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ABSTRACT

We present deep HST F555W (V) and F814W (I) observations of a central field in the Local Group
dwarf spheroidal (dSph) galaxy Leo I. The resulting color-magnitude diagram (CMD) reaches I ~ 26 and
reveals the oldest ~10-15 Gyr old turnoffs. Nevertheless, a horizontal branch is not obvious in the
CMD. Given the low metallicity of the galaxy, this likely indicates that the first substantial star forma-
tion in the galaxy may have been somehow delayed in Leo I in comparison with the other dSph satel-
lites of the Milky Way. The subgiant region is well and uniformly populated from the oldest turnoffs up
to the 1 Gyr old turnoff, indicating that star formation has proceeded in a continuous way, with possible
variations in intensity but no big gaps between successive bursts, over the galaxy’s lifetime. The structure
of the red clump of core He-burning stars is consistent with the large amount of intermediate-age popu-
lation inferred from the main sequence and the subgiant region. In spite of the lack of gas in Leo I, the
CMD clearly shows star formation continuing until 1 Gyr ago and possibly until a few hundred Myr

ago in the central part of the galaxy.

Subject headings: galaxies: evolution — galaxies: individual (Leo I) — galaxies: photometry —

galaxies: stellar content

1. INTRODUCTION

The first color-magnitude diagrams (CMD) obtained by
Baade for the dwarf spheroidal (dSph) companions of the
Milky Way, and in particular for the Draco system (Baade
& Swope 1961), showed all of the features present in the
CMDs of globular clusters. This, together with the presence
of RR Lyrae stars (Baade & Hubble 1939; Baade & Swope
1961), led to the interpretation that dSph galaxies are essen-
tially pure Population II systems. But Baade (1963) noted
that there are a number of characteristics in the stellar
populations of dSph galaxies that differentiate them from
globular clusters, including extreme red horizontal
branches and the distinct characteristics of the variable
stars. When carbon stars were discovered in dSph galaxies,
these differences were recognized to be due to the presence
of an intermediate-age population (Cannon, Niss, &
Norgaard-Nielsen 1980; Aaronson, Olszewski, & Hodge
1983; Mould & Aaronson 1983). In the past few years this
intermediate-age population has been shown beautifully in
the CMDs of a number of dSph galaxies (Carina—Mould
& Aaronson 1983, Mighell 1990, Smecker-Hane et al. 1996,

! Observatories of the Carnegie Institution of Washington, 813 Santa
Barbara Street, Pasadena, CA 91101.

2 Department of Astronomy, 821 Dennison Building, University of
Michigan, Ann Arbor, MI 48109.

3 Dipartimento di Astronomia, dell'Universitd di Padova, Vicolo
dell’Osservatorio 5, I-35122-Padova, Italy.

“ Instituto de Astrofisica de Canarias, E-38200 La Laguna, Canary
Islands, Spain.

5 National Council of Research, CNR-GNA, Rome, Italy.

¢ Department of Astronomy, University of Washington, Seattle, WA
98195.

7 Department of Astronomy, Seoul National University, Korea.

8 Steward Observatory, The University of Arizona, Tucson, AZ 85721.

° National Optical Astronomy Observatory, P.O. Box 26732, Tucson,
AZ 85726.

10 National Research Council, Hertzberg Institute of Astrophysics,
Dominion Astrophysical Observatory, Canada.

11 Cerro Tololo Inter-American Observatory, National Optical
Astronomy Observatory, Casilla 603, La Serena, Chile.

665

Hurley-Keller, Mateo, & Nemec 1998; Fornax—Stetson,
Hesser, & Smecker-Hane 1998; Leo I—Lee et al. 1993a,
hereafter 193, this paper). Other dSph galaxies show only a
dominant old stellar population in their CMDs (Ursa
Minor—Olszewski & Aaronson 1985, Martinez-Delgado &
Aparicio 1999; Draco—Carney & Seitzer 1986, Stetson,
VandenBerg, & McClure 1985, Grillmair et al. 1998;
Sextans—Mateo et al. 1991).

An old stellar population, traced by a horizontal branch
(HB), has been clearly observed in all the dSph galaxies
satellites of the Milky Way, except Leo I, regardless of their
subsequent star formation histories (SFHs). In this respect,
as noted by 193, Leo I is a peculiar galaxy, showing a
well-populated red clump (RC) but no evident HB. This
suggests that the first substantial amount of star formation
may have been somehow delayed in this galaxy compared
with the other dSph galaxies. Leo 1 is also singular in that
its large Galactocentric radial velocity (177 + 3 km s~ 1,
Zaritsky et al. 1989) suggests that it may not be bound to
the Milky Way, as the other dSph galaxies seem to be (Fich
& Tremaine 1991). Byrd et al. (1994) suggest that both Leo I
and the Magellanic Clouds seem to have left the neighbor-
hood of the Andromeda galaxy about 10 Gyr ago. It is
interesting that the Magellanic Clouds also seem to have
only a small fraction of old stellar population.

Leo I presents an enigmatic system with unique charac-
teristics among Local Group galaxies. From its morphol-
ogy and from its similarity to other dSph galaxies in terms
of its lack of detectable quantities of H 1 (Knapp, Kerr, &
Bowers 1978, see § 2) it would be considered a dSph galaxy.
But it also lacks a conspicuous old population and it has a
much larger fraction of intermediate-age population than
its dSph counterparts and even a nonnegligible population
of young (<1 Gyr old) stars.

In this paper, we present new HST F555W (V) and
F814W (I) observations of Leo I. In § 2 the previous work
on Leo I is briefly reviewed. In § 3 we present the obser-
vations and data reduction. In § 4 we discuss the photo-
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Fic. 1.—Digitized Sky Survey image of the Leo I field. The outlines indicate the WFPC?2 field and the field observed by L93. The total field shown here is

10" x 10'. North is up, east is to the left.

metry of the galaxy, reduced independently using both
ALLFRAME and DoPHOT programs and calibrated
using the ground-based photometry of 193. In § 5 we
present the CMD of Leo I and discuss the stellar popu-
lations and the metallicity of the galaxy. In § 6 we sum-
marize the conclusions of this paper. In a companion paper
(Gallart et al. 1999, hereafter Paper 1I) we will quantitat-
ively derive the SFH of Leo I through the comparison of the
observed CMD with a set of synthetic CMDs.

2. PREVIOUS WORK ON LEO I

Leo I (DDO 74), together with Leo II, was discovered by
Harrington & Wilson (1950) during the course of the first
Palomar Sky Survey. The distances to these galaxies were
estimated to be ~200 kpc, considerably more distant than
the other dSph companions of the Milky Way.

It has been observed in H 1 by Knapp et al. (1978) using
the NRAO 91 m telescope, but not detected. They set a limit
for its H 1 mass of My, /My <72 x 10® in the central
10’(~780 pc) of the galaxy. Recently, Bowen et al. (1997)
used spectra of three quasi-stellar objects/active galactic
nuclei (QSO/AGN) to set a limit on the H 1 column density
within 2-4 kpc in the halo of Leo I to be N(H 1) < 10*7

cm ™~ 2. They find no evidence of dense flows of gas in or out
of Leo I and no evidence for tidally disrupted gas.

The large distance to Leo I and the proximity on the sky
of the bright star Regulus have made photometric studies
difficult. As a consequence, the first CMDs of Leo I were
obtained much later than for the other nearby dSph gal-
axies (Fox & Pritchet 1987; Reid & Mould 1991; Demers,
Irwin, & Gambu 1994; 1.93). From the earliest observations
of the stellar populations of Leo I there have been indica-
tions of a large quantity of intermediate-age stars. Hodge &
Wright (1978) observed an unusually large number of
anomalous Cepheids, and carbon stars were found by
Aaronson et al. (1983) and Azzopardi, Lequeux, & West-
erlund (1985, 1986). A prominent RC, indicative in a low-Z
system of an intermediate-age stellar population, is seen
both in the [(B— V), V] CMD of Demers et al. (1994) and in
the [(V —1I), I] CMD of L93. The last CMD is particularly
deep, reaching I ~ 24 (M; ~ +2), and suggests the presence
of a large number of intermediate-age, main-sequence stars.
There is no evidence for a prominent HB in any of the
published CMDs.

L93 estimated the distance of Leo I to be (m— M), =
22.18 4+ 0.11 based on the position of the tip of the red giant
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F1G. 2—V (above) and I (below) deep (5700 and 4800 s respectively)
WF Chip 2 Leo I images.

branch (RGB); we will adopt this value in this paper. They
also estimated a metallicity of [Fe/H] = —2.0 + 0.1 dex
from the mean color of the RGB. Previous estimates of the
metallicity (Aaronson & Mould 1985; Suntzeff et al. 1986;
Fox & Pritchet 1987; Reid & Mould 1991) using a number
of different methods range from [Fe/H] = —1.0 to —1.9
dex. With the new HST data presented in this paper, the
information on the age structure from the turnoffs will help
to further constrain the metallicity.

3. OBSERVATIONS AND DATA REDUCTION

We present WFPC2 HST V (F555W) and I (F814W)
data in one 2!6 x 26 field in Leo I obtained on 1994 March
5. The WFPC2 has four internal cameras: the planetary
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camera (PC) and three wide field (WF) cameras. They image
onto a Loral 800 x 800 CCD, which gives a scale of 07046
pixel ! for the PC camera and 0710 pixel ' for the WF
cameras. At the time of the observations the camera was
still operating at the higher temperature of —77°C. Figure 1
shows the location of the WFPC?2 field superposed on the
Digitized Sky Survey image of Leo 1. The position of the
ground-based image of L.93 is also shown. The position was
chosen so that the PC field was situated in the central, more
crowded part of the galaxy. Three deep exposures in both
F555W (V) and F814W (I) filters (1900 and 1600 s each,
respectively) were taken. To ensure that the brightest stars
were not saturated, one shallow exposure in each filter
(350 s in F555W and 300 s in F814W) was also obtained.
Figure 2 shows the V and I deep (5700 and 4800 s,
respectively) WF Chip2 images of Leo 1.

All observations were preprocessed through the standard
STScl pipeline, as described by Holtzmann et al. (1995). In
addition, the treatment of the vignetted edges, bad columns
and pixels, and correction of the effects of the geometric
distortion produced by the WFPC2 cameras were per-
formed as described by Silbermann et al. (1996).

4. PHOTOMETRY

4.1. Profile Fitting Photometry

Photometry of the stars in Leo I was measured indepen-
dently using the set of DAOPHOT II/ALLFRAME pro-
grams developed by Stetson (1987, 1994) and also with a
modified version of DoPHOT (Schechter, Mateo, & Saha
1993). We compare the results obtained with each of these
programs below.

ALLFRAME photometry was performed in the eight
individual frames, and the photometry list in each band was
obtained by averaging the magnitudes of the corresponding
individual frames. In summary, the process is as follows: a
candidate star list was obtained from the median of all the
images of each field using three DAOPHOT II/ALLSTAR
detection passes. This list was fed to ALLFRAME, which
was run on all eight individual frames simultaneously. We
have used the point-spread functions (PSFs) obtained from
the public domain HST WFPC2 observations of the globu-
lar clusters Pal 4 and NGC 2419 (Hill et al. 1998). The stars
in the different frames of each band were matched and
retained if they were found in at least three frames for each
of V and I. The magnitude of each star in each band was set
to the error-weighted average of the magnitudes for each
star in the different frames. The magnitudes of the brightest
stars were measured from the short exposure frames. A last
match between the stars retained in each band was made to
obtain the VI photometry table.

DoPHOT photometry was obtained with a modified
version of the code to account for the HST PSF (Saha et al.
1996). DoPHOT reductions were made on average V and [
images combined in a manner similar to that described by
Saha et al. (1994) in order to remove the effects of cosmic
rays. Photometry of the brightest stars was measured from
the V and I short exposure frames.

The DoPHOT and ALLFRAME calibrated photo-
metries (see § 4.2) show a reasonably good agreement. There
is a scatter of 2%—3% for even the brightest stars in both V
and I. No systematic differences can be seen in the V' photo-
metry. In the I photometry there is good systematic agree-
ment among the brightest stars but a small tendency for the
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DoPHOT magnitudes to become brighter compared to the
ALLFRAME magnitudes with increasing I magnitude.
This latter effect is about 0.02 mag at the level of the RC and
increases to about 0.04-0.05 mag by I = 26. We cannot
decide from these data which program is “correct.”
However, the systematic differences are sufficiently small
compared to the random scatter that our final conclusions
are identical regardless of which reduction program is used.

In the following we will use the star list obtained with
DAOPHOT/ALLFRAME. Our final photometry table
contains a total of 31,200 stars found in the four WFPC2
chips after removing stars with excessively large photo-
metric errors compared to other stars of similar brightness.
The retained stars have ¢ <02, y < 1.6, and —0.5 <
sharp < 0.5.

4.2. Transformation to the Johnson-Cousins System

For our final photometry in the Johnson-Cousins system
we will rely ultimately on the photometry obtained by 1.93.
Before this last step, we transformed the profile fitting pho-
tometry using the prescription of Holtzmann et al. (1995). In
this section, we will describe both steps and discuss the
differences between the HST-based photometry and the
ground-based photometry.

The ALLFRAME photometry has been transformed to
standard magnitudes in the Johnson-Cousins system using
the prescriptions of Holtzmann et al. (1995) and Hill et al.
(1998) as adopted for the HST H, Key Project data. PSF
magnitudes have been transformed to instrumental magni-
tudes at an aperture of radius 075 (consistent with Holtz-
mann et al. 1995 and Hill et al. 1998) by deriving the
value for the aperture correction for each frame using
DAOGROW (Stetson 1990).

The Johnson-Cousins magnitudes obtained in this way
were compared with ground-based magnitudes for the same
field obtained by L93 by matching a number of bright
(V <21, I <20), well-measured stars in the HST (Vggsr,
Iysy) and ground-based photometry (Vi .., Ii..)- The zero
points between both data sets have been determined as the
median of the distribution of (V..— Vgsr) and (I e — Igs7)-
In Table 1 the values for the median of (Vi..— Vasr)s
(I .. — I gst) and its dispersion ¢ are listed for each chip (no
obvious color terms are observed, as expected, since both
photometry sets have been transformed to a standard
system taking into account the color terms of the corre-
sponding telescope-instrument system where needed). N is
the number of stars used to calculate the transformation.
Although the value of the median zero point varies from
chip to chip, it is in the sense of making the corrected V
magnitudes brighter by ~0.05 mag than Vygr and the cor-
rected I magnitudes fainter than I54; by about the same

TABLE 1
Zero POINTS: (Viee— Vigst)s Uree—Inst)

CHIP Filter Median o N
CHIP 1...... F555W —0.037 0.100 17
CHIP 2...... F555W —0.110 0.103 59
CHIP 3...... F555W —0.080 0.063 43
CHIP4...... F555W —0.059 0.067 57
CHIP 1...... F814W 0.035 0.075 17
CHIP 2...... F814W 0.013 0.064 53
CHIP 3...... F814W 0.076 0.042 43
CHIP4...... F814W 0.080 0.041 53
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amount. Therefore, the final (V' —I) colors are 0.1 mag bluer
in the corrected photometry.

Note that the charge transfer energy (CTE effect), which
may be important in the case of observations made at the
temperature of —77°C, could contribute to the dispersion
on the zero point. Nevertheless, if the differences (V..
— Vast)s Uree— Inst) are plotted for different row intervals,
no clear trend is seen, which indicates that the error intro-
duced by the CTE effect is not of concern in this case. The
fact that the background of our images is considerable
(about 70 e7) can be the reason why the CTE effect is not
noticeable.

We adopt the 193 calibration because it was based on
observations of a large number of standards from Graham
(1981) and Landolt (1983) and because there was very good
agreement between independent calibrations performed on
two different observing runs and between calibrations on
four nights of one of the runs. In addition, the Holtzmann et
al. (1995) zero points were derived for data taken with the
wide field camera CCDs operating at a lower temperature
compared to the present data set.

5. THE LEO I COLOR-MAGNITUDE DIAGRAM

5.1. Overview

In Figure 3 we present four [(V —1I), I] CMDs for Leo I
based on the four WFPC2 chips. Leo I possesses a rather
steep and blue RGB, indicative of a low metallicity. Given
this low metallicity, its very well-defined RC, at I ~ 21.5, is
characteristic of an intermediate-age stellar population. The
main sequence (MS), reaching up to within 1 mag in bright-
ness of the RC, unambiguously shows that a considerable
number of stars with ages between ~1 Gyr and 5 Gyr are
present in the galaxy, confirming the suggestion by L93 that
the faintest stars in their photometry might be from a rela-
tively young (~3 Gyr) intermediate-age population. Our
CMD, extending about 2 mag deeper than the L93 photo-
metry and reaching the position expected for the turnoffs of
an old population, shows that a rather broad range in ages
is present in Leo I. A number of yellow stars, slightly bright-
er and bluer than the RC, are probably evolved counter-
parts of the brightest stars in the MS. Finally, the lack of
discontinuities in the turnoffs/subgiant region indicate a
continuous star formation activity (with possible changes of
the star formation rate intensity) during the galaxy’s life-
time.

We describe each of these features in more detail in § 5.4
and discuss their characteristics by comparing them with
theoretical isochrones and taking into account the errors
discussed in § 5.2. We will quantitatively study the SFH of
Leo I in Paper II by comparing the distribution of stars in
the observed CMD with a set of model CMDs computed
using the stellar evolutionary theory, as well as a realistic
simulation of the observational effects in the photometry
(see Gallart et al. 1996a, 1996b and Aparicio, Gallart, &
Bertelli 1997a, 1997b for different applications of this
method to the study of the SFH in several LG dwarf irregu-
lar galaxies).

5.2. Photometric Errors

Before proceeding with an interpretation of the features
present in the CMD, it is important to assess the photo-
metric errors. To investigate the total errors present in the
photometry, artificial star tests have been performed in a
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F1G. 3.—Observed CMDs of Leo I for all four WFPC2 chips

similar way as described in Aparicio & Gallart (1995) and
Gallart, Aparicio, & Vilchez (1996¢). For details on the tests
run for the Leo I data, see Paper II. In short, a large number
of artificial stars of known magnitudes and colors were
injected into the original frames, and the photometry was
redone again following exactly the same procedure used to
obtain the photometry for the original frames. The injected
and recovered magnitudes of the artificial stars, together
with the information of the artificial stars that have been
lost, provides us with the true total errors.

In Figure 4, artificial stars representing a number of small
intervals of magnitude and color have been superposed as
white spots on the observed CMD of Leo I. Enlarged
symbols show the recovered magnitudes for the same artifi-
cial stars. The spread in magnitude and color shows the
error interval in each of the selected positions. This infor-
mation will help us in the interpretation of the different
features present in the CMD (§ 5.4). A more quantitative
description of these errors and a discussion of the character-
istics of the error distribution will be presented in Appendix
A of Paper I1.

5.3. The Leo I Distance

We will adopt, here and in Paper II, the distance
obtained by L93 (m— M), = 22.18 + 0.11 from the position
of the tip of the RGB. Since the ground-based observations
of L93 cover a larger area than the HST observations pre-
sented in this paper and therefore sample the tip of the RGB
better, they are more suitable to derive the position of the
tip. On the other hand, since we derive the calibration of
our photometry from theirs, we do not expect any difference
in the position of the tip in our data. The adopted distance
provides a good agreement between the position of the dif-
ferent features in the CMD and the corresponding theoreti-
cal position (Figs. 5 and 6), and its uncertainty does not
affect the (mostly qualitative) conclusions of this paper.

5.4. Discussion of the CMD of Leo I: Comparison with
Theoretical Isochrones

In Figure 5, isochrones of 16 (Z = 0.0004), 3, and 1 Gyr

(Z =0.001) from the Padova library (Bertelli et al. 1994)
have been superposed upon the global CMD of Leo L. In
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F1G. 4—Fraction of the results of the artificial star tests conducted on
the Leo I image, superposed in selected positions of the observed CMD of
Leo I. White spots show the locus of the injected magnitudes of a set of
artificial stars, and the enlarged symbols show the recovered magnitudes
for the same artificial stars. The scatter in the recovered magnitudes gives
us information on the total errors in each position.

Figure 6, isochrones of the same ages and metallicities from
the Yale library (Demarque et al. 1996) are shown. In both
cases (except for the Padova 1 Gyr old, Z = 0.001
isochrone), only the evolution through the RGB tip has

76 T T T T I T T T T T T T T
Padova Isochrones _-
- 16 Gyr (Z=0.0004) - y
r 3,1 Gyr (Z=0.001) 4 y

(Vfl)o

Fi1G. 5—Combined [(V —1I),, M;] CMD of the stars in the WFPC2
field. A distance modulus (m—M), =22.18 (L93) and reddening
E(B—V) = 0.02 (Burstein & Heiles 1984) have been used to transform to
absolute magnitudes and unreddened colors. Isochrones of 16 Gyr
(Z = 0.0004; thick line), 3 Gyr (Z = 0.001; thin line), and 1 Gyr (Z = 0.001;
dashed line), from the Padova library (Bertelli et al. 1994) have been super-
posed on the data. Only the evolution to the tip of the RGB is shown in the
16 and 3 Gyr isochrones. The Z = 0.001 isochrones published by Bertelli et
al. (1994) are calculated using the old Los Alamos opacities (Huebner et al.
1977) and, therefore, are not homogeneous with the rest of the isochrones
of their set. The Z = 0.001 isochrones drawn here have been calculated by
interpolation between the Z = 0.0004 and Z = 0.004 isochrones.

(V71)0

Fi1G. 6.—Yale isochrones (Demarque et al. 1996) for the same ages,
metallicities, and evolutionary phases (except for the 1 Gyr old isochrone)
as in Fig. 5, superposed on the same data.

been displayed (these are the only phases available in the
Yale isochrones). In Figure 7, the HB-asymptotic giant
branch (AGB) phase for 16 Gyr (Z = 0.0004) and the full
isochrones for 1 Gyr, 600 and 400 Myr (Z = 0.001), from
the Padova library are shown.

A comparison of the Yale and Padova isochrones in
Figures 5 and 6 shows some differences between them, par-
ticularly regarding the shape of the RGB (the RGB of the
Padova isochrones are in general steeper and redder, at the
base of the RGB, and bluer near the tip of the RGB, than
the Yale isochrones for the same age and Z) and the posi-
tion of the subgiant branches of age ~1 Gyr (which is

76 T T T T I T T T T T
- Padova Isochrones
- 16 Gyr (Z=0.0004) 7
- 1, 0.6, 0.4 Gyr (Z=0.001) 7
74 — —
72 — —
= 0 .
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FiG. 7—HB-AGB phases for 16 Gyr (Z = 0.0004; thick line) and com-
plete isochrones of 1 Gyr, 600 and 400 Myr (Z = 0.001; thin lines) from the
Padova library, superposed on the same data of Fig. 5. See details on the
Z = 0.001 isochrones in the legend of Fig. 5.
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brighter in the Padova isochrones). In spite of these differ-
ences, the general characteristics deduced for the stellar
populations of Leo I do not critically depend on the set
chosen. However, based on these comparisons, we can gain
some insight into current discrepancies between two sets of
evolutionary models widely used and therefore into the
main uncertainties of stellar evolution theory that we will
need to take into account when analyzing the observations
using synthetic CMDs (Paper 11).

In the following, we will discuss the main features of the
Leo I CMD using the isochrones in Figures 5-8. This will
allow us to reach a qualitative understanding of the stellar
populations of Leo I as a starting point of the more quanti-
tative approach presented in Paper I1.

5.4.1. The Main-Sequence Turnoff/Subgiant Region

The broad range in magnitude in the MS turnoff region
of Leo I CMD is a clear indication of a large range in the
age of the stars populating Leo 1. The fainter envelope of
the subgiants coincides well with the position expected for a
~10-15 Gyr old population, whereas the brightest blue
stars on the main sequence (MS) may be as young as 1 Gyr
old and possibly younger.

Figure 7 shows that the blue stars brighter than the 1 Gyr
isochrone are well matched by the MS turnoffs of stars a few
hundred Myr old. One may argue that a number of these
stars may be affected by observational errors that, as we see
in Figure 4, tend to make stars brighter. They could also be
unresolved binaries comprised of two blue stars. Neverthe-
less, it is very unlikely that the brightest blue stars are stars
~1 Gyr old affected by one of these situations, since one
has to take into account that (1) a 1 Gyr old binary could be
only as bright as M; ~ 0.3 in the extreme case of two identi-
cal stars and (2) none of the blue artificial stars at M; ~ 1
(which are around 1 Gyr old) got shifted the necessary
amount to account for the stars at M; ~ —0.1, and only
about 4% of them have been shifted a maximum of 0.5 mag.
We conclude, therefore, that some star formation has likely
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Fi1c. 8—Z = 0.0004 isochrones for 10, 4, and 1 Gyr (evolution through
the RGB only) and 0.5 Gyr (full isochrone) from the Padova library, super-
posed on the same data of Fig. 5.
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been going on in the galaxy from 1 Gyr to a few hundreds
Myr ago. The presence of the bright yellow stars (see § 5.4.3)
also supports this conclusion.

Concerning the age of the older population of Leo I, the
present analysis of the data using isochrones alone does not
allow us to be much more precise than the range given
above (10-15 Gyr), although we favor the hypothesis that
there may be stars older than 10 Gyr in Leo 1. In the old age
range, the isochrones are very close to one another in the
CMD and therefore the age resolution is not high. In addi-
tion, at the corresponding magnitude, the observational
errors are quite large. Nevertheless, the characteristics of
the errors as shown in Figure 4 make it unlikely that the
faintest stars in the turnoff region are put there due to large
errors because (1) a significant migration to fainter magni-
tudes of the stars in the ~10 Gyr turnoff area is not
expected and, (2) because of the approximate symmetric
error distribution, errors affecting intermediate-age stars in
their turnoff region are not likely to produce the well-
defined shape consistent with a 16 Gyr isochrone (see
Fig. 5).

Finally, the fact that there are not obvious discontinuities
in the turnoff/subgiant region suggests that the star forma-
tion in Leo I has proceeded in a more or less continuous
way, with possible changes in intensity but no big time gaps
between successive bursts, through the life of the galaxy.
These possible changes will be quantified, using synthetic
CMDs, in Paper I1.

5.4.2. The Horizontal-Branch and the Red Clump of Core
He-burning Stars

Core He-burning stars produce two different features in
the CMD, the HB and the RC, depending on age and metal-
licity. Very old, very low metallicity stars distribute along
the HB during the core He-burning stage. The RC is pro-
duced when the core He burners are not so old, or more
metal rich, or both, although other factors may also play a
role (see Lee 1993). The HB-RC area in Leo I differs from
those of the other dSph galaxies in the following two impor-
tant ways.

First, the lack of a conspicuous HB may indicate, given
the low metallicity of the stars in the galaxy, that Leo I has
only a small fraction of very old stars. There are a number
of stars at M; ~ 0, (V —1I), = 0.2-0.6 that could be stars on
the HB of an old, metal poor population, but their position
is also that of the post-turnoff ~1 Gyr old stars (see Fig. 7).
The relatively large number of these stars and the discontin-
uity that can be appreciated between them and the rest of
the stars in the Herszprung-Gap supports the hypothesis
that HB stars may make a contribution. This possible con-
tribution will be quantified in Paper II. Second, the Leo I
RC is very densely populated and is much more extended in
luminosity than the RC of single-age populations, with a
width of as much as Al ~ 1 mag. The intermediate-age
LMC populous clusters with a well-populated RC (see, e.g.,
Bomans, Vallenari, & De Boer 1995) have Al values about a
factor of 2 smaller. The RCs of the other dSph galaxies with
an intermediate-age population (Fornax—Stetson et al
1998; Carina—Hurley-Keller et al. 1998) are also much less
extended in luminosity.

The Leo I RC is more like that observed in the CMDs of
the general field of the LMC (Vallenari et al. 1996; Zaritzky,
Harris, & Thompson 1997). An RC extended in luminosity
is indicative of an extended SFH with a large intermediate-
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age component. The older stars in the core He-burning
phase lie in the lower part of the observed RC; younger RC
stars are brighter (Bertelli et al. 1994, their Fig. 12; see also
Caputo, Castellani, & Degl'Innocenti 1995). The brightest
RC stars may be ~1 Gyr old stars (which start the core
He-burning phase in nondegenerate conditions) in their
blue-loop phase. The stars scattered above the RC (as well
as the brightest yellow stars, see § 5.4.3), could be a few
hundred Myr old in the same evolutionary phase (see Fig. 1
in Aparicio et al. 1996; Gallart 1998). The RC morphology
depends on the fraction of stars of different ages and will
complement the quantitative information about the SFH
from the distribution of subgiant and MS stars (Paper II).

5.4.3. The Bright Yellow Stars: Anomalous Cepheids?

There are a number of bright, yellow stars in the CMD
(at —25 <M, < —1.5 mag and 0 < (V—1I) < 0.6 mag).
L93 indicate that a significant fraction of these stars show
signs of variability, and two of the stars in their sample were
identified by Hodge & Wright (1978) to be anomalous
Cepheids.’? Some of them also show signs of variability in
our HST data. In Figure 7, however, it is shown that these
stars have the magnitudes and colors expected for blue-loop
stars of few hundred Myr. This supports our previous con-
clusion that the brightest stars in the MS have ages similar
to these.

Given their position in the CMD, it is interesting to ask
whether some of the variables found by Hodge & Wright
(1978) in Leo I could be classical Cepheids instead of anom-
alous Cepheids.'® From the Bertelli et al. (1994) isochrones,
we can obtain the mass and luminosity of a 500 Myr blue-
loop star, which would be a representative star in this posi-
tion of the CMD. Such a star would have a mass M ~ 2.5
M and a luminosity L ~ 350 L,. From equation (8) of
Chiosi et al. (1992) we calculate that the period that corre-
sponds to a classical Cepheid of this mass and metallicity is
1.2 days, which is compatible with the periods found by
Hodge & Wright (1978) that range between 0.8 and 2.4
days.

We suggest that some of these variable stars may be
similar to the short-period Cepheids in the Small Magella-
nic Cloud (SMC; Smith et al. 1992), i.e., classical Cepheids
in the lower extreme of mass, luminosity, and period. If this

12 Anomalous Cepheids were first discovered in dSph galaxies, and it
was demonstrated (Baade & Swope 1961; Zinn & Searle 1976) that they
obey a period-luminosity relationship different from that of globular
cluster Cepheids and classical Cepheids. The relatively large mass (~1.5
M ;) estimated for them implies that they should be relatively young stars
or mass-transfer binaries. Since the young age hypothesis appeared incom-
patible with the idea of dSph galaxies being basically Population II
systems, it was suggested that anomalous Cepheids could be products of
mass-transfer binary systems. Nevertheless, we know today that most
dSph galaxies have a substantial amount of intermediate-age population,
consistent with anomalous Cepheids being relatively young stars that,
according to various authors (Gingold 1976, 1985; Hirshfeld 1980; Bono et
al. 1997), after undergoing the He flash, would evolve toward high enough
effective temperatures to cross the instability strip before ascending the
AGB.

13 Both types of variables would be double-shell burners, although,
taking into account the results of the authors referenced in the previous
footnote, from a stellar evolution point of view the difference between them
would be that the anomalous have started the He burning in the core in
degenerate conditions, whereas the classical are stars massive enough to
have ignited He in the core under nondegenerate conditions. If the Leo 1
Cepheids are indeed among the yellow stars above the RC, which are likely
blue-loop stars, they would meet the evolutionary criterion to be classical
Cepheids.
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is confirmed, it would be of considerable interest in terms of
understanding the relationship between the different types
of Cepheid variables. A new wide field survey for variable
stars, more accurate and extended to a fainter magnitude
limit (both to search for Cepheids and RR Lyrae stars)
would be of particular interest in the case of Leo I.

5.4.4. The Red Giant Branch: The Metallicity of Leo I

The RGB of Leo I is relatively blue, characteristic of a
system with low metallicity. Assuming that the stars are
predominantly old, with a small dispersion in age, 1.93
obtained a mean metallicity [Fe/H] = —2.02 + 0.10 dex
and a metallicity dispersion of —2.3 < [Fe/H] < —1.8
dex. This estimate was based on the color and intrinsic
dispersion in color of the RGB at M; = —3.5 using a cali-
bration based on the RGB colors of galactic globular clus-
ters (Da Costa & Armandroff 1990; Lee, Freedman, &
Madore 1993a). For a younger mean age of about 3.5 Gyr,
they estimate a slightly higher metallicity of [Fe/H] =
—1.9, based on the difference in color between a 15 and
a 3.5 Gyr old population according to the Revised Yale
Isochrones (Green, Demarque, & King 1987). Other pho-
tometric measurements give a range in metallicity of
[Fe/H] = —1.85 to —1.0 dex (see L93 and references
therein). The metallicity derived from moderate resolution
spectra of two giant stars by N. Suntzeff (1992, private
communication) is [Fe/H] ~ — 1.8 dex.

Since Leo I is clearly a highly composite stellar popu-
lation with a large spread in age, the contribution to the
width of the RGB from such an age range may no longer be
negligible compared with the dispersion in metallicity.
Therefore, an independent estimate of the age range from
the MS turnoffs is relevant in the determination of the range
in metallicity. In the following, we will discuss possible
limits on the metallicity dispersion of Leo I through the
comparison of the RGB with the isochrones shown in
Figures 5-8. As we noted in the introduction of § 5, there are
some differences between the Padova and the Yale iso-
chrones, but their positions coincide in the zone about 1
mag above the RC. We will use only this position in the
comparisons discussed below.

We will first check whether the whole width of the RGB
can be accounted for by the dispersion in age. In § 5.4.1, we
have shown that the ages of the stars in Leo I range from 10
to 15 Gyr to less than 1 Gyr. In Figure 8 we have super-
posed Padova isochrones of Z = 0.0004 and ages 10, 1, and
0.5 Gyr on the Leo I CMD. This shows that the full width of
the RGB above the RC can be accounted for by the disper-
sion in age alone. A similar result is obtained for a metal-
licity slightly lower or higher. This provides a lower limit for
the metallicity range, which could be negligible. The AGB
of the 0.5 Gyr isochrone appears to be too blue compared
with the stars in the corresponding area of the CMD.
However, these AGBs are expected to be poorly populated
because (1) stars are short lived in this phase and (2) the
fraction of stars younger than 1 Gyr is small, if any.

Second, we will discuss the possible range in Z at different
ages from (1) the position of the RGB, taking into account
the fact that isochrones of the same age are redder when
they are more metal rich and isochrones of the same metal-
licity are redder when they are older, and (2) that the exten-
sion of the blue loops depends on metallicity.

1. For stars of a given age, the lower limit of Z is given by
the blue edge of the RGB area we are considering: iso-
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chrones of any age and Z = 0.0001 have colors in the RGB
above the RC within the observed range. Therefore, by
means of the present comparison only, we cannot rule out
the possibility that there may be stars in the galaxy with a
range of ages and Z as low as Z = 0.0001. The oldest stars
of this metallicity would be at the blue edge of the RGB and
would be redder as they are younger. The upper limit for the
metallicity of stars of a given age is given by the red edge of
the RGB: for old stars, the red edge of the observed RGB
implies an upper limit of Z < 0.0004 (see Fig. 8), since more
metal rich stars would have colors redder than observed.
For intermediate-age stars up to ~ 3 Gyr old we infer an
upper limit of Z = 0.001, and for ages ~3-1 Gyr old an
upper limit of Z = 0.004.

2. We can use the position of the bright yellow stars to
constrain Z: the fact that there are a few stars in blueward
extended blue loops implies that their metallicity is as low
as Z < 0.001 or even lower (Fig. 7) because higher metal-
licity stars do not produce blueward extended blue loops at
the observed magnitude. This does not exclude the possi-
bility that a fraction of young stars have metallicity up to
Z = 0.004. These upper limits are compatible with Z slowly
increasing with time from Z ~ 0 to Z ~ 0.001-0.004, on the
scale of the Padova isochrones.

In summary, we conclude that the width of the Leo I
RGB can account for the dispersion of the age of its stellar
population and, therefore, the metallicity dispersion could
be negligible. Alternatively, considering the variation in
color of the isochrones depending on both age and metal-
licity, we set a maximum range of metallicity of
0.0001 < Z < 0.001-0.004: a lower limit of Z = 0.0001 is
valid for any age, and the upper limit varies from
Z = 0.0004 to Z = 0.004, increasing with time. These upper
limits are quite broad; they will be better constrained, and
some information on the chemical enrichment law gained,
from the analysis of the CMD using synthetic CMDs in
Paper I1.

6. CONCLUSIONS

From the new HST data and the analysis presented in
this paper, we conclude the following about the stellar
populations of Leo L.

1. The broad MS turnoff/subgiant region and the wide
range in luminosity of the RC show that star formation in
Leo I has extended from at least ~10-15 Gyr ago to less
than 1 Gyr ago. A lack of obvious discontinuities in the MS
turnoff/subgiant region suggests that star formation pro-
ceeded in a more or less continuous way in the central part
of the galaxy, with possible intensity variations over time,
but no big time gaps between successive bursts, through the
life of the galaxy.

2. A conspicuous HB is not seen in the CMD. Given the
low metallicity of the galaxy, this reasonably implies that
the fraction of stars older than ~10 Gyr is small and indi-
cates that the beginning of a substantial amount of star
formation may have been delayed in Leo I in comparison to
the other dSph galaxies. It is unclear from the analysis pre-
sented in this paper whether Leo I contains any stars as old
as the Milky Way globular clusters.

3. There are a number of bright, yellow stars in the same
area of the CMD where anomalous Cepheids have been
found in Leo I. These stars also have the color and magni-
tude expected for the blue loops of low metallicity, a few
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hundred Myr old stars. We argue that some of these stars
may be classical Cepheids in the lower extreme of mass,
luminosity, and period.

4. The evidence that the stars in Leo I have a range in age
complicates the determination of limits to the metallicity
range based on the width of the RGB. In one extreme, if the
width of the Leo I RGB is attributed to the dispersion of the
age of its stellar population alone, the metallicity dispersion
could be negligible. Alternatively, considering the variation
in color of the isochrones depending on both age and metal-
licity, we set a maximum range of metallicity of
0.0001 < Z < 0.001-0.004: a lower limit of Z = 0.0001 is
valid for any age, and the (broad) upper limit varies from
Z = 0.0004 to Z = 0.004, increasing with time.

In summary, Leo I has unique characteristics among
Local Group galaxies. Owing to its morphology and its
lack of detectable quantities of H 1, it can be classified as a
dSph galaxy. But it appears to have the youngest stellar
population among them, both because it is the only dSph
lacking a conspicuous old population and because it seems
to have a larger fraction of intermediate age and young
population than other dSph galaxies. The star formation
seems to have proceeded until almost the present time,
without evidence of intense, distinct bursts of star forma-
tion.

Important questions about Leo I still remain. An analysis
of the data using synthetic CMDs will give quantitative
information about the strength of the star formation at dif-
ferent epochs. Further observations are needed to charac-
terize the variable-star population in Leo I and, in
particular, to search for RR Lyrae variable stars. This will
address the issue of the existence or not of a very old stellar
population in Leo I. It would be interesting to check for
variations of the star formation across the galaxy and to
determine whether the HB is also missing in the outer parts
of Leo L.

Answering these questions is important not only to
understand the formation and evolution of Leo I, but also
in relation to general questions about the epoch of galaxy
formation and the evolution of galaxies of different mor-
phological types. The determination of the strength of the
star formation in Leo I at different epochs is important to
assess whether it is possible that during intervals of high
star formation activity Leo I would have been as bright as
the faint blue galaxies observed at intermediate redshift. In
addition, the duration of such a major event of star forma-
tion may be important in explaining the number counts of
faint blue galaxies.
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