest
have ages of up to about 10 Gyr, and a range of possible
SFHs are derived. However, CMDs obtained from ground-
based observations are necessarily limited in precision and
depth, because of image crowding. Stellar images observed
with WFPC2 are typically 25 times smaller in angular area
than those measured from the ground, even in excellent
seeing. WFPC2 therefore yields more precise CMDs of the
crowded stellar populations of galaxies, which are essential
for constraining SFHs.

2.2. H I and Kinematics
Sargent, & Young mapped Pegasus with theLo, (1993)

Very Large Array (VLA) in the H I 21 cm line. Their maps
show that the H I is concentrated within the core of the
optical body of the galaxy, where several distinct clumps are
present. The mean H I column density is N(H I)\ 1021
cm~2, and the peak values are at least twice the mean. The
peaks roughly coincide with the region occupied by blue
stars. A comparison with single-dish maps by etHo†man
al. shows that the Lo et al. VLA H I maps contain(1996)
most of the H I Ñux ; Pegasus does not appear to have an
extended, massive reservoir of interstellar H I gas in an
outer disk or halo.

2.3. H II Regions and ISM Abundances
Spectroscopy of the brightest H II region in Pegasus has

been obtained by et al. The low-excitationSkillman (1997).
spectrum shows strong [O II] j3727 emission, and [O III]
j5007 emission is not detected. Using these data, Skillman
et al. derive an abundance of 12] log (O/H)\ 7.9^ 0.1È
0.2 (Z\ 0.002, or 10% solar), an oxygen abundance that is
close to that of the Small Magellanic Cloud. Thus Pegasus
appears to be surprisingly metal-rich relative to its blue
luminosity. From the emission-line Balmer decrement,
Skillman et al. derive an extinction of E(B[V )\ 0.2^ 0.1,
which is much larger than the E(B[V )\ 0.03 predicted by
the standard Galactic extinction model of & HeilesBurstein

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
3 A narrowband Ha image obtained with the WIYN telescope in 1997

August under good seeing conditions by Wisconsin graduate students
A. Cole, J. C. Howk, & N. Homeier (1997, private communication) sug-
gests that the second of the original H II regions is a background galaxy.
These data also show that Pegasus contains several previously undetected
faint, compact Ha sources that could be H II regions.
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Reddening plays an important role in interpreting(1984).
the CMDs of the Pegasus dwarf galaxy, and we discuss this
issue in more detail in ° 5.3.

3. OBSERVATIONS

3.1. Observations with HST W FPC2
Our WFPC2 data consist of three exposures of 600 s each

in the F555W (V ) and F814W (I) Ðlters, and a set of 2 ] 900
s and 2 ] 1100 s exposures in the F439W (B) Ðlter. Each
image is o†set by a few pixels plus a fractional pixel o†set,
or ““ dithered ÏÏ & Hook(Leitherer 1995 ; Fruchter 1997),
with respect to each other in an attempt to compensate for
the undersampled point-spread function of WFPC2. The
images in each Ðlter were Ðrst registered to the nearest
integer pixel, and then cosmic-rayÈcleaned and combined
using techniques described by et al. TheSaha (1996).
nominal pointing was to a \ 23h28m33s.0, d \]14¡44@6A.0
(J2000.0) at the WFALL-FIX aperture, which is located
approximately 8A along the diagonal running from the
center of the WFPC2 Ðeld to the corner of the WF3 camera.
The resulting WFPC2 V image of the heart of Pegasus is
shown in with a close-up view inFigure 1, Figure 2.

Photometry was carried out on the combined images
using a version of DoPHOT Mateo, & Saha(Schechter,

altered to take into account the special circumstances1993)
presented by undersampled WFPC2 images, which also
contain variable point-spread functions et al.(Saha 1996).
The photometry was calibrated and converted to the
““ standard ÏÏ BV I system using the precepts laid out in

et al. Independent analysis of the imagesHoltzman (1995).
indicates zero-point uncertainties of ^0.05 mag in V and
less than ^0.03 mag in V [I. We therefore adopted these
values as our minimum photometric errors. The B-band
data show larger scatter, reÑecting their lower signal-to-
noise ratios. The resulting color-magnitude diagrams are
presented in Figures and for the individual WFPC23 4
CCDs, and for the combined data in Figure 5. Figure 6
displays the internal photometric error distributions. The
properties of these CMDs are described in ° 4.

3.2. Ground-Based Observations with the W IY N Telescope
CCD images in the V and I Ðlters were obtained in 1996

September with the WIYN 3.5 m telescope. The Ðeld of view
of the 2048 ] 2048 pixel CCD is at a scale of6@.7 0A.2
pixel~1. The exposure times were 600 s in I and 500 s in V .

FIG. 1.ÈMosaic of the WFPC2 F555W (V ) image of the central regions of the Pegasus dwarf irregular galaxy. This galaxy is highly resolved by WFPC2,
and crowding is not a major factor in the photometric accuracy. Note that several background galaxies are visible ; evidently Pegasus is obscuring a relatively
rich group of more distant galaxies.
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FIG. 2.ÈSection of the WFPC2 F555W image of the Pegasus dwarf galaxy from the WF4 camera. This detail of the data illustrates the low stellar
densities at our magnitude limit and the high visibility of background galaxies seen through the Pegasus dwarf.

Conditions were clear around Pegasus but deteriorating
elsewhere in the sky during our observations ; we cannot be
sure of our photometric zero points because of the possible
presence of clouds. The FWHM image sizes were B0A.6.

These images were processed in a standard way with
Transformations to standard magnitudes wereIRAF.4

approximated by matching our WFPC2 results. The WIYN
telescope V -band image is shown in Results of ourFigure 7.
DoPHOT photometry of the WIYN images are displayed
in The main sequence (MS) is more scattered andFigure 8.
the RGB is broader in color in than in the HSTFigure 8
CMD in consistent with the expected e†ects fromFigure 4,
crowded ground-based images. There is also a larger popu-
lation of bright red (I\ 21 and V [I[ 1.5) stars, on the
extended asymptotic giant branch (AGB), which the WIYN
data show extend beyond the radius in the Pegasus dwarf
covered by our WFPC2 images.

ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ
4 IRAF is distributed by the National Optical Astronomy Obser-

vatories, which are operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

4. COLOR-MAGNITUDE DIAGRAMS

4.1. Description of Major Features
A sparsely populated ““ blue plume ÏÏ of well-resolved stars

is present in our CMDs and is best deÐned in the WFPC2
(V , B[V ) CMD in It consists of an MS withFigure 3.
adjacent core helium burning (HeB) evolved intermediate-
mass stars that form the ““ blue loop.ÏÏ

The straight, nearly vertical structure of the MS indicates
that the hotter young stars in the Pegasus dwarf have spec-
tral classes of A or earlier ; at later spectral types, the MS
changes to a Ñatter slope where color varies more rapidly
with luminosity (cf. the Large Magellanic Cloud Ðeld
observed by et al. We can obtain an idea ofGallagher 1996).
the recent SFH through comparisons with other nearby
star-forming galaxies observed with WFPC2, such as the
Magellanic Clouds (Gallagher et al. 1996 ; et al.Holtzman

Sextans A (Dohm-Palmer et al. and1997), 1997a, 1997b),
Leo A et al. These conÐrm that even by the(Tolstoy 1998).
standards of low surface brightness dwarf irregular galaxies,
Pegasus has a relatively small population of young stars.

The dominant feature of the (I, V [I) CMD is the(Fig. 5)
populous ““ red plume,ÏÏ consisting of the RGB and a dense
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FIG. 3.ÈObserved color-magnitude diagrams for the Pegasus dwarf galaxy for each of the four WFPC2 CCDs in terms of V magnitude and B[V color

concentration of core helium burning stars in the red clump
(RC) overlying the lower RGB. In addition, we see members
of an extended AGB population, and this is conÐrmed in
the larger Ðeld WIYN data (see also et al.Aparicio 1997a).
A few red supergiant (RSG) stars are likely present, with
colors of V [IB 1 and I\ 21. In the blue the RGB is
spread in color and not well measured at the depth reached
by our WFPC2 data. This part of our CMD resembles the
WFPC2 observations of the Local Group dE galaxy NGC
147 et al. The RGB and the RC are prominent(Han 1997).
in both galaxies (see which is surprising, given theirFig. 9),
very di†erent morphological classes. The obvious di†er-
ences between the CMDs of the two galaxies are the hori-
zontal branch (HB), which is seen in NGC 147 but not in
the shallower Pegasus WFPC2 images ; the greater color
width of the RGB in NGC 147 ; the sharp RGB tip in NGC
147 ; and the presence of young stars in Pegasus. The older
stellar population appears to be more complex in terms of
its range of ages and metallicities in NGC 147 than in
Pegasus, but star formation has persisted for a longer time
in the smaller Pegasus system.

4.2. Spatial Distributions
Spatial density distributions of stars also provide a means

to explore the SFH of galaxies. For example, it is standard
practice to use OB stars as markers of recent star formation,
and this philosophy can be readily extended to less lumi-

nous main-sequence stars to investigate stellar ageÈspatial
distribution correlations in galaxies. Additional insights
into the SFH are sometimes supplied by star clusters, whose
ages can be reasonably well determined from colors when
they are less than a few gigayears old (see, e.g., Hodge 1980).

Unfortunately, in the region of the Pegasus dwarf
covered by WFPC2 we Ðnd only one-half of a moderately
dense star cluster. Possible star clusters were noted by

& Mould The WFPC2 images show that theHoessel (1982).
Pegasus dwarf is in front of a moderately rich group of
galaxies, and some of these background galaxies could have
been mistaken for star clusters in ground-based images.
However, the central star cluster is partially in our PC
image, and has a diameter of B40 pc with a moderate
stellar density enhancement over the surrounding Ðeld. We
attempted to make a CMD for this cluster, but it is of poor
quality because of crowding, and otherwise indistinguish-
able from the surrounding Ðeld. The cluster appears to have
a strong RC and RGB with no deÐnite MS stars ; thus it is
probably an intermediate-age object, older than about 2
Gyr. A deeper observation, including the entire cluster,
could yield a more accurate cluster CMD and allow a better
age estimate.

While the connections between SFRs and star cluster
formation rates remain obscure, very dense, luminous
““ super star clusters ÏÏ are often produced in small galaxies
during starbursts et al. Gallagher,(Meurer 1992 ; OÏConnell,
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FIG. 5.ÈCombined (V , B[V ) (left) and (I, V [I) (right) color-magnitude diagrams derived from the WFPC2 data sets. These data are the basis of our
analysis of the SFH of the Pegasus dwarf galaxy.
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FIG. 6.ÈPhotometric errors for each of the three bands for the WF
CCDs, which contain most of the measured stars.

& Hunter These types of clusters would be denser1994).
and richer than the Pegasus central star cluster. The
absence of candidate superÈstar clusters in Pegasus is con-
sistent with models in which no starburst occurred during
at least the past few gigayears, this timescale being set by
the likely minimum dynamical lifetimes for dense star clus-
ters to dissolve (Goodwin 1997).

The general pattern in all nearby galaxies is for younger
stars to clump into associations, although examples of
young, massive stars in the Ðeld also exist (see, e.g., Massey

Stellar associations drift apart with velocities of a few1998).
kilometers per second, and former members will di†use
within a galactic disk ; the mixing times of stars within the
disks of galaxies are typically ¹1 Gyr (see ° 5.1 in Gallagher
et al. In addition, the region of a galaxy that is acces-1996).
sible to stars born in a disk may be bounded by the energy
and angular momentum of their parent interstellar gas
clouds. Thus, stars formed from interstellar clouds near the
center of a galaxy are unlikely to have sufficient energy or
angular momentum to travel very far out in a stellar disk.

Stellar surface density distributions derived from our
WFPC2 images of the Pegasus dwarf are shown in Figure

The stellar populations in the Pegasus dwarf show the10.
expected trend for most of the younger stars to be spatially
clumped, and the older stars to be more smoothly distrib-
uted. illustrates the surface densities of youngFigure 10a
stars located in the blue plume from the (V , B[V ) CMD in

(left). These stars are in two major concentrationsFigure 5
that resemble di†use OB associations and(Ivanov 1996),
are located near the center of the optical galaxy. As shown
in the RGB and RC stars are more symmetri-Figure 10b,
cally distributed about the central star-forming zone.

presents the density of extended-AGB starsFigure 10c
derived from the WIYN CCD images. We Ðnd good agree-
ment between the surface densities of extended-AGB stars
measured in the WFPC2 images and from WIYN; we
therefore prefer the wide Ðeld of view of the WIYN images
for this plot. The densest concentration of extended-AGB

stars is found along the major axis, following approximately
the same pattern as is seen in all of the other stars. Exterior
to this zone the distribution of extended-AGB stars is
lumpy ; we may, therefore, be seeing remnants of older star-
forming regions or the modulation of apparent stellar den-
sities by dust within the Pegasus dwarf. The outermost
regions appear as discrete clumps because of statistical Ñuc-
tuations.

5. INGREDIENTS FOR MODELING THE CMD

5.1. Stellar Evolution Models
Stellar evolutionary tracks give the luminosity, e†ective

temperature, and surface gravity for single stars of a given
mass and chemical composition as a function of age. The
tracks depend on basic astrophysical parameters, such as
the initial mass, metallicity level, and distribution. The
properties of real stellar populations also depend on a
variety of properties not explicitly included in most current
stellar evolution models, such as stellar rotation rates and
the presence of close binary companions. The results from
numerical calculations are also sensitive to the treatment of
convection in terms of the ratio of pressure scale height to
convection scale and to the e†ect of convective core over-
shoot.

In this paper we primarily use two sets of stellar evolu-
tionary tracks at Z\ 0.004 and Z\ 0.001 computed by the
Geneva group et al. et al.(Charbonnel 1993 ; Schaller 1992),
which we compare with the tracks given by the Padua
group stellar evolution models et al. In(Fagotto 1994).
order to most accurately compare the two sets of model
tracks, it is necessary to work from a uniform set of equiva-
lent evolutionary points (EEPs). We chose to use the EEPs
deÐned by et al. These points are deÐnedSchaller (1992).
di†erently during the various phases of stellar evolution.
For example, on the main sequence, the EEPs represent a
sequence of decreasing central hydrogen abundance. The
EEPs must be carefully chosen so as to properly sample all
of the color-magnitude space spanned by the tracks. This
ensures the ability to correctly model, e.g, the ““ bump ÏÏ in
the RGB luminosity function, or the main-sequence
““ hook ÏÏ exhibited by stars with convective cores.

In converting the Padua tracks to the Geneva EEPs, we
carefully interpolated the tabulated values of log L , log Teff,and age at the given points to the appropriate values at the
EEPs. Along each Padua track we identiÐed the 51 Geneva
EEPs and interpolated new tracks between these points
using a cubic spline. The accuracy of this process was
checked by overplotting the original and converted tracks ;
the di†erences were found to be negligible. This allows us to
properly interpolate when producing stellar population
models, as discussed by While we do notTolstoy (1996).
explicitly include binary stars in our models, we do allow
for a population of outlying stars to be present, which e†ec-
tively account for binary star blends in our data.

The two sets of stellar evolution models di†er in several
details, as can be seen in where we plot the 1.5Figure 11,
and 2 stellar evolutionary tracks from Padua (solidM

_lines) and Geneva (dashed lines). The RGB tip luminosity
di†ers by more than 0.5 mag, and on the upper part of the
RGB, the Padua tracks are frequently several tenths of a
magnitude bluer than the Geneva tracks. These di†erences
are probably the result of the treatment of convective over-
shoot or the exact deÐnition of the point where the helium



1876 GALLAGHER ET AL. Vol. 115

FIG. 7.ÈPegasus observed in the V -band with the WIYN 3.5 m telescope shows the bright core where star formation is occurring, and the more extended
dE-like main body of the galaxy. Extended-AGB stars and the more luminous RGB members are well resolved over much of the galaxy in this seeing0A.6
image. Our Ðeld of view is on a side, corresponding to 1.5 kpc for a distance of 760 kpc. The location of the WFPC2 observations is also shown.6@.7

Ñash occurs and the RGB models are terminated. The
agreement between the tracks is better along the MS and at
the base of the RGB. Therefore, if we used Padua rather
than Geneva stellar evolutionary tracks, we would Ðnd a
slightly larger distance and a younger (or more metal-poor,
or both) stellar population.

The numbers of stars predicted to exist at any location o†
of the zero-age MS for the same SFH also di†ers for Padua
and Geneva stellar evolution models. This occurs because
at a given initial mass, the Padua stellar models are gener-

ally more luminous and also have longer lifetimes. The IMF
requires that the numbers of stars born per unit stellar mass
will increase as stellar mass decreases. For a given SFR, the
Padua tracks will predict more stars at each luminosity
(after the zero-age MS) than the Geneva tracks. As a result,
the SFR derived from an observed CMD will be somewhat
lower for Padua models than for the Geneva models.

Because most galaxies have complex SFHs, the many
interconnected e†ects that determine the properties of a
galactic CMD come into play. The history of a galaxy can
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FIG. 8.ÈColor-magnitude diagram in the instrumental I and V [I
colors from photometry of stars in our WIYN images. These data have
been approximately transformed to standard magnitudes using our
WFPC2 results.

therefore be e†ectively modeled using numerical (e.g.,
Monte Carlo) simulations, in which a composite stellar
population is randomly extracted from theoretical stellar
evolutionary tracks using an assumed IMF and SFH. We
followed the approach described in detail by Tolstoy (1996),
and made a number of simulated CMDs for a variety of
assumed SFHs. Each simulation then depends upon all the
main parameters that determine an observed CMD, unlike
the standard isochrone-Ðtting methods previously used.
Monte Carlo simulations were Ðrst used to simulate galac-
tic CMDs by Tosi, Greggio, and collaborators (e.g., etTosi
al. and these ideas were further developed by1991), Tolstoy
& Saha and Tolstoy (1996) to allow statistical com-(1996)
parisons between many di†erent CMD models and the
multiple-color photometric data sets.

Using the techniques of Tolstoy & Saha (1996), we
created stellar population models for a variety of potentially
feasible SFHs using Geneva stellar evolutionary tracks.
These are comparatively well deÐned for the recent history
of the Pegasus dwarf, but become nonunique at ages
beyond about 2 Gyr. We then determined the most likely
SFH to match our observed CMD for the Pegasus dwarf.
Our method allows for limitations in the data, such as the
increasing scatter and rising incompleteness at fainter mag-
nitudes, which preclude Ðnding a unique solution for the
SFH of Pegasus based on our current data sets.

5.2. Matching the Observational Errors
The two main observational e†ects that we must incor-

porate into our model CMDs before we can accurately
compare them with observed CMDs are observational
errors (plotted in and the incompleteness, or theFig. 6),
number of stars we miss at given observed magnitude range
because of crowding or noise (see BecauseTolstoy 1996).
our HST images are e†ectively uncrowded, the incomplete-

FIG. 9.ÈTop, Pegasus (I, V [I) CMD; the NGC 147 outer Ðeld
WFPC2 (I, V [I) CMD from et al. is shown for comparisonHan (1997)
(bottom).

ness is very well correlated with the observational errors.
This issue has been studied for Sextans A in detail by

et al. and we use these results in ourDohm-Palmer (1997a),
models.

5.3. Extinction
The standard Galactic extinction to the Pegasus dwarf

derived by & Heiles is small,Burstein (1984)
E(B[V ) \ 0.03. However, our observations show that with
this extinction correction, the Pegasus dwarf Ïs MS is too
red in B[V and V [I ; we could Ðnd no models with low
reddening that would simultaneously Ðt in both colors. We
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FIG. 10a FIG. 10b

FIG. 10c

FIG. 10.È(a) Projected densities of stars selected from di†erent regions of our WFPC2 CMDs. This diagram provides densities of younger stars on the
main sequence and in core helium burning evolutionary stages within an 8A smoothing region. (b) Same as (a), but showing the locations of RGB stars, which
are less centrally concentrated than the younger stars. (c) Density plot for extended-AGB stars derived from our WIYN data, with the same orientation as

It was made with the same smoothing scale used for the WFPC2 density plots and shows a relatively clumpy distribution of AGB stars in the innerFig. 7.
galaxy. Poor statistics produced low-amplitude features in the outer parts of the galaxy. Note that the star-forming region is o†set with respect to the
distribution of AGB stars.

made a model B[V versus V [I two-color diagram and
empirically derived a possible range of reddenings (and dis-
tances, with which it is weakly correlated). Feasible
reddening values were identiÐed by requiring the model and
observed MS to agree to within ^0.05 mag in both B[V
and V [I colors. This result is almost independent of our
choice of abundance or recent SFH, since it depends only
on the almost invariant optical colors of the upper main
sequence. We also required Ðts at the 0.2 mag level to the
RGB tip and to the RC, while avoiding producing CMD
features that are not seen, such as an extended blue loop.

We thus Ðnd E(B[V ) \ 0.15^ 0.05 from model Ðts to our
WFPC2 BV I CMDs.

To check the consistency of this reddening derived from
the CMDs, we redetermined the mean Galactic extinction
toward Pegasus by converting the Galactic H I column
density to an extinction. For this test, we took
N(H I)\ 3.7] 1020 cm~2 derived from an H I spectrum
recently taken by P. Kalberla (1997, private communication)
with the E†elsberg 100 m radio telescope, which has a 9@
beam size. Following & Savage we Ðnd thatDiplas (1994),
E(B[V ) \ 0.08 is predicted for a standard Galactic dust-
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FIG. 11.ÈComparison of Geneva and Padua stellar evolution tracks.
The Padua models were interpolated to the same equivalent evolutionary
points as were used to make the Geneva tracks. Note the o†set between the
RGB tip locations for these two sets of models.

to-gas ratio. The internal extinction within Pegasus should
be low unless the mean N(H I) is severely(Fitzpatrick 1985),
underestimated. Using the Lo et al. average N(H I) within
Pegasus, the internal extinction for an SMC dust-to-gas
ratio would be E(B[V ) ¹ 0.03 from the H I data. We there-
fore estimate a total extinction of about E(B[V )B 0.1
from the measured N(H I).

Additional information comes from the IRAS 60 km and
100 km full-resolution co-added (FRESCO) maps of the
region around Pegasus. If there is a large amount of far-
infrared (FIR) (100 km excess) cirrus in front of Pegasus, the
H I observations could underestimate the Galactic extinc-
tion. The 100 km IRAS map is shown in whereFigure 12,
we see a small FIR excess at the position of Pegasus. The
100 km/60 km ratio is consistent with the more general
infrared cirrus in this Ðeld ; this is not a dust-free direction.
A quantitative estimate of the extinction from the IRAS
data can be made following the approach of Laureijs,
Helou, & Clark For a peak 100 km brightness of 0.4(1994).
Jy sr~1 averaged over the B6@ e†ective resolution of the
IRAS map, the predicted extinction is mag.A

B
\ 0.03

However, we might expect this to be an underestimate if the
dust is far from the heating sources in the Galactic disk and,
therefore, cold and radiating inefficiently in the IRAS 100
km band. The high 60 km/100 km ratio of the dust toward
Pegasus supports this possibility.

The estimators for foreground Galactic extinction toward
the Pegasus dwarf do not yield consistent values and, fur-
thermore, are averages over larger angular scales than the
size of the WFPC2 Ðeld of view. Since we are working from
CMDs, our data require a larger extinction than the
Burstein & Heiles value. We therefore adopt
E(B[V ) \ 0.15 for the remainder of this paper and apply
this extinction to all of our data : andA

B
\ 0.62, A

V
\ 0.47,

A
I
\ 0.28.

5.4. Distance
The distance to the Pegasus DIG has not been indepen-

dently established from well-calibrated standard candles,

such as Cepheid or RR Lyrae variable stars. et al.Hoessel
reported the detection of what appeared to be(1993)

Cepheid variable stars in Pegasus from a series of CCD
images taken in the Thuan-Gunn r band. Their distance
modulus was corresponding to D\ 1.7(m[ M)0\ 26.2,
Mpc. showed the Hoessel et al. candidateAparicio (1994)
Cepheids to have the red colors of stars associated with the
RGB. Photometry from our WIYN images agrees with his
conclusion ; the ““ Cepheids ÏÏ are some other class of red
variable star, and the Cepheid distance is not valid. Apari-
cio derived a revised distance modulus of (m[ M)0\ 24.9
^ 0.1, or D\ 960 kpc, from the location of the RGB tip
following the calibration of Freedman, & MadoreLee,

under the assumptions of small extinction and that(1993a),
stars with ages of over 2 Gyr dominate the RGB. Our
analysis suggests that a modest further reduction in dis-
tance is now required to account for increased extinction
and a mix of stellar population ages, as discussed below.

The Pegasus dwarf has also played a role in e†orts to
obtain distances from luminous stars. usedSandage (1986)
Pegasus as one of his calibrators in exploring the relation-
ship between stellar and parent galaxy luminosities. This
approach was extended by & Rowan-RobinsonRozanski

who found However, the recent(1994), (m[ M)0\ 27.6.
level of star-forming activity should be a key factor in deter-
mining the luminosity distribution of massive young stars in
galaxies. Because Pegasus has a depressed it is likelySFR0,that the most-luminous-stars method will overestimate the
distance, as is the case for Pegasus.

In our HST CMDs for Pegasus, there are no unique
features from which an accurate distance can be unam-
biguously obtained, such as a blue HB with a narrow lumi-
nosity distribution. The shape of the MS and blue loop
somewhat constrain the distance to Pegasus. If the distance
were then the mass function would make(m[ M)0[ 26,
blue core HeB stars hard to avoid in larger numbers at the
top of blue plume than are observed. If then(m [ M)0\ 23,
we would expect to see a change in slope of the MS as
radiative cores and convective envelopes appear in lower
mass MS stars.

The luminosity of the RGB tip and the RC further con-
strain the range of possible distances to Pegasus. However,
because young and intermediate-age stellar populations are
present, the luminosity of the RGB tip can be uncertain (Lee
et al. et al. RGB tip stars on the second1993a ; Saha 1996).
ascent of the RGB during their AGB phase can extend the
observed RGB tip and make the galaxy appear farther
away. The RC luminosity decreases slowly with age

which makes it an inaccurate distance(Lattanzio 1991),
estimator by itself, although it is useful as a consistency
check. Therefore, by reducing the distance to Pegasus, we
increase the age of stars in the RC. By comparison with
NGC 147, whose distance is reliably measured by et al.Han

from the location of the HB (see the range of(1997) Fig. 9),
distances for the Pegasus dwarf consistent with the lumi-
nosities of its RGB tip and RC are 24.2¹ (m[ M)0¹ 24.6.

There is no reasonable reddening that can be combined
with distances of to yield an acceptable(m[ M)0º 24.6
match to the observed WFPC2 BV I color-color diagram
for Pegasus. Note that in some cases we could obtain a Ðt
for either the BV or V I CMDs, but the same reddening did
not Ðt both diagrams simultaneously. Thus reddening and
distance are correlated, and observations in three or more
Ðlters are essential in cases where we must derive both a
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FIG. 12.ÈIRAS 100 km map of a region centered on the Pegasus dwarf, marked by the small box. The Ðeld is 1¡ square, with 15 arcmin2 pixels

distance and reddening to a galaxy from a CMD (see also
° 5.3).

Therefore, we Ðnd and adopt a new distance of
24.4^ 0.2, or D\ 760 ^ 100 kpc, to Pegasus.(m[ M)0\

Most of this change, compared with the larger distance of
is the result of our assumption of nearly 0.3Aparicio (1994),

mag more I-band extinction. Our revised distance suggests
that Pegasus is a member of the M31 ““ family ÏÏ within the
Local Group (Karachentsev 1996).

5.5. Metallicity
For the initial discussion in this paper, we set the metal-

licity of the whole stellar population in Pegasus to be equal
to that of the youngest stars. We are reasonably conÐdent in
our choice of the Z\ 0.001 models to represent the
younger stars in Pegasus over higher metallicities because
of the presence of stars between the MS and RGB. These
should be mainly stars in core HeB, blue-loop evolutionary
phases, despite the absence of a well-deÐned ““ blue loop ÏÏ
morphology. This is probably a result of small number sta-
tistics and is also consistent with the O abundance mea-
sured for the brightest H II region in Pegasus.

We have no data to measure the metallicities of the
intermediate-age or older stars that make up the RGB.

Such measurements require the detection of an HB, exten-
sion of our photometry over a longer color baseline (e.g.,
into the infrared), use of narrower band Ðlters, or spectros-
copy of a statistically complete sample of RGB stars. We
can only say that most of the RGB stars are unlikely to be
much lower in metallicity than the B1/20 solar value we
assume for young stars, or the RGB would be both narrow
and blue, as in the Carina dSph galaxy et al.(Smecker-Hane

Costa This is clearly not the case in the1994 ; Da 1998).
Pegasus dwarf.

Our SFH models therefore assume that the stellar metal-
licity levels have remained approximately constant at
Z\ 0.001 over most of the life of the Pegasus dwarf. Addi-
tional support for this assumption comes from theoretical
models of dwarf galaxy evolution (e.g., et al.Mori 1997 ;

& Tolstoy Gallagher, & TheisFerrara 1998 ; Hensler, 1998).
These predict a rapid initial metal enrichment at the epoch
of formation of the galaxy, followed by a plateau. Hence the
assumption of zero metallicity evolution over most of the
lifetime of these small systems could be reasonable. Our
model for the Pegasus dwarf is more metal-poor than the
evolving-metallicity SFH models presented by etAparicio
al. If there is signiÐcant metallicity evolution in(1997a).
Pegasus, such that metallicity substantially declines with
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increasing stellar age, then we will overestimate the metal-
licity for the older stars seen on RGB and thus underesti-
mate their ages.

6. RECENT STAR FORMATION HISTORY

Having determined all the initial conditions for our
models, we now turn to Ðnding an SFH model that best
matches our data. Model CMDs that might represent Local
Group dwarf irregular galaxies when observed with
WFPC2 have been calculated by et al.Aparicio (1996).
These are given in terms of versus V [I and so areM

Idirectly comparable with our WFPC2 observations. While
the predicted CMDs are similar in terms of their general
appearance to the observations (especially model A, which
has a constant SFR from 0.02 to 15 Gyr in the past), there
are some notable di†erences that indicate that we cannot
simply adopt one of these standard SFH models (such as
constant SFR) for the Pegasus dwarf. In this and the follow-
ing section we model the detailed properties of our observed
CMDs to derive the SFH for the Pegasus dwarf.

6.1. Modeling the Main Sequence
Normally, upper-MS stars yield an accurate view of the

recent SFH, at least in galaxies where such stars are plenti-
ful (see, e.g., et al. or obvious MSDohm-Palmer 1997b)
turno†s are seen. However, in the Pegasus dwarf the MS is
barely populated for and we therefore have aM

V
\ [2,

poor statistical base for modeling the recent SFH. What is
clear, as it was to earlier investigators, is the relative paucity
of stars produced in Pegasus during the past 109 years.

In a constant-SFR galaxy, the observed density of MS
stars declines rapidly with increasing luminosity because of
the combination of the IMF and increasing withtMSdecreasing m (see et al.Scalo 1986 ; Holtzman 1997 ; Massey

The interpretation of a galactic SFH, therefore, is1998).
most straightforward over the time span cor-tMS[M(min)],
responding to the MS lifetimes of the least luminous observ-
able MS stars. However, to Ðnd even these older MS stars,
we must take an iterative approach and subtract younger
stars to reveal less luminous, older MS stars (see Dohm-

et al. This is necessary because youngerPalmer 1997b).
generations will overlie the older, lower mass MS stars. In
Pegasus, we reach to on the MS, and thus to starsM

V
B 0

with ages of B0.5 Gyr.
We used two approaches to Ðtting the MS, which is well

isolated from other evolutionary phases by WFPC2 photo-
metry. From the technique presented by etDohm-Palmer
al. we calculated the SFR from the counts in the(1997b),
MS luminosity function. We Ðtted the observed luminosity
function using the stellar evolution models of et al.Bertelli

These provide a mass-magnitude and mass-age rela-(1994).
tion for the MS at a metallicity of Z\ 0.001. We use a
Salpeter IMF correction and assume the distance modulus
to be 24.4. The calculations were performed with the dered-
dened data, and a completeness correction has been
applied. The results shown in are rather noisy,Figure 13
because of the small number of MS stars. The SFR has been
approximately constant over the past 100 Myr at D2000

Myr~1 kpc~2, with a minimum in the SFR occurringM
_between 100 and 200 Myr ago.
We also derived a recent SFH from statistical Ðts to the

CMD using the methods of as described inTolstoy (1996),
°° and We adopted simple estimates for the recent6.2 7.4.
SFH and iterated these until satisfactory agreement was

FIG. 13.ÈTop : SFR vs. time derived with the Dohm-Palmer models for
the MS and from blue core HeB stars. Error bars refer only to statistical
uncertainties. Bottom : Cumulative SFRs, which demonstrate the basic
agreement between the MS and blue core HeB methods.

achieved between the models and younger components of
the CMD. The resulting models for the MS are in Figure 15,
which are derived for the SFR given by the solid line in

With this technique we attempt to Ðt all of theFigure 16.
younger stars and, thus, do not derive a SFH based solely
on the MS. While we can see evidence for Ñuctuations in the
recent SFR over time, we do not Ðnd statistically signiÐcant
SFR variations by more than about a factor of 2.

et al. suggest that a factor of 3 spikeAparicio (1997a)
occurred in the SFR in the Pegasus dwarf about 100 Myr in
the past. This would show up in our data as an excess of MS
stars near this is the location where the blue MSM

I
\ [2 ;

becomes ill-deÐned in our data (see top). Our resultsFig. 9,
in agree with those of Aparicio et al., in showing aFigure 13
local peak in the SFR at about 100 Myr, but disagree on the
speciÐcs of the evolution out to about 200 Myr, and at all
points we must contend with signiÐcant amounts of sta-
tistical noise. We therefore cannot conÐrm the Aparicio et
al. 100 Myr peak in the SFR from measurements of MS
stars in our WFPC2 images.

6.2. Blue Core Helium Burning Stars
A second approach to measuring SFH using starsÏ core

HeB evolutionary phases was pioneered by Payne-
who took advantage of the CepheidGaposchkin (1974),

variable pulsation period-age relationship to trace the
recent history of star formation in the Large Magellanic
Cloud. Our group has also utilized blue core helium
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FIG. 14.ÈSFR as calculated from the luminosity function for stars
identiÐed as being in the blue core HeB phase. The bins are 50 Myr wide.
The data have been dereddened and corrected for incompleteness. The
assumed IMF has a Salpeter slope. The low numbers of candidate blue
HeB stars imply a low SFR and contribute fairly large errors to the calcu-
lation. For times beyond 800 Myr the photometric errors blend the blue
HeB stars and the RC and RGB, making the calculation uncertain.

burning stars to derive SFHs from the numbers of such
stars as a function of their luminosity et al.(Dohm-Palmer
1997b).

Stars in their ““ blue loop ÏÏ core HeB evolutionary phases
are tracers of the recent SFH, because their luminosities
scale as a power of the initial mass, and thus luminosity
correlates with stellar age. Unfortunately, since the recent
SFR in the Pegasus dwarf is very low and the blue core HeB
evolutionary phase is short-lived compared with the MS,
there is only a scattering of stars in the expected location of
blue core HeB stars.

We used two methods to model the observations of blue
core HeB stars in the Pegasus dwarf. pre-Tolstoy (1996)
sents a statistical approach to deriving a recent SFH from
the properties of short-lived stars on a CMD. Since
intermediate- and high-mass stars move rapidly in a CMD
during their post-MS evolutionary phases, Tolstoy used
star number counts in relatively large boxes to statistically
compare model predictions with the observations. This
approach was applied to our Pegasus CMDs, with Ðts being
made simultaneously to the MS, core HeB, and RGB com-
ponents of the CMD. We then found that the SFR in
Pegasus had increased by about a factor of 2 during the past
D0.5 Gyr (see Fig. 15).

Following et al. we also selectedDohm-Palmer (1997b),
candidate blue core HeB stars from our data and generated
a luminosity function, from which we calculated the SFR.

FIG. 15.ÈObserved CMD for Pegasus (top left), compared with two synthetic models computed with the Tolstoy & Saha statistical Ðtting method. The
bottom panel is for our best estimate SFH for Z\ 0.001 and the top right panel for Z\ 0.004 based on the Geneva stellar evolutionary tracks. While neither
of this pair of models properly Ðts the blue-loop stars, the lower metallicity is a statistically better option because it includes some stars with intermediate
colors that are likely candidates for stars on blue loops.
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While this approach of focusing on only one evolutionary
phase within a complex stellar population can yield detailed
measures of the recent SFH, the low number of blue core
HeB stars in Pegasus adds uncertainty to the results. We
follow the prescription of Dohm-Palmer et al. (1997b), using
the blue HeB mass-magnitude, mass-age, and lifetime rela-
tions from et al. Again, we adopt a SalpeterBertelli (1994).
IMF, deredden the data, and apply a completeness correc-
tion to the luminosity function.

The results are presented in These are plottedFigure 14.
in terms of the SFR per square kiloparsec averaged over the
WFPC2 Ðeld of view. Error bars reÑect only the statistical
uncertainties and do not include any corrections for
intermediate-color stars that are not in the core HeB phase
or are nonmembers of the Pegasus dwarf. The small number
of these intermediate-color stars in the WF3 Ðeld (see Figs.

and indicates that the level of contaminating objects3 10a)
must be low, certainly much less than 50% of the total
sample. Therefore, while the SFR derived in is anFigure 14
upper limit, it should not substantially exaggerate the
actual SFR.

The approximate agreement between the SFRs found
from the MS and blue core HeB stars over the last 100 Myr
(2000 and 1350 Myr~1 kpc~2, respectively ; seeM

_
Fig. 13)

supports our original assumption that most of the luminous
stars in the Pegasus dwarf located between the MS and
RGB are on blue loops. This consistency also indicates that
rising recent SFRs predicted by our models are likely to be
a proper description, and it is also roughly in agreement
with the conclusions of et al.Aparicio (1997a).

Because of the low SFR and short lifetime of the blue
HeB phase, we have no information from this population
for timescales of less than 60 Myr ; this is set for the time for
intermediate-mass stars to evolve from the MS to the core
HeB phase. However, the model in indicates thatFigure 13
between 0.1 and 0.4 Gyr ago the SFR was roughly constant
at a slightly lower level than the recent SFR. From 0.4 to 0.8
Gyr before the present, the SFR was very close to its current
levels. A similar result is derived from the statistical Ðts to
the observed CMDs following the Tolstoy-Saha method-
ology, as shown by the solid line in Figure 16.

Beyond 800 Myr the photometric errors blend the blue
core HeB stars with the RGB, and the star formation
history can no longer be determined from the properties of
stars that are not associated with the RGB. However, we
can still Ðnd a range of feasible SFHs by statistically Ðtting
the RGB and also requiring that we produce the correct
numbers of extended-AGB and RC stars.

7. LONG-TERM STAR FORMATION HISTORY

7.1. RGB
A major division in post-MS evolution occurs for stars

with lifetimes of about 1 Gyr and initial masses [2 M
_

.
These low-mass stars have degenerate helium cores during
their RGB evolution and ignite helium burning in a helium
Ñash. This leads to the nearly constant luminosity of the tip
of the old RGB, which can be a useful distance indicator
(see, e.g., et al. Following the RGB phase, low-Lee 1993a).
mass stars form an RC or HB during core helium burning
and thereafter increase in luminosity along the AGB. More
massive stars can evolve on the AGB beyond the RGB tip
luminosity and produce an extended AGB before ceasing
nuclear burning (see & WoodVassiliadis 1993).

As a result of this RGB transition between nondegenerate
and degenerate ignition of He on the RGB, the luminosity
at the tip of the RGB depends upon the mix of stellar ages.
During the transition to a low-mass RGB with helium Ñash
at the RGB tip, the luminosity of the tip will increase with
decreasing stellar mass (see, e.g., Greggio, &Sweigart,
Renzini Thus, for a single-age stellar population the1990).
location of the RGB tip is predicted to move toward higher
luminosity and redder colors as a simple stellar population
ages between about 0.5 and 1.2 Gyr. Therefore, any galaxy
that experienced extensive amounts of star formation
during the past B1 Gyr may have a complex RGB tip.

The RGB in Pegasus displays a moderate range in color ;
the change in V [I color between the location of the RC
and its roughly deÐned tip is only 0.5È0.6 mag. Such steeply
rising RGBs are characteristic of either moderately metal-
poor old stars (see, e.g., et al. their calibrationLee 1993a ;
suggests [Fe/H]B [1.5) or of relatively massive young
stars, whose RGB tracks at a given metallicity are bluer at
than those of low-mass stars. That Pegasus cannot contain
a pure, old RGB can be seen from the presence of
intermediate-mass MS stars, the intermediate-age RC, and
the lack of a sharply deÐned RGB tip ; old RGB stars may
be present in the Pegasus dwarf, but will be challenging to
cleanly detect.

The difficulty in distinguishing older RGB stars in a
CMD can be illustrated by considering ages of stars on the
upper part of the RGB for a simple constant-SFR model.
Stellar evolution models show that the RGB lifetime at
luminosities above the RC are almost independent of initial
mass for M ¹ 1.5 or for stellar nuclear burning life-M

_
,

times to the RGB tip of more than 1.5 Gyr. In this case, the
number of stars on the upper RGB is approximately given
by

t0(tgal [ 1.5 Gyr)
P
MRT(min)

MRT(max)
/(m)dm ,

where is deÐned as the initial mass of stars withMRT(min)
lifetimes at the RGB tip of the age of the galaxy, andtgal,is the mass of the most massive stars toMRT(max)B 2 M

_reach the RGB tip. Therefore, the number of upper RGB
stars approaches being proportional to the age of the galaxy
in long-lived systems, and stars born, for example, in the
Ðrst 4 Gyr of a 14 GyrÈold, constant-SFR galaxy will make
up about 25% of this number. Unless these oldest stars have
an obvious signature that cannot be produced by a younger
stellar population component, such as an associated blue
HB, they are not readily identiÐed as unique contributors to
an observed CMD.

The detectability of the oldest stars also depends on the
SFH and the age-metallicity relationship. If the SFR was
higher when a galaxy was young, then there are more old
stars, and detection is more likely. Conversely, galaxies that
had increasing SFRs during their youths can be difficult
places in which to Ðnd older stars. For this reason we have
not chosen to consider more complicated SFH models in
which age and metallicity both vary. While such models can
be constructed (e.g., et al. and are requiredAparicio 1997a)
in some cases (e.g., et al. Hoessel, & Gal-Einsel 1995 ; Han,
lagher they are not justiÐed in the Pegasus dwarf,1998),
where we have yet to Ðnd any discernible signs of an age-
metallicity relationship. If we were to adopt an age-
metallicity correlation, then this ad hoc assumption would
almost entirely determine our derived SFH for the
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intermediate-age and old stellar populations. Measure-
ments of the stellar age-metallicity relationship are required
to overcome this important ambiguity.

7.2. Red Clump and Related Issues
Our WFPC2 data show an excess density of stars on the

V I CMD overlying the RGB near I\ 24.5 (see Fig. 6).
These stars are in core helium burning evolutionary phases.
The distribution of red helium-burning stars depends sensi-
tively on initial mass, amount of mass loss, and metallicity,
but such stars may be classiÐed into three main categories :
intermediate-mass stars at the base of the blue loop, RC
stars that have experienced a helium Ñash at the tip of the
RGB, and old, red HB stars. The latter possibility seems
unlikely, since the mean color of the RC region is not o†set
to bluer colors, as is expected for a true red horizontal
branch (cf. the HB seen in NGC 147 data, shown in Fig. 9).
Further consideration is given to the possibility that most of
these stars either are associated with the RC or are more
massive stars that did not experience helium ignition in a
degenerate core.

Each of these models implies a di†erent SFH for the
Pegasus dwarf. One model produces most of the RC
helium-burning stars by invoking an epoch of enhanced
star formation about 1 Gyr ago dashed line). Stars(Fig. 16,
made at this time have very short red giant lifetimes and
relatively long core helium burning lifetimes in the red. This
model thus yields a high density of red stars at the required
luminosity. It also implies that a strong MS turno† associ-
ated with a relatively high-amplitude burst should exist at

FIG. 16.ÈSFH models derived from statistical Ðts to our WFPC2 pho-
tometry of the Pegasus dwarf, shown in terms of relative SFRs. The solid
line is the recent SFH based on the MS, blue-loop stars, and the blue side
of the RGB with Z\ 0.001. This is the best constrained component of the
model. The short-dashed line shows a high-metallicity (Z\ 0.004) model
in which most stars are less than 1 Gyr old. This model Ðts the shape of the
CMD, but produces no stars as blue as the observed blue-loop candidates
and has difficulty explaining the AGB population. The long-dashed line is
a speculative SFH model designed to match the RGB. Since we assume
constant metallicity, the width in color of the RGB depends only on the
range of stellar ages. If metallicity declines with increasing age, then the
height of the peak declines and its width increases, i.e., the mean SFR drops
and the galaxy becomes older.

about 1 mag fainter than our data, as well as a well-
populated extended AGB. This model requires considerable
Ðne-tuning, as the transition between the RC and blue loop
occurs over a very small range of mass and is very sensitive
to metallicity, while we do not see many blue loop stars,
which should be plentiful in what is essentially a postburst
galaxy.

The second and preferred interpretation assumes that the
observed excess of stars superposed on the lower RGB are a
classical post-RGB RC. In this case, the RC phase lifetimes
are about 85È70 Myr for initial mass 0.9È2 stars withM

_Z\ 0.001 (see, e.g., Demarque, & WeinbergSeidel, 1987).
The lifetime on the RGB for stars at luminosities equal to or
higher than the RC are constant at about 50 Myr for stars
with initial masses of about 1.5 or less, and decrease asM

_the upper mass bound for stars that undergo helium Ñashes
at the RGB tip is reached (see, e.g., et al. ForSweigart 1990).
example, in the Geneva models with Z\ 0.001 the RGB
lifetime for log L º 1.8 is 52È53 Myr for 0.9È1.5 stars,M

_dropping to 31 Myr for an initial mass of 1.7 Thus, aM
_

.
high ratio of RC to RGB stars would be a strong signature
of enhanced star formation within the past 2 Gyr or more.

Our WFPC2 photometry of stars in the Pegasus dwarf
does not yield a straightforward determination of the ratio
N(RGB)/N(RC), because the observational errors (and thus
also incompleteness) are a signiÐcant factor at the lumi-
nosity of the RC. However, using models of the upper RGB,
which include corrections for incompleteness, to estimate
how many RGB stars are superposed on the RC region, we
estimate N(RGB)B 6000 stars and N(RC)B 9500 stars, or
N(RGB)/N(RC)B 0.6. The lifetimes of these two evolution-
ary phases for stars with ages of over 2 Gyr predict a ratio
of 0.60. This agreement implies that most of the stars that we
now see in the RGB and RC of the Pegasus dwarf were
formed more than B2 Gyr ago.

7.3. Extended Asymptotic Giant Branch
The Pegasus dwarf resembles other nearby irregular gal-

axies, including the Magellanic Clouds (see, e.g., &Mould
Reid in having a well-deÐned extended AGB1987),

& Gallart Stars on the extended AGB are(Aparicio 1995).
more luminous than the RGB tip and often have lower
e†ective temperatures and, therefore, redder colors than the
RGB tip region. M. Aaronson and collaborators (e.g.,

Aaronson, & Norris were among the Ðrst toCook, 1986)
demonstrate that luminous AGB stars are useful indicators
of the presence of intermediate-age stars in galaxies beyond
the Milky WayÏs family.

More recently, Gallart et al. incorporated(1994, 1996)
extended-AGB stars in their investigation of the SFH of the
Local Group IBm galaxy NGC 6822. They emphasized the
connection between the detection of bright AGB stars and
existence of a stellar population with ages between 1 and 10
Gyr, but they also noted some of the uncertainties involved
with the interpretation of these types of stars. In particular,
the extended AGB is sensitive to stellar metallicities and
mass-loss rates, neither of which can be reliably determined
from BV I CMDs of a mixed-age stellar population where
the SFH is unknown. In Pegasus there are about 100 stars
on the extended AGB, yielding a ratio to the number of RC
stars of about 10~3. This is consistent with the theoretical
predictions for lifetimes of extended AGB stars produced by
intermediate-age stellar populations, which are only B0.1%
of the helium-burning lifetime.
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Unfortunately, the true situation regarding the properties
of the extended AGB may be even more complicated.

Renzini, & Ortolani reviewed a variety ofGuarnieri, (1997)
additional factors that may inÑuence the populations of
AGB stars in galaxies, including the importance of binary
systems. Also, dust in the winds of luminous AGB stars
a†ects their optical magnitudes and colors ; the CMD of
luminous extended-AGB stars is therefore difficult to quan-
titatively interpret.

7.4. Summary of the L ong-Term Evolution
Pegasus contains a pronounced RGB with a well-

populated RC. The tip of the RGB is di†use, as is typical in
intermediate-age stellar systems. The ratios N(RC)/N(RGB)
and N(extended[ AGB)/N(RC) are consistent with predic-
tions for stellar populations that formed their stars 2È6 Gyr
before the present. We conclude that in Pegasus the struc-
ture of the ““ red plume ÏÏ tells us that the bulk of stars now
on the RGB formed more than 1È2 Gyr ago. In addition,
the extended AGB is too sparsely populated to agree with
models in which most of the star formation occurred more
recently than 1È2 Gyr before the present. While an older,
very metal-poor stellar population cannot be excluded, it
should comprise a minority of the RGB stars seen in our
CMD for the Pegasus dwarf.

Constant-metallicity models are illustrated in Figure 15.
These produce a relatively young age for the bulk of the
stars, most of which form in these models from 2 to 4 Gyr
ago, when the average SFR was about 10 times its current
value. Incorporating declining metallicity levels in older
stars may be a more realistic assumption. In this class of
model, the structure of the RGB depends on both age and
metallicity. A general feature of such models will be a more
prolonged epoch of star formation. In our best estimate for
this type of model, the primary star-forming epoch would
extend back to about 8 Gyr ago. The average SFR, then, is
reduced by about a factor of 3 relative to the constant
stellar metallicity model. This reÑects the longer time span
of active star formation, and that older stars on the RGB
are more numerous on account of the form of the IMF.

A purely bimodal model for the stellar age distributions,
in which a trace ¹1 Gyr age stellar component is seen in
combination with a very old, low-metallicity stellar popu-
lation, is excluded. This SFH predicts a narrow, relatively
blue RGB with a sharply deÐned RGB tip, which we do not
see. A bimodal SFH model also fails to produce the
observed populous RC that is approximately centered on
top of the RGB.

7.5. Pegasus at Its Peak
Our ““ young ÏÏ model, in which most of the stars in

Pegasus are produced during about 2 Gyr, reaches its
maximum luminosity at the end of the main star-forming
epoch, about 2 Gyr before the present. Estimating a current
stellar mass for the Pegasus dwarf of (1È2) ] 107 fromM

_its integrated colors and optical luminosity (see weTable 1),
can then calculate the peak luminosity. Stellar population
evolution models, such as those of FritzeÈvonMo� ller,
Alvensleben, & Fricke predict that after 2 Gyr, with(1997),
a constant SFR, At maximum light our rapidM/L

V
B 1.

astration model for Pegasus would have had M
V

B [14.
The color depends on the metallicity distribution of the
stars, but would fall in the range 0.1 ¹ B[V ¹ 0.3. Even at
its best, Pegasus might not have been a notable galaxy.

The SFH models that we have obtained for Pegasus
allow the primary star-forming phase to extend up to 8 Gyr.
In this case, the galaxy would be about 1 mag fainter 2 Gyr
ago, and its color would be considerably redder, e.g.,
B[V B 0.4. The only way for the Pegasus dwarf to have
been more luminous than a dwarf is for it to have experi-
enced a major starburst where a signiÐcant fraction of the
total stellar mass forms in B0.1 Gyr & Ferguson(Babul

We have yet to Ðnd any compelling direct evidence1996).
for such an event (e.g., remnant populous star clusters or
well-deÐned MS turno†s), but we also cannot exclude the
possibility of a major starburst, especially if it occurred
more than 2 Gyr ago. However, the simplest model for the
SFH of the Pegasus dwarf galaxy assumes that stars formed
at relatively constant rate over several Gyr, with the main
episode of star formation ending about 2 Gyr before the
present.

7.6. Comparisons with Dwarf Spheroidal Galaxies
The larger of the Local Group dSph systems are similar

to Pegasus in terms of size and luminosity. The Galactic
dSphÏs are well known to contain examples of purely old,
metal-poor galaxies, such as the Draco, Sculptor, and Ursa
Minor galaxies (see review by & WyseGallagher 1994).
However, more recently evidence has been growing for
recent star formation in dSphÏs, including the galaxies
Carina et al. and Leo I et al.(Smecker-Hane 1994) (Lee

Irwin, & Gambu see also Costa1993b ; Demers, 1994 ; Da
These results prove that some Galactic companion1998).

dSphÏs have undergone episodic star formation, the impact
of which on the metallicities of the stellar populations is
unclear. The e†ects of the star formation episodes are
directly seen in the multiple MS turno†s in Carina, but also
leave their mark in the form of composite HB/RC structures
in the observed CMDs.

Additional examples of complicated SFH in very small
galaxies can be found in dSph and related objects elsewhere
in the Local Group. These galaxies also show a range in
SFHs. Andromeda I (van den Bergh likely has1972, 1974)
an intermediate to old stellar population, and Costa etDa
al. estimate a mean stellar age of about 10 Gyr from(1996)
their WFPC2 photometry. On the other hand, the tran-
sition Local Group dwarf LGS 3 contains H I gas and
probably some intermediate-age (\1 Gyr) stars, as well as
more extensive old populations Gallart, & Ber-(Aparicio,
telli & Lo Evidently1997b ; Mould 1997 ; Young 1997).
whatever physical ““ clock ÏÏ sets the timescale for star forma-
tion in these small galaxies is quite variable and does not
simply depend on galaxy size or its eventual location within
the Local Group (see, e.g., & WyseGallagher 1994 ; Da
Costa 1998).

8. DISCUSSION AND CONCLUSIONS

The Pegasus dwarf irregular galaxy is a nearby, low-SFR,
low-mass dwarf galaxy. Our revised distance to the Pegasus
dwarf of 760 kpc places this galaxy in the M31 ““ family,ÏÏ but
at a projected distance on the sky of 400 kpc, it is unlikely to
be bound to M31. Pegasus is probably a small, independent
member of the Local Group.

The established interstellar gas reserves in Pegasus from
the measured H I content suggest that the ratio of gas
(including cosmic He) to stellar mass is M

g
/M

*
\ 0.2.

Pegasus lacks the raw material to substantially enlarge its
stellar mass but is not yet a stellar fossil. At the present time
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its SFR is low, yr~1, and the time-SFR0B 3 ] 10~4 M
_scale to exhaust the gas at this rate is 13 Gyr. The lifetime

average SFR is several times higher, so it is possible that a
return to normal SFRs could result in gas exhaustion
within a few gigayears. Pegasus is like many other irregular
galaxies where star formation is ““ down but not out ÏÏ (see
Hunter 1997).

Our observed CMDs for the Pegasus dwarf obtained
with WFPC2 in the equivalent of BV I colors show a sparse-
ly populated MS and a complicated ““ red plume ÏÏ consisting
of a fairly broad RGB, a pronounced RC (cleanly detected
here for the Ðrst time), and an extended AGB. The extended
AGB covers much of the optical galaxy on ground-based
images taken with the WIYN telescope. Our quantitative
analysis of these CMDs establishes the following : (1) The
reddening of E(B[V ) \ 0.15 is higher than previously
thought. This mainly accounts for our reduction in distance
from D\ 960 kpc found by toAparicio (1994)
D\ 760 ^ 100 kpc. (2) Star formation is ongoing at a low
level and has produced at least one H II region, a blue MS,
and core HeB blue loop stars. (3) The RGB is prominent,
densely populated, and relatively blue. (4) The presence of a
pronounced RC, the width of the RGB, and the lack of a
well-deÐned tip of the RGB are all indicators of a strong
intermediate-age stellar population component.

We have quantitatively modeled the SFH for Pegasus by
Ðtting our observed CMDs following the methodologies of

& Saha and et al.Tolstoy (1996) Dohm-Palmer (1997b).
The short-term trend in SFR shows a modest decline in
SFR during the past 0.5 Gyr from the densities of MS and
blue core HeB stars as functions of luminosity. The Pegasus
dwarf therefore shows a slowly varying recent mean SFR,
but nothing that would qualify as a recent starburst.

Our data are not sufficiently deep to yield a unique
description of the SFH over more than B1 Gyr. Instead, we
Ðnd a spectrum of possible models for the long-term SFH of
the Pegasus dwarf. At one extreme is a rapid evolution
model that makes most of the stars between 2 and 4 Gyr
before the present and assumes constant metallicity at
Z\ 0.001. At the other extreme are less well deÐned
models, where metallicity declines in older stars ; these
models have lower SFRs spread over longer time intervals,
extending perhaps to 10 Gyr in the past.

The historical optical characteristics of Pegasus depend
on its SFH. However, for models where the SFR has been
roughly constant at intermediate ages of a few gigayears, it
would have been most luminous and relatively(M

V
B [14)

blue when its SFR began its recent decline about 2 Gyr ago.
Even at its peak, Pegasus was most likely a ““ dwarf ÏÏ in
terms of absolute magnitude.

A galaxy like Pegasus in our most actively star-forming
model would be brightest at a look-back time of B2 Gyr, or
a redshift of zB 0.2. At this distance, a Pegasus-like actively
star-forming dwarf would have V D 26, blue colors, and an
angular size of less than Thus, this type of object could0A.5.
resemble some of the low-redshift, faint blue galaxies (see,
e.g., et al.Odewahn 1996).

If the Pegasus dwarf were to lose its gas supply, it might
structurally resemble a spheroidal dwarf galaxy. et al.Lo

showed the H I velocity Ðeld in Pegasus to be fairly(1993)
chaotic. They place an upper limit of 5 km s~1 on gas
rotation and measure a local velocity dispersion of about 5
km s~1 and a global dispersion of 9 km s~1. Interestingly,
stars formed from gas with these random velocities would

likely retain a velocity dispersion similar to that found in
the most luminous of the Galactic dSph galaxies (e.g.,

& Wyse Furthermore, the global rotationGallagher 1994).
is sufficiently slow that the ratio of the stellar velocity dis-
persion to rotational velocity also is likely to be greater
than 1, and so the older stellar body of the Pegasus dwarf
probably has a spheroidal rather than thin disk structure
and resembles a low-luminosity dE or dwarf spheroidal
galaxy. Measurements of stellar kinematics would test this
possibility, and could be made through observations of the
relatively bright extended-AGB stars in the Pegasus dwarf.

Stellar photometry at the level of the HB will similarly
enhance our ability to constrain the long-term SFH of the
Pegasus dwarf. The blue HB that is seen in And I Costa(Da
et al. and NGC 147 et al. demonstrates the1996) (Han 1997)
existence of old, metal-poor stellar populations while also
yielding reliable distances. Evidently these two spheroidal
galaxies made most of their stars over a time span of several
gigayears centered at about 8È10 Gyr before the present. In
comparing the Pegasus dwarf with these galaxies we need to
establish the importance of its very old ([8 Gyr), metal-
poor stellar population component, which deÐnes the level
of star-forming activity during the primary epoch of giant
galaxy formation. By way of contrast, in the LMC such
stars are rare Suntze†, & Mateo and we(Olszewski, 1996),
would like to know whether this is a general distinction
between the irregular and spheroidal dwarf galaxies. This
information is essential in charting possible relationships
between present-epoch dwarf galaxies and faint blue gal-
axies seen at moderate to high redshifts corresponding to
look-back times exceeding several gigayears.

The improvements in the quantitative analysis of stellar
populations in nearby galaxies made possible by WFPC2
on HST prove that despite its small mass, the Pegasus
dwarf has had an extended evolutionary history ; this galaxy
has likely supported star formation for at least 3 Gyr. The
attractive idea that very small galaxies should experience a
single primary and possibly cataclysmic episode of star for-
mation during their lifetimes does not appear to hold for the
Pegasus dwarf or many other low-mass Local Group gal-
axies. We are then left with the intriguing problems of
understanding what physical mechanisms allow some small
galaxies to produce their stars slowly and without violence,
and how this relates to the variety of stellar age mixes and
gas contents found in extreme dwarf galaxies in the nearby
universe.
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