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Abstract. We presenB, V, I CCD photometry of about 40000distribution of the red giant stars. We find that it can be approx-
stars in four regions of the Fornax dwarf spheroidal galaxynately described as the superposition of two populations. The
down toV ~ 23.5, the largest three-color data set obtained fatominant component, comprising 70% of the red giant stars,
this galaxy until now. The resultant color-magnitude diagramspnsists of relatively metal-enriched intermediate-age stars. Its
based on a wide color baseline, show a variety of features tragan metallicity is [Fe/H]=1.39 + 0.15, based on a compar-
ing the history of star formation of this dwarf galaxy. One afon of the fiducial locus of the bulk of the Fornax red giants
the most distinctive features in our diagrams is the conspicuamish the homogeneous Galactic globular cluster set of Da Costa
young main sequence, indicating recent star formation until apArmandroff (1990). Once the younger mean age of Fornax is
proximately2 x 108 yr ago. A plume of stars brighter than theiaken into account, our best estimate for the mean abundance of
red HB clump, with(B — I) ~ 0.5, trace the helium-burning the bulk of the galaxy is [Fe/H} —1.0 £ 0.15. The dominant
phase of the young population. A comparison of the color aintermediate-age component has an intrinsic color dispersion
extension of this feature with model isochrones suggests arelgtB — I) = 0.06 + 0.01 mag, corresponding to a relatively
tively metal-rich population ([Fe/H} —0.7) with age 300-400 low abundance dispersionyg, /i = 0.12 4 0.02 dex. Fur-
Myr. This represents an important constraint for understanditiger, there is a distinct small population of red giants on the
the chemical enrichment history of Fornax. An extended uppgiue side of the RGB. While these stars could be either old or
AGB tail and a prominent red HB clump sign the presence gbung red giants, we show that their spatial distribution is con-
the well-known dominant intermediate-age population with agistent with the radial gradient of old horizontal branch stars,
age range 2-10 Gyr, for which we have estimated a mean agel completely different from that of the younger population.
5.4+ 1.7. About 0.2 mag below the red clump, an extended HBhis unambiguously qualifies them as old and metal-poor. This
is indicative of an old population. We show that blue HB stargsult clarifies the nature of the red giant branch of Fornax,
may be present in the outer regions. Together with previous deiggesting that its exceptional color width is due to the pres-
tection of RR Lyrae, this provides evidence for a minority fieldnce of two main populations yielding a large abundance range
population that is as old and metal-poor as that in the Forngx2.0 < [Fe/H] < —0.7). This evidence suggests a scenario
globular clusters. We have identified the AGB bump, a clusten-which the Fornax dSph started forming a stellar halo and its
ing of stars that occurs at the beginning of helium shell-burnisgirrounding clusters together about 10-13 Gyr ago, followed
evolution, at a luminosityy, ~ —0.4. This is an example of by a major star formation epoch (probably with a discontinuous
the short-lived evolutionary phases that can be revealed in stake) after several Gyr.
lar populations using adequately large star data samples, whose
measurements provide powerful tests of theoretical models.Key words: galaxies: fundamental parameters — galaxies: indi-
Based on precise detection of the tip of the RGB in a seidual: Fornax — galaxies: Local Group — galaxies: stellar con-
lected RGB sample, we measure a corrected distance modudus — galaxies: structure
(m — M) = 20.70 &+ 0.12. An independent estimate of the
distance to Fornax was also obtained from the mean magni-
tude of old horizontal branch stars, yielding a distance modulus )
(m—M)o = 20.760.04, in good agreement with the distance- Introduction
estimated from the red giant branch tip and previous resulig increasingly large number of investigations has recognized
The large baseline of thg3 — I)) colors together with the size the importance of dwarf spheroidal galaxies for our understand-
Of the Ste”al’ Samp|e a”OWed us to analyze in deta” the Colmg Of ga|axy formation and evo'ution (see Mateo 17998 and Da
Costa 1998 for recent reviews). While new studies of the central,
Send offprint requests 1&.V. Held (held@pd.astro.it) densest regions of the more distant Local Group galaxies have
* Based on data collected at the European Southern Observatorybeaefited from the exceptional resolution of HST, the nearby
Silla, Chile, Proposal N. 56.A-0538 dwarf spheroidal satellites of the Milky Way can still be investi-
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gated in great detail using ground based wide-field data. Thatkscomponent, Fornax appears to be devoid of any interstellar
to recent improvements in detector efficiency (in particular, medium (ISM). A large-area search for neutral hydrogen has
the blue part of the optical spectrum) and sizap’s with long given no detectable Hemission or absorption (Yournig 1999),
color baselines and high statistical significance can be obtairled upper limit for H emission being x 10'® cm=2 at the
in affordable exposure times. galaxy center. Thus the interstellar medium that must have been
The Fornax dwarf spheroidal (dSph) galaxy represents gmesent a few 0° yr ago to form stars, appears to be all gone.
of the most interesting cases for studying the complexity @here is also the possibility that the ISM has been ionized and
stellar populations in dwarf galaxies. This galaxy was one béated up by the interstellar UV field. However, this hypothe-
the first dSph in which an intermediate age population was das conflicts with the lack of detection of X-ray emission in the
tected. The presence of upper asymptotic giant branch (AG#jection of Fornax (Gizis et al. 1993).
stars, brighter and redder than the tip of the red giant branch The various stellar subpopulations in Fornax have different
(RGB), indicated that abo@0% of the galaxy could be of in- spatial distributions, which have been carefully investigated by
termediate age (2 to 8 Gyr) (Aaronson & Mould 1980, 19858HS98. The oldest population, represented by the RR Lyrae
Surveys for AGB stars led to discovery of 111 carbon stangriables, has the most extended distribution. The intermediate-
for which follow up near-infrared photometry indicated a widage stars (red clump stars) are more centrally concentrated,
range of bolometric luminosities, a mass dispersion among tlkile the young population of blue MS stars, as well the red-
progenitors, and hence an age spread (Frogeletall 1982; Westest AGB (carbon) stars, are even more concentrated in a bar-
lund et all 1987; Lundgren 1990; Azzopardi et al. 1999). Fornéike distribution roughly aligned in the EW direction, with the
is also known to contain a planetary nebula whose abundaicightest stars located at the ends of the bar. Also the red clump
patterns are consistent with an origin from a second or thipgpulation displays an asymmetrical structure (cf. Hodge 1961,
generation star (Danziger et @al. 1978; Maran et al. 1984). TEekridge 1988; Demers et al. 1994), with a peculiar “crescent”
presence of such an intermediate-age population is confirnsdpe (SHS98).
by a conspicuous red HB clump (Demers ef al. 1994; Stetson Despite all these pieces of knowledge accumulated in re-
et al.[1998). Most recently, an HST study of a central Fornaent years, the star formation history of Fornax is not yet fully
field sampling the main-sequence turnoffs of the intermediateéaderstood. Several questions need to be answered before a
age and old populations has been carried out by Buonanno etetonstruction of the star formation and chemical enrichment
(1999). The analysis of the resulting CMD has shown evidenkistory of Fornax can be attempted. The metallicity should be
for a star formation starting about 12 Gyr ago and continuing umeasured for stellar populations of different age and location
til 0.5 Gyr ago. A variable star formation rate is revealed by gapsthin the galaxy, so as to determine the run of metal enrich-
between separate subgiant branches, and major star formati@mt as a function of time. The star formation history needs
episodes probably occurred nearly 2.5, 4, and 7 Gyr ago. to be evaluated using critical features in thep as tracers of
Also, Fornax certainly harbors an old stellar populatiostar formation at different epochs, to understand to what extent
since it contains five globular clusters whose ages do not diffgar formation proceeded continuously or in bursts, and how it
from those of M68 and M92 (Buonanno et lal. 1998; Smith @ropagated throughout the body of the galaxy. The nature of the
al.[1998), except perhaps for cluster 4 that appears to be @48e red giant branch (RGB) is still quite puzzling, though all
Gyr younger (Buonanno et al. 1899). These clusters have pmnevious investigations agree on the fact that it is broader than
usually red horizontal branches for their low metallicity, with nexpected on the basis of the photometric errors. Further, there
counterparts in the outer Galactic halo or the Magellanic Clouds a lack of observational data with which to study features such
Also for cluster 4, the recent WFPC2 color-magnitude diagraras the RGB and AGB bumps or the precise location of central
of Buonanno et al[ (1999) unambiguously indicate a low metdlelium-burning stars as a function of age and metal abundance,
licity, [Fe/H]~ —2, although integrated spectra pointed to as a test of stellar evolution models. Large field observations of
metallicity similar to that of field stars (Beauchamp et al. 1995)ocal Group dSph galaxies, being able to sample a significant
An old population is present among the field stars of Fornax asmber of stars, can address these issues.
well, as demonstrated by detection of a red horizontal branch With these open questions in mind, we have investigated
slightly fainter than the red clump, and of RR Lyrae variabldbe stellar populations of Fornax as part of a wide-field study
(Buonanno et al. 1985; Stetson et’al. 1998, hereafter SHS9&)f nearby dwarf spheroidals. We present here a large/atéa
Fornax also hosts a significant population of young staghotometric study of the Fornax field, yielding magnitudes and
Buonanno et all (1985) had already noticed a handful of faicdlors for about 40,000 stars down4o2 mag below the hori-
blue stars in theicmD of the Fornax field, tentatively explainedzontal branch, in four regions located at different distances from
as belonging to a 2 x 10° yr population (cf. also Gratton etthe galaxy center. The use of standard passbands, together with
al.[1986). The deepemiD of Beauchamp et al. (1905) clearlythe size of our stellar sample, allowed us to derive the basic
revealed a young main-sequence, and comparison with theopétysical properties of Fornax with high accuracy and measure
ical isochrones indicated recent star formation. The brightekttails in itscmD that trace the less numerous populations and
turnoff was located ad/y, ~ —1.4, implying a minimum age faster evolutionary phases.
of ~ 10® yr. This young population is best shown by the recent In particular, theB band turned out to be invaluable for
wide-area survey of SHS98. Notwithstanding this young stedtudying the hot stars, be they old or young, whereas the wide
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baseline of th& B — I) color provides the best resolution o
the different evolutionary phases in the color-magnitude di
grams (cf. Smecker-Hane et @l. 1994; Held ef al. 1999). Als
the availability of a comparison field allowed us to estimate t
foreground and background contamination. The present p
tometry will be the input database to model the star formati
history (SFH) of Fornax (Held et al., in preparation) using poj
ulation synthesis techniques.

The paper is organized as follows. The observations a
data reduction are presented in Sect. 2. In §éct. 3 we pres
V, (B — I) color-magnitude diagrams of the Fornax field stal
and discuss several interesting features with the help of theo
ical isochrone fitting. Thé/, I luminosity function is derived
in Sect[4.1l and used to estimate the distance to Fornax.
is confirmed by an independent distance estimate based o
V luminosity of old-HB stars (Sedf.4.2). In Sdci.]4.3 we co
pare thecmD of Fornax with template globular cluster RGE
sequences using the standg@kd — I) colors, and discuss the
mean abundance and age of the dominant population. The ¢
distribution of red giant stars in Fornax is analyzed in detail
Sectl 41, where the size of an intrinsic abundance spread is
cussed. Some light on the nature of the wide RGB of Fornax
shed by a comparison of the spatial gradient of different popu-
lations (Secf-4]5). Our results and conclusions are summari
in Sect[%.

1.The central area of Fornax reproduced from the Palomar Digital
Survey. The squares indicate tt7 x 107 regions studied in
this paper. The Fornax globular clusters #3 and #4 are also indicated

2. Observations and data reduction Table 1.The journal of observations

2.1. Observations

The Fornax gala as observed on October 19-21, 1995 o & Fiter_fepls] X PWHM[T]
Xy W Vi -21, usjt
DFOSC at the ESO/Danish 1.54m telescope. The detector vyg%ﬁ: iggg 2 113 giggg igi ig
a2048 x 2048 Loral CCD with pixel @40, covering a field of 19 Oct: 1995 A v 3%900 1:06 1:7
view of 13/6 x 13/6. Due to non-uniform sensitivity near theog oct. 1995 B B 3x1200 1.09 15
edges of the CCD, the images were trimmed to a useable aregpfct. 1995 B I 1200 1.01 1.3
1600 x 1600 pixels (i.e.10!7 x 10!7). CCD readout by amplifier 19 Oct. 1995 B 1% 600 1.26 1.4
B in high—gain mode yielded a noise of 7.2/px (rms) and a 20 Oct. 1995 B \% 2x600 1.22 1.4
conversion factor of 1.31€ADU. 210ct. 1995 C B 3x1200 1.25 15
We observed 4 slightly overlapping fields in Fornax, plusl Oct. 1995 C I 3x1200 1.03 13
one control field. A map of the location of the fields is shown iR0 Oct. 1995 C I 240 111 1.0
Fig.[. The innermost field (region C) is centered on the globa1 Oct. 1995  C 4 3x600 1.10 16
lar cluster #4, i.e. at about 4 arcmin from the galaxy center 82:' 1332 B g 2)&;88 i'gg 12
defined by SHS98). The outermost field (A) is locates d3!5 Oct. 1995 D I 3% 1200 1'01 1'3
from the center. The journal of the observations is reported jp Oct: 1995 D v 3%600 1_'11 1_'6
Table[d. The columns give the night, an image identifier, thg oct 1995 BKG B 1800 1.15 1.6
filter, exposure time and airmass, and the FWHM of the poipi oct. 1995 BKG T 1500 1.24 1.4
spread function (PSF). The seeing was only fair, yet adequaieOct. 1995 BKG V 900 1.36 1.8

to measure the relatively bright stars in our database. The third

night had the most stable weather conditions. Several short ex-

posure images, notincluded in this table, were used for checkiPgper 11). For each field/filter combination, master images were
the photometric zero points. produced by registering and coadding the long exposure images.
The PSF was not significantly degraded by this process. Stel-
lar photometry was performed usimgpOPHOT and ALLSTAR
(Stetson1987). The final PSF star catalogs containgdstars,

The image processing was carried out with e /MIDAS and the best fit was obtained by fitting a Moffgt£ 1.5) func-
package in a standard way. Reduction follows the procedut&s with a quadratic dependence on they star coordinates.
detailed by Saviane et al. (1996, Paper |) and Held et al. (1999,.sTAR was run twice on the sum images. In the second run,

2.2. Reduction and photometry



I. Saviane et al.: The stellar populations of Fornax 59

the star subtracted frames were searched for faint undetedtexh 0.03 mag, we chose to refer all photometry to the zero point

objects that were added to the input lists of stars. The masdéthe central field C, and applied small zero-point corrections

photometric catalogs were created using the complete listst@four photometry in the field A, B, and D. We conservatively

stars as new inputs tOLLSTAR. adopt an uncertainty of 0.03 mag as our systematic error in all
bands.

2.3. Calibration

Observations of Landolt’s (1992) standard star fields were usze'é - Comparison with previous studies

to calibrate the photometry. The raw magnitudes were first néys a further check of the accuracy of our photometric zero point,
malized according to the following equation we compared our results with previous data in the literature.
The only published photometry tables are those of Buonanno
m' = Map + 2.5 log(texp + At) — kx X @ et al. [1985). Their Tables 6 and 7 report the value¥ aind
wherem,, are the instrumental magnitudes measured in a c{f3 — V') for all the stars measured in two sepatae2 arcmir?
cular aperture of radiuB = 6”9, A ¢ is the shutter delay anti ~ fields, called A1 and A2, which are included in our fields C
the airmass. A shutter delayef).11 s was estimated from a se-and A. The two sets of measurements for the A2-A field pair
quence of images taken with increasing exposure times. The @€ in good agreement. The median differences (this paper —
tinction coefficientsip = 0.235, ky = 0.135 andk; = 0.048 Buonanno etal.) are-0.013 in V-and—0.017 in B — V, with
were adopted from the Geneva Observatory Photometric Graiipndard deviations of 0.16 mag in both cases.

data. The normalized instrumental magnitudes were then com- The consistency between the zero-points for the A1-C pair
pared to Landolt's[(1992) values, and the following relatiori§ Still good, yielding median residuals 0.01¢4 £0.20) inV/

were found: and 0.024 (0.25) iB — V.
B =V+0207(B-V)+ag ) 05 Artficial star test
.5. Artificial star tests
V =v"40.0644 (B-V) +ay (3)
V = +0.0489(V = I) +cp 4) Extensive artificial star simulations were performed to evalu-
I =i —0.00658(V —I)+as ) ate the uncertainties of our photometry and the completeness

of the data. The simulations were carried out for the fields A
wherea g = 23.041, 23.025 and23.038 for the nights 1, 2 and 3, and C, which represent the lowest and highest crowding in our
respectively. In the same order of nights, the other coefficiefit@mes. A list of input stars was created for ed¢hmaster
areay = 23.774, 23.763 and 23.772; ¢y = 23.772, 23.762 image, with uniformly distributed magnitudes. The star coor-
and23.771; and finallya; = 23.070, 23.054 and23.077. The dinates were generated over a grid of triangles with a small
standard deviations of the residuals were 0.018,0.013, and 0.c22dom offset from the vertices, a configuration allowing to
mag inB, V' (both equations), anfirespectively. add the largest number of non-overlapping simulated stars. Er-
The PSF magnitudes were scaled to aperture magnitudes®yestimates based on randomly placed artificial stars may not
assuming thatn., = mpsr + const. (Stetsori_1987). Aper- be realistic if there is a significant amount of clustering among
ture magnitudes were measured for a sample of bright, isolatedl stars. This caveat does not seem to apply to our relatively
stars, and for each star we computed the difference with rwiform Fornax fields, though.
spect to the PSF magnitude measured on the coadded framesThe same artificial stars were used in all bands, using ran-
The same reference aperture used for the standard stars @@B(53—V') and(V —1I) colors so that the stars were uniformly
employed. The internal calibration uncertainty due to “apertugstributed in the color-magnitude diagrams. We typically added
correction”, estimated from the consistency of the zero point de-36000 stars per filter in 80 experiments. The frames with the
rived from several individual images, is of the order 0.01 magytificial stars were then reduced using exactly the same pro-
for all filters. cedures as for the original images. For each filter, the retrieved
The instrumental magnitudes and colors for the stars crtificial stars were matchedto the inputlist by means of their co-
served in at least two filters were calibrated either with an irdinates. The stars recovered in different colors were matched,
erative procedure or by solving a system of 3 equations of thed the raw catalog calibrated just as the original photometry.

form The standard deviations of the measurement erkers calcu-
lated in 0.5 mag bins, are given in Table 2. The first column gives
Mstd = Minst + K cOlOTsta + am the bin centers, Columns 2 to 4 and 5 to 7 list the errors obtained

wheremg.q and colorgq are the magnitude and color in thdor the fields A and C, respectively. The measured standard er-

standard system, ang;,, are the instrumental magnitudes. "0rs span a range from 0.01 mag near the tip of the RGB to
After independent calibration, we performed a verificatiofy 0-15 mag close to the limiting magnitudes. Errors and the

of the photometric zero points of the catalogs in the 4 zones I[gpiting magnitudes are consistent with the different crowding

comparing stars in the overlap strips. Since the mean systemg@gditions and exposure times in the two fields. Contour plots of

deviations betweeV I magnitudes measured in the field ¢he completeness levels were produced by dividing eaahin

and D (both observed during the third, most stable night) are |€§4ls with color and magnitude stepsio$ and0.2 mag, respec-
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(B-1)

Fig. 2. The color-magnitude diagram of For-
nax in the(B — I),V plane. This diagram
includes about 42500 stars in all fields. The
most noticeable features are the wide RGB
made of old and intermediate-age stars, the
upper AGB tail, a young main sequence,
and a prominent red clump together with
fainter, older HB stars. The blue main se-
quence clearly merges into a mix of sub-
giant branches. The outlined regions have
been used for counting stars in different evo-
lutionary phasessge text

tively, and counting the artificial stars within each cell beforgble 2. The photometric errors from artificial star experiments

and after reduction. We used the same acceptance criteria as for

the galaxy’scMD, i.e. a star was counted in a cell only if it was/, B, I

oy or ov OB g1
recovered in each of the 3 filters. The completeness array was C
computed as the ratio between the post-reduction and the inpaltys 0.003
simulated star counts, and median filtered witha 5 box to 15.25 0.003
reduce the noise in the contour plots. Examples of the resultabi75 0.003 0.011
completeness contours will be shown in Sgkt. 3. 16.25 0.004 0.012
16.75 ... 0.005 0.014
. . 17.25 0.013 0.006 ... 0.010 0.017
3. Color-magnitude diagrams 17.75 .. 0014 0013 0014 0014 0.018
The combination of a wide photometric baseline and large sah$:2° 0013 0014 0017 0016 0019 0.019
ple size employed in this study allowed us a very detailed vi Zg 8'82 8'323 8'832 8'822 8'82 8'822
of the evolved stellar populations in Fornax. Q. 2 preserilg:75 0:024 0:031 0:037 0:032 0:030 0:045
theV, (B — I color-magnitude diagram of this nearby dwarky »5 7030 0038 0049 0.040 0036 0064
spheroidal, showing an excellent separation of stars in differeitzs 0038 0052 0.069 0061 0049 0.082
evolutionary phases. We now briefly describe the many intef; o5 0.057 0069 0098 0081 0.064 0.108
esting features seen in thisip. 21.75 0.073 0.085 0.144 0.103 0.082 0.156
22.25 0.107 0.105 0.150 0.136 0.106
— A wide red giants branch, comprising stars older thah 2075 0116 0.134 0181 0.124

Gyr. The color spread is much larger than expected from
photometric errors (cf. Seft.4.4). While the red side of the

RGB shows a sharp edge, the stars are spread on the blueof intermediate-age C and M stars, the latter comprising a
side forming sparsely populated sequences distinct from the small group of stars just above the RGB tip (see SHS98).
RGB (cf. SHS98). This is more evident in Hig. 3. Note that— A rich red clump contains the majority of HB stars of a nu-
the foreground and background contamination is virtually merous intermediate-age and metal-enriched population; in
negligible in the relevant regions of the diagram. The color- the following we will refer to it simply as red clump (RC)
magnitude diagram of foreground and background objects (cf. Demers et al. 1994; SHS98). About 0.2 mag fainter,

in our control field, covering an ardd’7 x 107, contains
only 154 objects down t&" ~ 22.5.

— Above the RGB tip al/ ~ 18.4, there is a well-developed
upper AGB tail extending to colors as red@ — V') and
(V—1I)~ 3,0r(B—1I) ~ 6. The upper AGB consists

a horizontal branch originating from an older population
is clearly seen, indicated in the following as “old HB” (or
HBoLp). We also notice the instability strip mostly pop-
ulated by RR Lyrae variables, whose random phase colors
and magnitudes define a bafidl mag thick. RR Lyrae vari-
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18 tics of stars formation histories in galaxies. The prominent red
clump comprises stars with age 2—-10 Gyr and mass approx-
imately 0.9 to 1.4M. Its mean luminosity and color bears
information on the mean age of Fornax. We will return on this
point later. A comparison with theoretical isochrones of Bertelli
et al. [1994) allows one to establish the nature of the stars pro-
ducing the plume above the RC. These are intermediate-mass
core helium-burning stars (2.4-2M,), counterparts of the
young main sequence stars in the age range 0.3-0.5 Gyr, which
started burning helium in a non-degenerate core.

This stage (also known as the “blue-loops”) represents an
important indicator of the metallicity of the young population
and therefore of the chemical enrichment history of galax-
ies (e.g., Aparicio et al._1996; Cole et lal 1999; and refer-
ences therein). Figl 3 shows that fitting the RC plume requires
isochrones having [Fe/H] —0.7, i.e. significantly more metal-
rich than the bulk of the Fornax stellar population. This rela-
tively high metallicity of the younger stars may probably explain
why Fornax seemingly lacks a large population of anomalous
Cepheids (AC), which are so numerous in the metal-poor dSph
Leo | (see discussion of the instability strip in Caputo et al.
Fig. 3. An enlarged view of the color-magnitude diagram of Forngk999). Searches of AC’s in Fornax are underway (Bersier &
showing the features produced by core helium-burning stars, and mgfeod 1999).
phological details of the red giant branch. Two isochrones from the The color-magnitude diagrams for the innermost and outer-

post-MS models of Bertelli et al. (1994) with Z=0.004 and ages 3QQyst region in this study, shown in Fig. 4, illustrate the remark-

and 400 Myr (top to bottom) have been superimposed to the data. Thee \ariation of the stellar populations in Fornax with galac-

plume of stars above the red clump is composed of intermediate mfaoscsentric radius. The inner field (C, bottom panel) shows all of
stars burning helium in the core after leaving the young main sequen%e. ) . ! .
the features noticed in the totalip. The young main-sequence

stars are less numerous in the outer field, even accounting for

ables are present in the Fornax field (Buonanno &t al.|1983¢ lower stellar surface density, and there are very few blue
SHS98; Mateb 1998). Blue HB stars are hardly seen in tHitars brighter thai” ~ 22. The young core-He-burning stars

diagram. If any exist, they are confused with the young maife plume above the RC) follow the trend of the blue main
sequence stars. sequence stars. In contrast, it is interesting to note a hint of a

— A blue plume reaching’ ~ 20, identified with a young Plue horizontal branctin the outer field. Together with the de-
main sequence of 0.1 Gyr old stars (Beauchamp et alfection of RR Lyrae stars, our data provide evidence for a small
1995; SHS98). old, metal-poor field populatiosimilar to that of the Fornax

— An almost vertical plume originating frofB — I) ~ 1.8, globular clusters. A population Il halo seems to be common not
V ~ 21, i.e. just above the red clump, extending up tgnly in dwarf spheroidals (see Mateo 1998) but also in dwarf
V ~ 19.3. They are, as it will be shown below, core heliumlregulars (e.g., Minniti et al. 1999; Aparicio et al. 1997). A
burning stars with mass in the range2 M. quantitatiye estimate of the population gradient in Fornax will

— At fainter magnitudes, the main sequence merges intd®@ 9iven in Seck.415.
heavily populated region 1 mag below the HB, involving
a mix of subgiant branches of different ages.

— We also note the small clump of starslat~ 20.4 on the 4. Analysis and discussion
red giant branch, an example.of the short—lived.evolutipnaﬁydl_ Luminosity function and distance
phases that can be revealed in stellar populations using ad-
equately large data samples. This feature is identified witlie red giant luminosity function (LF) and distance to Fornax
the AGB bump, a clumping of stars due to a slowing dowwas derived using stars withii2o from the fiducial sequence.
of the luminosity increase at the beginning of AGB evoluAs shown in SecE 414, this implies selecting the dominant stellar
tion (e.g., Gallarf T998; Alves & Sarajedini 1999). We wilpopulation in Fornax. Luminosity distributions were obtained
return on this point in Sed¢t.4.1. both inV and in/ by counting stars in 0.2 mag bins down to

below the red clump. Since at these bright magnitudes our pho-
Overall, this diagram shows that Fornax went on forming staxametry is virtually complete, there was no need to correct the
from an early epoch{ 10 Gyr ago) until about 100 Myr ago. A observed LF's for incompleteness. Foreground and background
closer picture of thewmb is presented in Fif] 3, showing detailcontamination is not a concern, either, because the number of
of the core helium-burning stars, which are important diagnd#ld objects in the proximity of the RGB is negligible.
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L i Fig.5. TheV RGB luminosity function of Fornax, showing the sharp
20 _ cutoff at the RGB tip, the prominent red clumpdt, =~ +0.4, and the
L i “AGB bump”, a clumping of intermediate age stars at the beginning of
> L i their AGB double-shell burning phaséff ~ —0.4)
22 — =
- g the I magnitude of the tip is little affected by age. Theoretical
- e models indeed show a dependence of the tip luminosity on the
- . age, butthisis more pronounced for very metal-poor populations
24 = - ([Fe/H]< —1.7) and ages younger than 5 Gyr (e.g., Caputo et

al.[1999).

The relations of Da Costa & Armandroff (1990) give the
bolometric correction as a function of color of the stars near the
RGB tip, and the bolometric luminosity of the tip as a function
o metallicity. The dereddened color of the RGB tip in Fornax,
the center of Fornax, while field C (bottom) samples an area near |culated as the medial (- I) within 0.1 mag from the tip, is
galaxy center. The contour lines represent the 30%, 50%, 70% and v~ 1o, TrRGB = 1'_59i0_'06’ where the errorreflects the scatter
completeness levels of our photometry. Note that the completenes@fiihe values obtained in our four fields plus the absolute zero
the crowded field C is lower than in field A. The number of youngointuncertainty. We adopted areddenifig_y = 0.03+0.03
main sequence stars and their helium-burning counterparts decrefsy® Burstein & Heiles(1982), yieldingy _; = 0.038+0.038
from the inner to the outer field, allowing perceiving the bluer HB stagnd A; = 0.058 4 0.058. The bolometric correction is then
belonging to the oldest Fornax field population BCy = 0.495 £ 0.015, while a metallicity[Fe/H] = —1.39 +

0.15 (cf. Sectl4B) implies\/E}SB = —3.55 & 0.01. We thus
obtainM RSB = —4.0440.02, and a distance modulgs: —

The cutoff in thel luminosity function corresponding to M), = 20.70 & 0.12, corresponding t@38 + 8 kpc.
the maximum luminosity reached by red giants before they ig- Previous distance estimates range fr¢m — M), =
nite the He burning, has proven to be a good distance indica20r59 + 0.22 (Buonanno et all_1985) to 20.76 (Demers et
(Madore & Freedmah 1995; see also Salaris & Cassisi|1998).[1990; Buonanno et dl. 1999). Sagar et [al. (1990) found
We measured thé magnitude of the RGB tip separately fom — M), = 20.7. The present estimate therefore confirms ear-
our 4 Fornax fields, following the methods of Lee etfal. (1993)er results. This value is also consistent with the distance moduli
The mean of the four values is ITrgs >= 16.72 + 0.10. of Fornax globular clusters (Buonanno efal. 1998), yielding an
Although the scatter of the individual measurements is smaiterage modulugn — M), = 20.62 £ 0.08.

(~ 0.02 mag), we have adopted a larger uncertainty to take into Using this distance estimate, we plotin FEiy. 5 theiminos-
account both the intrinsic precision of the tip detection methaoitly function of the red giant stars in the inner region of Fornax.
which is about a half of the 0.2 mag bin, and the zero poiBesides the obvious red clumpit, ~ 0.4, we notice the small
uncertainties. yet significant peak nedr = 20.4 that we identify with the

We then calculated the distance to Fornax using the relatiohGB bump, a clustering of stars that occurs at the beginning of
of Da Costa & Armandroft (1990). This procedure, often applidakelium shell-burning evolution. Gallait (1998) has recently dis-
to derive the distance of dwarf galaxies, implicitly assumes thaissed the presence of this feature in the LMC and M 31 where

Fig. 4. A comparison of the color-magnitude diagrams in an outer a
inner region of Fornax. Field A (top panel) is located aboutfi@m
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its location agrees with the prediction of stellar evolutionmodels [ o A ]

(Bertelli et al[1994). We have measured the location ofthe AGB  + ' L e A
bump in Fornax by performing a Gaussian fit to the LF in the i L ' '
region of the bump. We found = 20.40 + 0.04, where theer- 1~
ror is mainly set by the zero point uncertainty. This corresponds

to a luminosity My ~ —0.39 £ 0.04, with an additional 0.1

mag uncertainty on thdy, extinction. Similarly, we measured

a meanV magnitude for the red clumprc = 21.18 & 0.04 18
mag, corresponding td/y, = +0.39. Thus the detected clump
is0.78 + 0.06 mag brighter i/ than the red HB clump. Foran
assumed age of 5 Gyr and the mean metallicity of Fornax, these
measurements confirm the identification with the AGB bump 9 [~
and rule out alternative identifications with the RGB bump. The
RGB bump is expected to be near the HB level for a metal-
licity [Fe/H]~ —1 and age 5 Gyr (Alves & Sarajedini_1999).
In Lyndsay 113 a 5 Gyr old cluster in the Small Magellanic
Cloud having metallicity comparable with that of Fornax, the
RGB bump is found to be 0.15 mag brighter than HB stars in
the same cluster (Mighell et al. 1998). Clearly, stars in the RGB 05 1 e 5 )e
bump will be outhnumbered by the overwhelming red clump. Ob- ’ ’ v-1) '

servational data like those presented here for the Fornax dwarf

are important to constrain evolutionary models, which in turffig. 6. A comparison of our total color-magnitude diagram of Fornax

are necessary to interpret the stellar population of Local Growjh the giant branches of template Galactic globular clusters from Da

galaxies. Costa & Armandroff[(1990), scaled to the distance and reddening of
Fornax. The globular clusters span a metallicity range from [Fe/H]
—2.2to [Fe/H}= —0.7

ST L R N R R I B R B R

4.2. Distance based on the old horizontal branch

An independent estimate of the distance to Fornax was obtaifgfnax is relatively metal-poor, of the order [FeA}-1.8 (as
from the mean level of its old-HB field stars. The mean magye suggest in Se€t4.5), the relation given by Lee el al. (1990)
nitude of the HB was measured by fitting a Gaussian tatheqid imply MB® = 0.51 mag and a distance modul(is —
mag distribution of the stars in the range2 < V' < 21.7,  zr); = 20.76 + 0.04. The level of the red HB (distinct from
1.1 < B -1 < 1.5. We necessarily included only the red paffye clump) is probably the result of contributions from stars in
of the HBoLp, since the bluer horizontal-branch stars appegrrange of ages and metallicities. For this reason we refrained
to be mixed with the blue stars on the young main sequeng@m applying any uncertain correction to convert the measured
Note, however, that we do not include any RC stars (which gygaan magnitude of the red RBp to an equivalent magnitude
brighter than the HBLp and RR Lyrae variables). The meanyf RR Lyrae variables. Further, this distance modulus based on
level of the red HB isVup = 21.37 £ 0.04, where the uncer- the HB |evel is affected by the uncertainties on the luminosity
tainty reflects the scatter of the values measured in the differgpiyg stars as a function of age and metallicity. A discussion
fields (larger than the formal error on the mean magnitude), afthe alternative distance scales, however, is beyond the scope
the systematic error of thié zero point. Buonanno et al. (1998)y5 this paper.
found a mean levelp = 21.25 + 0.05 for the HBorpof four This measurement of the distance to Fornax based on its old
globular clusters in Fornax. horizontal branch star luminosity confirms the distance modulus
Using this value fobys, andAy = 3.2 E(B—V) = 0.096,  estimated from the RGB tip. This consistency is not unexpected,
we calculated the distance modulus of Fornax on the Lee etghce hoth the RGB tip method of DA90 and the HB absolute
(1990) distance scale, using their relation for the absolute ViSH*'f’égnitude obtained for the HB, are based on the distance

magnitude of RR Lyrae variables, scale of Lee et al[{1990). These two distance measurements use
MER = 0.17 [Fe/H] + 0.82 (6) I and V' magnitudes, respectively, which are observationally
independent.

for a helium abundance of = 0.23.

Assuming for red HB stars the relatively metal-rich nomin
metal content of RGB stars, [Fe/d]—1.4, this relation would
give M} = 0.59 mag and a distance modul(s: — M), = The mean metal abundance of the bulk of the Fornax popula-
20.69 £ 0.04 for a population with age comparable to that ofion was derived by direct comparison of the red giant branch
Galactic globular clusters. This uncertainty includes internid the I, (V — I) color-magnitude diagram with the ridge lines
and photometric errors only. However, the mean metallicity of globular clusters from Da Costa & Armandrcff (1990) (see
the old-HB stars is probably lower. If the old population irFig.[8). Our procedure is fully described in Paper | and Il, and

aA.B. Mean abundance and age
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is only briefly outlined here. In short, we calculated the avemetallicity Z=0.001 (but(y_ ;) rc is relatively independent of
age color shiftg(V — I),, between the Fornax RGB and theabundance for metal-poor populations) our result is consistent
Galactic cluster fiducial loci. An interpolation of the relatiorwith a mean age of the ordér4 4+ 1.7 Gyr. This value is close
between the mean color shifts and the globular cluster meti-the estimate of Sagar et dl. (1990), based on best fitting of
licities (actually a quadratic fit) provides an estimate of [Fe/Hfale isochrones, and definitely larger than the age estimated
for the dwarf spheroidal. This procedure was applied t@the by Demers et al (1994). Most interestingly, the mean age ob-
selected RGB sample (cf.Sdci]4.1), in two luminosity intervaiagined from the clump location appears to be consistent with
(—4.0 < M; < =3.0and—-3.0 < M; < —2.0), yielding a the presence of MS evolved stars in the same age interval, as
metallicity [Fe/HE= —1.45 £ 0.11 and [Fe/HE —1.33 £0.15 observed with HST (Buonanno et[al.”1999). This results is quite
dex, respectively. The mean of the abundances determineeircouraging for application of this age indicator to more distant
these two magnitude bins was adopted as our final estimatecal Group galaxies, whose main-sequence turnoff cannot be
The resultant value, [Fe/H] —1.39 £ 0.15, is in good agree- directly measured.
ment with previous work. We find no evidence for a metallicity If we now assume a mean age of approximately 5 Gyr for the
gradient among the regions studied here, to within the errordulk of the Fornax stars, the observed RGB color would imply
However, the measurements of mean abundance base ometallicity significantly larger than the formal result obtained
the color of the RGB are subject to the well-known difficulty irabove from a comparison with globular clusters. We have esti-
disentangling the effects of age and metallicity on the effectimeated the effects of age by comparing theoretical isochrones
temperature of red giant stars (the “age-metallicity degenei- different ages (e.g., 5 and 15 Gyr) at a given metallicity
acy”). Thus we need to estimate the mean age of Fornax bef@frem Bertelli et al 1994). By measuring th& (— I) colors
discussing further its mean metal abundance. When compaa¢d/; = —2.5 predicted by model isochrones with Z=0.001
with the predictions of stellar evolution models (e.g., Bertel{[Fe/H]= —1.3), we find that a 5 Gyr isochrone is bluer by
et al.[1994; Caputo et al. 1995), the position of core He burr-0.09 mag than a 15 Gyr model isochrone. This effect mimics
ing stars in color-magnitude diagrams may provide a usefuimetallicity difference of- 0.4 dex using the fiducial loci of
age indicator (e.g., Caputo et @l. 1999; Girardi 1999; and reflobular clusters (cf. Paper Il; Caputo et(al. 1999; Gallart et al.
erences therein). The RC comprises core helium-burning s{a®99a). Thus, if the body of Fornax stars~is5 Gyr old, the
of different ages, so that its location bears information on timeeasured location of the peak of the RGB is necessarily indica-
mean agef the intermediate age population, weighted by thé/e of a higher mean metallicity, of the order [FefH]-1.0
age distribution function. Thus, similarly to what we had donglearly the correction is somewhat model dependent). We re-
for the HB, we measured the meéB — I) color in addition gard this value as the most appropriate estimate of the mean
to the V' luminosity for the red clump. The mean magnitudenetal abundance of the dominant stellar population in Fornax.
already reported above, i&c = 21.18 + 0.04 mag, corre- With this correction, the Fornax metallicity turns out to be very
sponding taV/y, = +0.39, in excellent agreement with Demerslose to that of Sagittarius, a dSph which has a comparable total
et al.[1994). This means that the RQ)i$9 £ 0.06 mag more luminosity (e.g., Bellazzini et &l. 1999).
luminous inV than the old HB stars, a value that appears con-
sistent with the difference in age of a 13 Gyr old populatio e -
and a 5 Gyr old bulk component (see Caputo et al. 1999). Tﬂé' The color distribution of Fornax red giants
clump is quite extended in luminosity-( 0.6 mag), compa- One of the main results of this paper, made possible by the size
rable with that of Carina (Hurley-Keller et al. 1998), but lessf our stellar sample and photometric baseline, is a detailed
than that of Leo | (cf. Gallart et al._1999a). The mean col@nalysis of the color distribution functionr) of the red giant
is < B —1 >rc= 1.79 &+ 0.04. The uncertainties include stars in Fornax. Figl7 shows the distribution of tie<{I) color
the field-to-field scatter, comparable with the photometric memsiduals about a preliminary fiducial sequence, in the magni-
surement errors, and the zero-point uncertainty. The relatimde rangel7.7 < I < 18.7 (-3 < M; < —2), for the inner
(V —1I)=0.457 (B —I) +0.147, obtained from a linear fit to and outer field. While these histograms confirm the well-known
the color-color relations for the Fornax red giants in the rangéde color range of the RGB stars in Fornax (e.g., Buonanno
1.0 < (B—1) < 3.5,yields< V — I >grc= 0.965. This et al.[1985; Sagar et al. 1990; Grebel et al. 1994; Beauchamp
value shows excellent agreement with the results of Buonargtcal.[1995), they also show that the color distributions cannot
et al. [1999). By fitting a parabola to the fiducial points of thenerely be described using a single “color dispersion”. Rather,
RGB, we estimated the interpolated RGB color at the RC leviélle cDF is more appropriately described as roughly bimodal,
(V —1I ~ 1.07 mag), a value also confirmed by inspection of thehowing a principal peak and a bluer component extending to
WFPC2 color-magnitude diagram (Buonanno et al. 1999). TWg B —I) ~ —0.4. This color distribution function is quite well
difference in color between the red clump and red giant star®deled by the sum of two Gaussians. The main component of
at the same luminosity is theiy _ ;) rc = 0.10 mag, with an the distribution represents the bulk of the red giant population, a
estimated uncertainty of 0.02 mag. This result can be compareix of old and (mostly) intermediate-age stars. The secondary
with the model predictions of Girardi (1999; and priv. commj)eak is centered at abofitz_; = —0.20.
based on the models of Girardi et al. (1999), which are in accord On the other hand, we notice a relatively well-defined cutoff
with the empirical calibration of Hatzidimitrioli (1991). For aon the red side of the RGB, indicating the lack of any significant
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1 E 1 Table 3.Observed and instrumental color dispersiops_py for the
- 4 main component of the RGB color distributions in fields A and C.
o @ o7 -
I oa oc  oalinstr) oc(instr) oo,a oo,
17.20 0.082 0.067 0.024 0.029 0.078 0.060

. o . . 8.20 0.063 0.077 0.036 0.042 0.052 0.065
Fig. 7. The color distribution of the red giant stars in Fornax, plotte 9.20 0088 0.093 0.061 0.073 0.063 0058

separately for the inner (bottom panel) and outer region (top panet):
The histograms represent the distributions of the color residuals of
individual stars from a median RGB fiducial sequence, inthe magnitude
interval 17.7 < I < 18.7. Error bars represent Poisson errors. The Then the 20) metallicity range for the bulk population of
color distrit_)ution is quite well fitteo! by the sum (_continuous line) ofornax would be approximately1.65 < [Fe/H] < —1.15, or
two Gaussian funct!o_ns (dashed I_me_s) s_uggestlng a two-component os - [Fe/H] < —0.75 if a correction for the mean age is
model for the metallicity (or age) distribution of Fornax stars. applied. This intrinsic metallicity range is significantly lower
than the abundance spread quoted by most previous studies for
the red giant branch as a whole. According to Beauchamp et
metal-rich component similar to the stellar population of 47 Tug. (1995), the total range in [Fe/H] is 0.8 dex, comparable to
or even less metal-rich if we assume a mean age younger tha# found by Sagar et al. (1990) and Grebel et[al. (1994). A
that of Milky Way globular clusters. This absence sets an irgmaller spread< 0.1 dex) was found by Geisler (1994). This
portant constraint for mOdeling the chemical enrichment of t%crepancy probab|y results from the coarser meta|||c|ty reso-
Fornax dwarf. Both components are wider than accounted fgfion of the colors employed in past studies, with the notable
by instrumental errors. The dispersions of the two componenggception of the Washington colors of Geisler (1994). We con-
in the luminosity range-3 < M; < —2, arec_; = 0.063 clude that a small abundance spread seems in fact more ap-
(central peak) ana?, _, = 0.088 (blue component) in the inner propriate to describe the intermediate-age field population in
region, andr$,_; = 0.077, o%_; = 0.099 in the outer field. Fornax. While the metallicity dispersion given above is com-
Table 3 gives the observed dispersions for the main componpatable to that of Leo | (e.g., Gallart et al._1999a), it appears
of the Fornax field population for the inner and outer region int® be smaller than the abundance spread found in the majority
magnitude intervals. Also given in Talple 3 are the instrumentafl dwarf spheroidal galaxies (Da Costa 1998; Mateo 1998). In
errorso (B — I') obtained by fitting a Gaussian to the color resica few cases, wide range in metallicity has been confirmed by
uals of artificial stars, exactly in the same way as for the real dataw- and high-dispersion spectroscopy (e.g.,&et al[199D;
The observed and instrumental dispersions are also compareghetrone et al. 1998). The mean value of the metallicity spread
Fig.[8. The intrinsic B — I) color dispersions, calculated as théor Galactic dSph and satellites of M 310i8$7+0.03 dex (Co€&
quadratic difference between the observed and the instrumetal [1999). Had we considered our Fornax RGB color distribu-
tal scatter, are given in the last two columns of Table 3. In tlien as a whole, we would have obtained a metallicity spread of
luminosity interval—3 < M; < —2 the intrinsic color spread the same order{2.0 < [Fe/H] < —0.7, +20 range), in good
of the main RGB population iso(B — I) = 0.06 = 0.01 mag. agreement with previous studies.
Using again the color-color relations for the Fornax red giants Since age is known to affect the RGB color, [Fe/H] disper-
to convert @ — I) color spreads into equivalent dispersions igions derived by the width of the giant branch should be taken
(V —I), and the calibration of RGB color shifts as a functiomith caution in view of a possible contribution of an age spread.
of metal abundance variations, we obtained a metallicity spreaslargued above, an age range of the order 5 Gyr (which is that
o[re/u) = 0.12 £ 0.02 dex for the dominant field population.  of stars making up the main RGB) is sufficient to mimic a metal-
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Table 4. Star counts normalized to 100 stars in the red clump that most of the star formation activity (80%) occurred between
7 and 1 Gyr (mean 4 Gyr) while the contribution of the older

r’ HB BL yMS bRGB RGB phase was small. A wide metallicity range and a composite pop-
12 42 70 36.6 1.7 305 ulation, although with a higher mean abundance, has also been
26 55 6.3 457 3.3 398 inferred in the Sagittarius dSph, a galaxy similar in many re-
42 74 93 536 43 36.1 spects to Fornax (Bellazzini et al. 1999). Also, the metallicity
5.9 57 7.4 46.2 34 352 distribution of stars in the small elliptical M 32 shows a metal-
75 54 59 370 3.8 409 rich peak ([Fe/H}: —0.2) with a low-metallicity tail extending

92 56 52 244 40 381 to about [Fe/H}- —1.5 (Grillmair et al.[1996). It is also inter-

109 80 6.0 192 3.6 395
125 82 6.1 202 41 340
142 93 44 130 29 334
159 79 57 119 23 415

esting to note the analogy with the extremely broad metallicity
range found in the halo of the nearby elliptical NGC 5128 (Har-
ris et al1 1998), where the shape of the metallicity distribution
suggested a two-phasesitu model.

licity range of£0.1 dex. Thus we might assume that the widt 5 Population gradients
of the RGB main component is entirely due to the age spread
of its populations. The situation is more complex, though, afscomparison of the color-magnitude diagram in the different
the effects of a metallicity and age range on the color distrib{gions in this study provided important clues regarding the
tion depend on the details of the star formation and chemi@4jdin of the stellar populations in Fornax, and in particular on
enrichment history. Successive stellar generations are expedfgnature of its complex red giant branch. Were the bluer RGB
to be progressively more metal-enriched, so that younger st8i@'s old and metal-poor, one would expect a higher fraction of
(implying a bluer RGB) will generally have higher metal aburthem in the outer fields, on the basis of the population gradient
dance (leading to a redder RGB). The two effects — of a youngtéitected by SHS98. Clearly the opposite finding, i.e. a larger
age and higher metallicity — will act in opposite directions, afdGB blue tail in the inner regions, would indicate a connection
may even compensate each other as it appears to be the tagee more recent bursts of star formation.
for Carina (Smecker-Hane et al. 1994). Similarly to Carina, the In order to measure the radial gradient in the stellar pop-
abundance Spread we have found for the dominant popu|aﬂ,&ﬂti0n5 in Fornax, stars in different eVOlUtionary phases were
of Fornax may represeniawer limit (see also Paper II; Gallartcounted separately in different radial bins. Thwep regions
et al.[19994; for similar considerations for other dSph's). Thghosen for counts include the red clump, the red part of the
issue shall be more quantitatively investigated in a followingBorp. the blue-loop helium-burning stars (BL), the young
paper. main sequence (YMS), and the red giants (those in the main-
We return now to discuss the nature of the population makream giant branch, RGB, and in the bluer comporigt(B).
ing up the blue tail of thezpr, which is until now far from The reader is referred to the boxes outlined in Ig 2. The
established. Qualitative examination of thep’s is not suffi- results of star counts are presented in Table 4, where we list the
cient to establish whether the blue tail of ther represents effective galactocentric distance and the percentage of stars in
an old, meta|_poor popu|ation' or is made up of young r@:]l thecMD regions relative to the number of RC stars.
AGB stars. However, we will show in SeEL}.5 that there is The fraction of young main sequence, old HB, blue-RGB
definite evidence that the bluer RGB stars are old and metand mainstream RGB stars are also plotted on a logarithmic
poor, which implies that the extended color distribution showifale in FigiB. As previously noticed by SHS98, the young stars
in Fig.[ can be interpreted as a metallicity distribution. In co@re more centrally concentrated than the dominant intermediate
clusion, a model involving two populations seems to provide@§€ component, indicating that recent star formation took place
good description of the star content of the Fornax dSph, Wiﬂﬁeferentia”y in the central regions. The counts on the RGB as
the older population having [Fe/H] —1.82 with a dispersion of expected follow those of RC stars. Conversely, the HB stars are
0.20 dex, and the dominant, intermediate-age population witfeferentially found in the outer regions.
[Fe/H]~ —1.0 + 0.15. Our large-field data confidently rule out ~ Most importantly, the bluer RGB stardosely follow the
the presence of a distinct metal-rich population with abundarf@lial trend of the horizontal-branch sta(&ig[9). This result
comparable to that of 47 Tuc, even accounting for a mean a¢gambiguously demonstrates that the sparse sequence on the
of 5 Gyr for the Fornax bulk population. blue side of the Fornax RGB belongs to tild and metal-poor
This complexity is common to most of the other dwarPopulation g 10 Gyr) along with the old-HB stars and RR
spheroidals. For example, two distinct star formation epoch¥ae variables.
have been recently revealed in Sculptor by Majewski et al.
(1999). In this galaxy, a detailed analysis of the RGB morphcg- Summary and conclusions
ogy showed the presence of two distinct RGB bumps consistent
with the presence of a metal-poor population of [Fe/H}2.3, We have presented a large area study of the field population
and a population of [Fe/H} —1.5. Also the recent study of the in the Fornax dwarf spheroidal galaxy, basedi®¥iI data for
star formation history of Leo | by Gallart et al. (1999b) indicatabout 40000 stars. The size of our sample, together with the
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wide photometric baseline employed in this work, provide new [ ‘ i

information on the stellar content of Fornax. - g
One of the most distinctive features in our diagrams is the r 1
conspicuous young main sequence. In this paper we have shown B B
that the plume of stars just above the red clump is made up of | i
intermediate mass stars (2.4—2\9,) burning helium in the - 8
core, counterparts of the young main sequence stars in the age r 1
range 0.3-0.4 Gyr. The comparison with isochrones suggests ’ B B
us that these blue-loop stars must be as metal-rich as [Fe/H]. L i
—0.7, which represents an important constraint for the metat x R
enrichment history in Fornax. L i 1
An extended upper AGB tail and a prominentred HB clump B
testify the presence of a dominant intermediate-age population | |
in the age range 2-10 Gyr, corresponding to 0.9-AU4stars. - .
From the difference in the meali & I) colors of the red clump i i
and the RGB at the same luminosity, we have estimated amean |
ageb.4 £ 1.7 for the bulk of the intermediate-age population in L i
Fornax, in agreement with the morphology of the MS turnoffs ‘ : S S
in WFPC2 color-magnitude diagrams (Buonanno et al. 1999).
This suggests that the location of the red HB clump may indeed
prove to be a useful age indicator for distant LG galaxies. Fig. 9.Radial trends in the fraction of young main sequence stars (filled
About 0.2 mag below the red clump, an extended HB ircles), HB stars (triangles), stars on the blue-RGB (squares) and RGB
indicative of an old population. In particular, our data point tpen circles) relative to the number of red clump stars. The logarithm
the presence of blue HB stars in the outer regions. Togetleéthe ratios is plotted against the effective distance from the Fornax
with previous detection of RR Lyrae, this provides evidence fégnter.
a minority field population that is as old and metal-poor as that
in the Fornax globular clusters. The Fornax dSph clearly starte@tallicity [Fe/H}= —1.39 + 0.15. This nominal value should
forming stars in a halo nearly at the same epoch when mostef corrected for the age difference between the Fornax pop-
its surrounding clusters were formed. ulation and the Milky Way globulars. Accounting for an age
Evolutionary phases that gave barely discernible featuigifference of 10 Gyr, we find aage-correctednean metallic-
in small field observations are easily measurable in our colgy [Fe/H]= —1.0 + 0.15 for the dominant intermediate-age
magnitude diagrams. We could reliably measure the AGB bungippulation of Fornax. Interestingly, this is also the metallic-
a small clump produced by a clustering of stars at the bagefound for Sagittarius, the nearest Milky Way dSph satel-
of the AGB, atMy ~ —0.4. Measurements of such minorjte that has luminosity comparable to that of Fornax. The
evolutionary features may provide useful tests of stellar mOdﬂjﬁrinsic color scatter of stars in the RGB main component
for stars of different masses and metallicities. is oz_r) = 0.06 £ 0.01 mag implying a relatively mod-
The sharp cutoff in the luminosity function of Fornax hagst metallicity spreadrp,/i = 0.12 £ 0.02 dex. Then the
been used to estimate its distance using the RGB tip methggly) metallicity range for the bulk population of Fornax is
The corrected distance modulus of Forném — M) = —1.25 < [Fe/H] < —0.75 if a correction for the mean age is
20.70 £ 0.12, agrees with previous determinations. This egpplied. The secondary component or “bluer tail” is also quite
timate is confirmed by the mean level of old horizontal-brangtoad. In principle, these bluer stars could be either young or
stars. By measuring the average magnitude of the red HB (difd and metal-poor.
tinct from the red clump) we estimated a distance modulus Star counts of different subpopulations at various locations
(m — M)o = 20.76 & 0.12 on the distance scale of Lee etonfirm and extend the evidence for radial population gradients
al. (1990). emerged in previous studies. Recent star formation is clearly
Fornax, as many other dSph, has been known for a loggncentrated in the central regions, though with some degree
time to have a wide RGB color distribution. The “color scalof asymmetry (e.g., SHS98). Old stars are more easily seen in
ter” has been usually taken to represent an abundance sprg@slouter fields. A blue HB population can be noticed in our
We have analyzed in detail the color distribution of the red ghutermost field, coming from the minority old, metal-poor field
ant stars across the fiducial line, and found that it is reasonab8fnponent. The stars populating the blue side of the wide RGB
well fitted by a two-component model. This approximately bklosely follow the spatial distribution of the old-HB stars. This s
modal distribution is remarkably similar in all fields. AbOUberhaps our most important finding, since it demonstrates that
70% of the red giants belong to an intermediate-age RGB cofRe bluer RGB stars are themselves old and metal- poor, and
ponent which is itself wider than expected from instrumentalearly establishes the nature of the wide RGB of Fornax. Thus
errors. By comparing the bulk of the Fornax RGB with the ridgge roughly bimodal color distribution can be interpreted as a
lines of standard globular clusters, we have estimated a meggtallicity distribution, implying that the bulk of the Fornax

r [arcmin]
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galaxy was built during two rather distinct star-forming epochBa Costa G.S., 1998. In: Aparicio A., Herrero A., Sanchez F. (eds.)
The older population has [Fe/K]—1.8 dex with G20) and an Stellar Astrophysics for the Local Group. Cambridge University
wide abundance range2.2 < [Fe/H| < —1.4. Press, Cambridge, p. 351

The emerging picture is one in which the evolution of Fornadx2 Costa G.S., Armandroff T.E., 1990, AJ 100, 162
is characterized by two major star formation epochs, each Ca%nZZIZ%eI;].lé‘JSI’ Webster B.L., Dopita M.A., Hawarden T.G., 1978, ApJ
sisting of many episodes. The flrsteplsodg took place atane Ig/mers’s., Grondin L., Kunkel W.E.. 1990, PASP 102, 632
epoch, being presumably coeval to the birth of the old galac o

. mers S., Irwin M.J., Kunkel W.E., 1994, AJ 108, 1648
globular clusters, from metal-poor gas. After a relatively QUEskridge P.B., 1988, AJ 96, 1614

escent period, Fornax formed the bulk of stellar populatioggygel 3.A., Blanco V.M., McCarthy M.F., Cohen J.G., 1982, ApJ 252,
between 7 and 2.5 Gyr ago from the pre-enriched gas. Star for- 133

mation continued at a lower rate in the central regions until &silart C., 1998, ApJ 495, L43

recently as 1®yr ago. The modest internal abundance spreg@illart C., Freedman W.L., Mateo M., et al., 1999a, ApJ 514, 665
found in each main population seen in the metallicity distrib@allart C., Freedman, W.L., Aparicio A., Bertelli G., Chiosi C., 1999b,
tion, and the different metallicities of populations of different AJ, in press

age, trace the progressive metal enrichment and representGfigler D., 1994, In: Layden A., Smith R.C., Storm J. (eds.) Proc. 3rd
basis for an age-metallicity relation in Fornax. The constraints CT!O/ESO Workshop, The Local Group: Comparative and Global

found in this paper provide the physical input for a quantitativ&r Properties. ESO, Garching, p. 141

. . . . . ardi L., 1999, MNRAS 308, 818
analysis of the star formation and chemical enrichment h'StoéYrardi L., Bressan A., Bertelli G., Chiosi C., 1999, AGAS, in press

of Fornax, which will be dqne ina forthcoming study using thg,ig J.E., Mould J.R., Djorgovski S., 1993, PASP 105, 871
methods of stellar population synthesis. Gratton R.G., Ortolani S., Richter O.G., 1986, Mem. Soc. Astron. Ital.
57,561
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