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Abstract. We have obtained deep CCD photometry in the Keywords: galaxies: dwarf—galaxies: fundamental parameters
V', and I bands of Phoenix, a galaxy considered a transitiengalaxies: individual: Phoenix dwarf — galaxies: Local Group
case between dwarf spheroidal (dSph) and dwarf irregular (eélalaxies: stellar content

galaxies. A comparison of our data with the giant branches

of Galactic globular clusters gives a mean metal abundance

[Fe/H]= —1.81 4+ 0.10 dex. The presence of an intrinsic color

dispersion in the upper red giant branch (RGB) suggests]a

abundance range of about 0.5 dex, although a range in age BAYtometric studies of dwarf spheroidals, and in particular of
also affect the RGB width. The color-magnitude diagrami0) their color-magnitude diagrams, have shown a variety of star
of Phoenix reveals for the first time a horizontal branch (HByrmation histories, ranging from the globular cluster-like di-
predominantly red yet moderately extended to the blue, similggrams of Draco or Tucana (Grillmair et al. 1997; Saviane et
to those of Leo Il or And |, al/ ~ 23.8. The detection of a 3| [1996, hereafter Paper I) to the considerable intermediate age
relatively blue HB indicates the presence of a significant popgopulations of Carina (Smecker-Hane et/al. 1994) and Fornax
lation with age comparable to that of old halo Galactic 9|0bU|%Beauchamp et al. 1995: Stetson et[al. 1998; Saviane & Held
clusters. As in other dwarf spheroidals, this HB morphology f{gg9), with a range of intermediate cases for which we refer
a metal-poor system indicates a mild “second parameter” gie reader to the recent reviews of Da Cosfa (1998) and Mateo
fect. The mean level of the HB has been used to derive a Eugos).

distance modulug3.21 + 0.08, in good agreement with the  The dwarf galaxy Phoenix represented a particularly inter-
distance mOdu|u2304 +0.07 estimated from the well defined esting case in th|S respect Since |t iS Current|y forming stars on
cutoff of the red giant branch &t~ 23.1. This confirms the cor- top of a seemingly old, metal-poor population. Ortolani & Grat-
rect identification of the RGB tip. We also find a radial gradiegn (1988, hereafter 0G88) obtaing&dV’ CCD photometry in
in the Phoenix HB morphology, as measured by an increasig x 3’ field centered on the blue star association first described
ratio of blue HB stars to red giant stars in the outskirts of thﬁ, Canterna & Flowef (1977). Their color-magnitude diagrams
galaxy. The color-magnitude diagrams show a small numbergpfow bright blue stars likely belonging to1a® yr-old recent
stars above the t|p of the RGB, well in excess over field COBurst of star for‘mation7 invo'ving_, 104 M@’ Superposed onto
tamination, that most likely are asymptotic giant branch (AGE) predominantly old 10° yr) metal-poor stellar population.
stars belonging to an intermediate age population. Their nuR-comparison with metal-poor Galactic globular clusters led
ber indicates that the fraction of intermediate age (3 to 10 Gy)588 to estimate a distance modultus— M) ~ 23-23.5, thus
population in Phoenix is approximately 30-40%. A young stabcating Phoenix well within the Local Group. OG88 also found
lar population is definitely present in Phoenix, consistent witheg B ) color distribution on the RGB somewhat broader than
star formation episode started at least 0.6 Gyr ago, Upt®0°®  accounted for by instrumental errors, the intrinsic color disper-
yr ago. Both young stars and AGB stars are centrally concejion corresponding to an abundance range of about 0.6 dex. A
trated, which indicates that recent star formation preferentialiyther study of the resolved stellar populations of Phoenix by
occurred in the inner galaxy regions. In many respects, inclughn de Rydt et al[(1991, hereafter VDK91), yielded a slightly
ing an extended star formation history and even the preseRegrter distance modulusef,.— M), = 23.1and ametal abun-
of a modest amount of neutral hydrogen, Phoenix appears gghce [Fe/HE —2.0. The integrated luminosity/y ~ —9.9,
dissimilar from dwarf spheroidal galaxies in the Local Groupis similar to that of Carina. These photometric studies together
with limited spectroscopic data of Da Costa{1994), also in-
dicated the presence of low-luminosity carbon stars consistent
Send offprint requests 1&.V. Held with an intermediate age population older than 8—-10 Gyr.
* Based on data collected at the European Southern Observatory, LaBoth studies concluded that Phoenix may belong to an in-
Silla, Chile, Proposal N.57.A-0788 termediate class between dI's and dSph'’s, a view supported by
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the detection of neutral hydrogen towards the optical galaxy alable 1. The journal of observations

heliocentric radial velocity of 56 knts (Carignan et al. 1991).

More re_cently, Young & Lo (1997) obtam_ed VLA maps ofH |p  Night Filter tep[s] airmass FWHM
in a region around Phoenix at a resolutisn2’. Their maps

show an H cloud (“cloud B”) at abou8’ — 10’ from the opti- Ph/b5 2 B 2400 104 14
cal center, at a heliocentric velocity 8—-60 km s~!, which is Ph/_b6 2 B 2400 1.04 1.3
identified with the emission detected by Carignan efal. {1199 h;:g ; : iggg 1'28 12
Its velocity dispersion is low, only 3 kms~!. In addition, that Phiv1 1 v 1500 129 15
study revealed a newiHeature peaked at —23kms~!,about py,o 1 v 1500 121 14
5’ southwest of the optical galaxy (“cloud A"), whose curvegcklbl 1 B 2400 1.04 13
shape suggests a physical link with the galaxy (see theoht | 5 1 B 2400 1.06 13
tour maps in their Fig. 17). However, it is conceivable that botl, /i1 1 | 2400 1.07 13
clouds are associated with the complexvdlocity structure of peg/iz 1 I 2400 1.04 1.3
the Magellanic Stream. bck/ivl 1 \Y; 1500 1.15 1.7

The presence of young stars along with neutral gas in bek/v2 1 \Y, 1500 1.11 1.7

essentially old galaxy may provide the clue to understanding the
role of multiple bursts of star formation in the evolution of dwarf
spheroidals (and possibly of their more massive counterpart, the
dwarf ellipticals). For this reason, we have undertaken a studygf CCD with 2048 x 2048 pixels of @'26. The images were
the old, young, and intermediate age populations of Phoenixtfimmed to1600 x 1600 pixels during readout to avoid the vi-
firsttask was establishing whether Phoenix harbors a Signiﬁcgﬂbtted edges of the image_ Fast readout, appropriate for broad
population of metal-poor stars of age comparable to Galackgnd imaging, yielded a read-out noise of 7-&sxel and a con-
globular clusters, in which case a blue HB is expected. Indeggysion factor of 1.34e/ADU. A control field located at a few
we have been able to detect for the first time a moderately b@@rees from the ga|axy was also observed to estimate the fore-
HB atV =~ 23.7. Afurther aim was a quantitative estimate Ofthground and galaxy background contamination. Sky conditions
contribution of young and intermediate age stars to the steligére photometric on the second night of the run. The seeing
populations of Phoenix, in particular to understand if the recephs quite variable, so that only the best pairs of images in each
burst of star formation represents anisolated episode after a lgiigr were selected for processing. TdHle 1 lists the images used
quiescent period. in this study, including the comparison field exposures. Images
The plan of the paper is as follows. S&gt. 2 presents apith poorer seeing (not listed here) were used for calibration
new observations i, V, andI of the Phoenix dwarf over a purposes, namely to evaluate the zero point stability.
69 x 69 field. Careful analysis of the instrumental errors and |mage pre-processing was carried out with #3® MIDAS
foreground/background contamination, essential to estimate 2 kage in the standard way. First, all images were cleaned us-
contribution of the young and intermediate age stellar populag a map of the bad features of the CCD. After checking the bias
tions, is also presented. In Sédt. 3 we describe the main featwiewility, a master bias was subtracted from all images. Several
of the color-magnitude diagrams, and outline the spatial digaylight dome flats and twilight flat-fields were obtained in each
tribution of stars of different ages. In particular, we introducgiter and used to construct dome and sky master flat-fields. The
our first detection of the horizontal branch of Phoenix. The basjry flats were preferred for correcting the scientific frames, be-
properties of the galaxy are derived in SELt. 4. There we provigiuse of the higher signal-to-noise ratio and better color match,
a new distance estimate based both onlteagnitude of the though the dome flats were almost as good. The images were
luminosity of the RGB tip, and on the me&magnitude of hor- then registered to a common reference frame and coadded. The
izontal branch stars. The wide photometric baseline employ&gle of the Point Spread Function (PSF) of the averaged images
in this study allows us to re-address the problem of an intrishows no degradation with respect to the individual frames. As
sic color range and abundance dispersion of the red giants. Bhexample, out’” sum image is shown in Fig] 1.
stellar populations of the Phoenix dwarf are discussed in[Sect. 5, Stellar photometry was performed usingoproT 11 and
where in particular we estimate the contribution of young angd.Lstar (Stetsori 1987). The PSF was iteratively constructed
intermediate age stars to the galaxy luminosity, and map #iém a starting list of about 100 (relatively bright) reference
distribution of the star-forming regions across the galaxy. Tkegars, uniformly distributed across the CCD. After fitting a pre-
main results of this paper are summarized in $&ct. 6 along wifhinary PSF to the sum images, all reference stars with faint
concluding remarks. neighbors were culled out of the catalog by careful visual in-
spection of the star-subtracted images. A better point spread
function was then obtained from the selected list of PSF stars.
Different PSF shapes were tested by checking the residuals after
Observations of a singlé’9 x 6!9 field centered on Phoenix subtraction. The best fitting was obtained using a Moffat func-
were obtained on September 7 and 8, 1996 using EFOSC2iat with 8 = 1.5 and quadratic radial dependence. The sub-
the ESO/MPI 2.2m telescope. The detector was a thinned ltaction residuals were generally satisfactory due to the good

2. Observations and data reduction
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i ey ki Table 2. The photometric errorslg) determined from the artificial
. . s e g star experiments
- bin oy OB or
" 1625 ... ... 0.004
5 16.75 .- .- 0.014
5 17.25 ---0.012
.} i 17.75 ---0.013
. 18.25 e ---0.015
d 18.75 e ---0.015
i "4 1925 0.007 0.025 0.021
i - 19.75 0.009 0.006 0.023
i ay 20.25 0.014 0.010 0.031
3 20.75 0.019 0.013 0.043
21.25 0.024 0.021 0.061
21.75 0.032 0.028 0.087
4 22.25 0.041 0.031 0.116
22.75 0.059 0.041 0.124
; | 2325 0.079 0.056 0.145
. r 2375 0.163 0.078 0.101
i R sht o WM EA e T o 2425 0105 0.087 -
b Tme v AR R e 2475 0.111 0.148

Fig. 1. A central field 63 x 5’3) of the coadded” image of Phoenix.

North is to the top and East to the left. The outlines indicate the regi

0, .
studied by Ortolani & Grattor (1988; inner box) and van de Rydt et é?% mag in color. Contours of equal completeness, .smootf_led
(1991 outer box) over3 x 3 cells, are superimposed to the color-magnitude dia-

grams.
Observations of standard stars from Landolt {1992) were

sampling of stellar images. Photometry was then obtained 5£d (0 calibrate the photometry. Avalu®af30 s was assumed

rUNNINgDAOPHOT andALLSTAR twice on the sum images. for the shutter delay time, which implies a correction of 0.003

The photometric errors and the degree of completenesd#49 forthe stand_ard stars. The raw magnitudes were normalized
our data were estimated by extensive artificial star experimerifs S €xposure time and zero airmass:
We used a technique in which artificial stars added t_o each_ im+ — Map + 2.5 10g(texp + A L) — kx X 1)
age are randomly scattered about the vertices of a fixed grid or
“lattice”. This prevents overlapping of simulated stars (“selfwherem,, are the instrumental magnitudes measured in cir-
crowding”). Lists of input stars (typically- 900) were created cular apertures of radiuB = 6”6 (close to the photoelectric
for the V' image, with randomly distributed coordinates anéperture employed by Landolt 1992),¢ is the shutter delay,
V' magnitudes uniformly distributed within the limits of theandX is the airmass. The adopted mean extinction coefficients
Phoenixcmp. Random B — V) and (V' — I) colors were em- for La Silla arekp = 0.235, ky = 0.135, andk; = 0.048.
ployed, so that the artificial star colors spanned the entire usedulit of the normalized instrumental magnitudes to the magni-
intervals in the Phoenix color-magnitude diagrams. We matigles of the standard stars in the Landolf'S{1992) fields gives
30 experiments per filter, corresponding+027000 stars in the following relations:
each bandpass. The frames containing the simulated stars were

i / _
reduced exactly in the same way as the real images. The mabter b/ +0.121(B — V) +24.777 (2)
catalog of star experiments contains the artificial stars retrievBd= v’ +0.0425 (B — V') + 25.145 3
in at least one filter, ready for calibration as the real photometyy = v’ 4-0.0381 (V — I) + 25.145 4)
catalogs. [ = i —0.0253(V — I) +24.049, (5)

Tablel2 lists the photometric errors obtained in each band-
pass separately. The first column gives the center of the magni-where the coefficients were derived from the standard stars
tude bin inB, V, andI. The photometric errors were obtaineabserved on the second night. The r.m.s. scatter of the residuals
by grouping the stars in magnitude bins and calculating the diff the fit (0.007, 0.008, and 0.008 magiih V', and! respec-
ferencesAm = mq, — my, between the retrieved and inputively) was assumed to represent our calibration uncertainties.
magnitudes. The standard deviations are those of a GaussiarBefore applying these calibrating relations to our photome-
fitted to the observed distribution afm. The Am are typically try, the instrumental profile-fitting magnitudes (measured on the
50% larger than th@aopPHOT errors. The completeness wasum frames) were converted to the scale of the standard star mea-
calculated in a two-dimensional way by dividing each colosurements. To this purpose, a sample of bright isolated objects
magnitude diagram in cells with size 0.2 mag in magnitude angre selected in all individual images, all neighboring faint stars
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Fig.2. Comparison of the present data with the photometry of VEi._t‘ig. 3. TheV, (B — V) color-magnitude diagram of the Phoenix

de Rydt et al.|(1991). The differencestfn(top panel),B — V' (mid d . :
- . warf galaxy, from our master photometric catalog. No selection has
panel) andV — I (bottom panel) are plotted for stars brighter tha%een agpplieél/to the data. Also sﬁown arelb 30% 950% and70%

V' = 21. The dashed lines represent the median zero-point diﬁeren?g(sscom leteness contours
(this paper— VDK91) P

0OG88 aperture we would have obtained a zero point dimmer by

subtracted, and the cleaned frames were used to measure mag-+ 0.01 mag).
nitudes through circular digital apertures with ragjj, = 6”6
(the same as for standard stars). Aperture corrections were tgelfl
calculated for each image as the median of 5 to 8 independent
corrections in each filter. The r.m.s. scatter about the medigig.[3 shows theV, (B — V) color-magnitude diagram of
zero pointis 0.015 i, 0.011 inV/, and 0.012 in. This uncer- Phoenix. The most notable feature is our detection of the hor-
tainty includes not only the errors on aperture measurements &ahtal branch (HB) of Phoenix df ~ 23.7, discernible up
corrections, but also the effects of extinction variations during (B — V) = 0.0. An extended blue tail, similar to that of
the nights. Following aperture correction, calibrated magnituderetal-poor Galactic globular clusters, is not evident. The HB
were obtained by applying the calibrating relations in the foria found at a magnitude level where otwip is significantly
of a linear system solved by the Kramer method (a procedimeomplete and photometric errors are quite severe, so deeper
equivalent to the more usual iterative method). The total zemata are certainly important. The morphology of the HB will
point uncertainties, obtained by quadratic sum of the apertire analyzed in more detail in Sddt. 5. Fi. 3 also displays a red
correction and calibration errors, are 0.017, 0.014, and 0.0didnt branch (RGB) sharply cut & ~ 20.5, and a blue se-
mag inB, V, andI respectively. guence extending to luminosities brighter than the tip of the

Fig[2 shows a comparison of our photometry with the ré&GB, representing the young star population detected by OG88
sults of van de Rydt et al. [ (1991) for stars brighter thaemd VDK91. This blue star sequence, partially overlapping the
V' = 21. We obtain the following median magnitude and coldrB region, is also noticeable in other c-m diagrams.[Hig. 4 shows
differences (this study- VDK91): AV = —0.036 £ 0.083, the color-magnitude diagram of Phoenix using the wid&r I)
A(B—-V)=0.091+0.116, A(B—1I) =0.108 £ 0.151, and color baseline. The trend of the isocompleteness contours in
A(V — 1) =0.060=+0.101. The errors are standard deviation&ig.[4 illustrates the relatively high incompleteness/ dfand
of the differences, following 8o rejection of the outliers. Van photometry in the case of blue stars. Téwap of Phoenix is
de Rydt et al. [(1991) report the result of their comparison witompared with the similacmp of the control field in the right
the data of Ortolani & Gratton (1988). They found mean diffepanel of Figl#i. A comparison of the two diagrams shows that
ences, in the sense VDK910G88, ofAV = —0.014+£0.080 the foreground and background counts do not represent a ma-
andA(B — V) = —0.082 £ 0.100. Thus our B — V') colors jor source of contamination for the most interesting regions of
are somewhat redder than those of VDK91 and consistent witle cMD. There are no foreground or background objects bluer
the results of OG88. Our slightly bright& magnitude scale than(B — I) = 0.5, so that we are confident that all stars bluer
is explained by the larger reference aperture (indeed, using then this limit belong to a young stellar population in the dwarf

he color-magnitude diagrams
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. o Fig.4. The V, (B — I) color-
o magnitude diagram including all
¢, ©. stars in the field of Phoenixeft
0 o = pane). Superimposed are the 10%,
° —f  30%, 50%, and 70% isocomplete-
°« o - nesslevels. A dotted box marks the
I region chosen to represent the blue
4 sequence of young stars. Thight
panelshows a similar diagram for
stars in the comparison field

~

y[arcmin]

x[arcmin] (v=1)

Fig. 5. Spatial distribution ofthe samples of red and blue stars discus$a@- 6. TheV', (V' — I) color-magnitude diagram of stars in the RGB
in the text (they are represented by small crosses and filled circlé@Mple of Phoenix, which excludes all stars within the star forming
respectively). Two small boxes are used to schematically delimit tFRgions. Also shown are the fiducial red giant branch sequences of

star forming region. A large cross indicates the center of the galaxySalactic globular clusters from Da Costa & Armandroff (1990), span-
ning a metallicity range from [Fe/H} —2.2 to [Fe/Hl= —0.7. A

distance modulusm — M), = 23.1 was adopted for Phoenix

galaxy. We have therefore definedaung star sampléy se-
lecting all stars in themp region havingl 9.5 < V' < 23.5 and
B—-1<0.5. (I977) and studied by OG88. The spatial distribution of the

The spatial distribution of the blue star sample is plotted wifferent stellar populations in Phoenix will be further discussed
Fig.[, along with the distribution of stars in the red giant sampie Sect[5. This information is used here to define a “red giant
(defined below). The galaxy center, marked by a large crosample” by excluding all objects in the two most prominent star
was defined using the mode of the marginal distributions fifrming regions (approximated by the two rectangles in[Big. 5).
star coordinates. The star formation sites in Phoenix are clearly Fig[8 presents thé, (V — I) color-magnitude diagram of
delineated in this figure. The young stars are found in clumpsthre stars in the RGB sample, together with the fiducial red giant
the central region of the galaxy, the most prominent clump beibganches of Galactic globular clusters from Da Costa & Arman-
the well-known “association” described by Canterna & Flowatroff (1990). From blue to red, the globular clusters are M15,
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NGC 6397, M2, NGC 6752, NGC 1851, and 47 Tuc, whose [ ' o ‘
metallicities are[Fe/H] =-2.17, —1.91, —1.58, —1.54, —1.29, I
and —0.71 dex, respectively. We note the extremely well defined
RGB cutoff of Phoenix, suggesting the lack of a dominant in- 21
termediate age population.

An expanded view of the horizontal branch of Phoenix is
provided in FiglY. This diagram was obtained by picking only
stars in the outer region of the galaxy & 1/3), thus excluding 27
all objects in the star formation regions. This selection proved |
to enhance the contrast between the HB and the RGB, partly
because photometric error are smaller in the outer, less crowded
regions, but possibly also because of an intrinsic difference in?3 [
the radial distributions of the RGB and HB populations (we
will return to this point in Seck]5). Fifl 7 clearly confirms the
presence of a moderately blue horizontal branch in Phoenix at
V ~ 23.7. We note that the HB is hardly detected in the
(V — I) diagram because most of the faint, blue HB stars fall
below the detection threshold in tlidand. The fiducial loci of
the Galactic globular cluster M3 (which appears obviously more
metal-rich than Phoenix: [Fe/H] —1.57) are shown for com-
parison purposes, appropriately shifted to the Phoenix distance
as derived from the RGB cutoff (see Séctl4.1). The data for
M3 are from Buonanno et al. (1988), and the apparent distar®g. 7. The color-magnitude diagram of Phoenix stars farther tHan
modulus and reddening from Harris (1998). from the galaxy center. A horizontal branch extended to the blue is

evident af” = 23.73 (this level is indicated by a horizontal line). Also
shown are the fiducial sequences of RGB, HB, and AGB stars in the
4. Distance and metallicity cmMD of the Galactic globular cluster M3 (from Buonanno et al. 1988)

The sample of red giant branch stars used to construct the

Phoenix RGB luminosity function (LF) is a subset of the master

red sample defined in the previous section. To reduce the cénem the extinction-corrected color of red giants near the tip,

tamination by young stars and field objects, we further selectg@d — I)g tip, = 1.48 + 0.04, we obtainBC; = 0.52 £ 0.01.

a “20 RGB sample” which comprises all stars withit2o from The bolometric absolute magnitude of the tip was then in-

the fiducial ridge line. The details of the method are given fierred from our estimate of the mean metal abundance of

Sect{4.1. The stars in tir red giant sample are used belowPhoenix,[Fe/H] = —1.81 £+ 0.10 (cf. Sect[4.B). The result

to derive the fundamental parameters of Phoenix, distance avabM T} = —3.47+£0.02 (the error reflects the uncertainty

metal abundance. on metal abundance), from whicl FRGB = —3.99 + 0.02

was finally obtained. For the extinction and reddening cor-

rections we useddy, = 3.1Eg_y = 0.06 + 0.06 and

Fy_; =128 Ep_y = 0.03 4+ 0.03, adoptingEz_y = 0.02

The distance to Phoenix was first estimated from/theésolute mag from Burstein & Heiles(1982), with-80.02 mag redden-

magnitude of the tip of the red giant branch (see Madore i&g uncertainty. The distance modulus to Phoenix determined

Freedman_1995 for a discussion of the method and previdtsm the extinction-corrected magnitude of the RGB tip is then

work). The cutoff was found ak;, = 19.09 & 0.05. The error (m — M), = 23.04 + 0.07, where the error includes the pho-

mainly reflects the uncertainty in locating the RGB tip, whictometric and reddening uncertainties, and the uncertainty on

is larger than the systematic error on dunagnitude scale. To MRGB, This distance modulus is slightly shorter than that de-

assess the effects of crowding on the estimated RGB cutoff, vireed by VDK91 using the same method and reddening.

simulated the upper part of the RGB using artificial stars in the

CMD regionl.3 <V — I < 1.7, I > 19.0. After processing . .

the artificial data as the real RGB stars, the cutoff magnitu é2' Distance based on horizontal branch stars

of the retrieved stars was 0.03 mag too bright, independentyr first detection of the HB of Phoenix allows to obtain an

of the radial distance from the galaxy center. A correction famdependent estimate of the distance to Phoenix. The mean

this small bias was included in our estimation of the distanceagnitude of the horizontal branch was calculated as the me-

modulus. dian V' magnitude of the 553 HB stars in themp region
The bolometric and luminosities of the RGB tipMITR¢E 0.0 < B -V < 0.6, 234 < V < 24.0. The median is

and M RSB and thel bolometric correction, were then esti-Vyp = 23.73, with a r.m.s. scatter 0.17 mag, yielding a for-

mated using the relations of Da Costa & Armandroff (11990jnal error on the mean of0.01 mag. The mean valuéyg

4.1. Luminosity function and distance based on the RGB tip
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Fig.8. A simulation of the effects of crowding and photometric er-
rors for stars with magnitudes and colors typical of the observed HB. )
Artificial stars originally distributed inside the outlined box are spread - |
over a larger color range after processing. The median of the input
and outpul” magnitudes are represented by the dashed and solid line,
respectively
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\ L \
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was found to remain constant for different radial sub-samples, [Fe/H]s

within the internal errors. The total uncertainty, including the

systematic error of th&' magnitude scale, isy, = 0.016 mag. Fig. 9 The mean color difference of the Phoenix red .giant stars frqm

Given the significant incompleteness of our photometry fiducial sequences Qf_template globular clusters is plotted against
the HB level, the effects of errors and incompleteness on t g mean cluster metallicity. The error bars represent the standard de-

. . . viations of the residuals itV — I). Also shown is a linear regression
measured location of the HB need careful investigation. The, range—2.2 < [Fe/?{] < 11 3 (dotted ling). The Iargge Cross

results of our artificial §t§r experiments were used t0 SimulgiR tifies the mean abundance of Phoenix together with its error.
the HB as a narrow strip in themp (23.5 < V' < 23.9, 0.0 <
B—V < 0.6). The distribution of the retrieved artificial stars in
the color-magnitude diagram (Fig. 8) was then analyzed exactly
in the same way as the real HB data. The median HB level
of the retrieved stars wag = 23.65, i.e. the simulated HB  The distance based on the HB is only marginally larger than
appears slightly biased toward brighter magnitudes due to that determined from the tip of the RGB, and the agreement is
rapidly changing photometric completeness, though the eff@&0d in view of the many sources of uncertainty. The average
is relatively modest. Taking into account this bias, we adopf the two determinationgyn — M), = 23.12 & 0.08, corre-
Vip = 23.78 + 0.05 as the mean observed magnitude of theponding tal21 £ 16 kpc, is finally adopted as our best estimate
blue HB. of the distance to Phoenix.

Using this value folzz, we calculated the distance mod-
ulus of Phoenix on the Lee et al._(1990) distance scale, usid@. Mean abundance
their relation for the absolute visual magnitude of RR Lyrae

variables, As in Paper |, the mean metal abundance of Phoenix was esti-
mated by direct comparison of the red giant branch inithe
M‘I}R = 0.17 [Fe/H] + 0.82 (6) (V — I) color-magnitude diagram with the RGB ridge lines

of the template globular clusters from Da Costa & Armandroff
for a helium abundance af = 0.23. We adopt this calibra- (1990). We calculated the mean color differenéég — I),
tion since it is also the basis of the RGB tip method (Da Codb@tween the data in the Phoenix red giant sample and the fidu-
& Armandroff [1990; Lee et al.[_1993). On the Lee’s et akial loci of the template clusters, using different choices for
scale, which gives\/{!® = M}® = 0.51 mag for a metal- the luminosity range. The values &fV' — I), were corrected
licity [Fe/H]= —1.81 4+ 0.10 (cf. Sect[4.B), we estimate afor extinction adoptingky,_; = 0.03 £+ 0.03. We note that
distance modulugm — M), = 23.21 + 0.08. Note that the for magnitudes fainter thah ~ 20.5, the color distribution of
distance error includes the photometric (statistical and zethe Phoenix RGB is skewed towards bluer colors, due to the
point) errors and the reddening uncertainty, but does not tgkesence of the unresolved AGB of the old population (a sim-
into account the uncertainty of the adopted HB calibration aildr trend was noticed in themb of And | by Da Costa et al.
distance scale. For example, using the empirical calibrationk$196). In Galactic globular clusters, AGB stars can be sepa-
the mean absolute magnitude of the HB in 8 M31 globular clusated from red giant branch stars below an absolute magnitude
ters by Fusi-Pecci et all_(1996), the distance modulus would bg, ~ —1.5. In Phoenix this precisely corresponddtox 21.5
(m — M)o = 23.01 £ 0.10, i.e. brighter by about 0.2 mag. or I = 20.5.



754 E.V. Held et al.: Stellar populations in the Phoenix dwarf galaxy

Table 3. MeanV — I and color dispersion along the RGB r ‘ A
I V-I oy ova ov.s I : |
RGB simul. intrinsic r = 7
0.2 — —
19.25 143 0.090 0.044 0.079 L o 4 i
19.75 1.33 0.079 0.049 0.093 B L N i
20.25 1.22 0.079 0.052 0.059 b>‘ | o 0 |
20.75 1.11 0.100 0.052 0.085 | A |
2125  1.03 0150 0.072  0.137 01 L ; B
21.75 0.95 0.153 0.087 0.126 T o a |
22.25 0.90 0.183 0.127 0.132 | . i
2275 080 0217 0163  0.143 I L A A s 1
\ \ \
Fig[9 shows the mean color residué{¥” — I'), (calculated 20 22 24

in the range-4 < M; < —3) against the metallicities of the \
Galactic clusters. A linear fit to the differences, excluding onl,yig 10. The (V' — 1) color dispersion of red giant stars in Phoenix

the metal- rich cluster 47 Tuc, gives the relation in 0.5 mag bins (open squares), plotted together with the instrumental
[Fe/H] = —2.86 5(V — I)o — 181, @) color scatter derived from simulated stars (filled triangles)

applicable in the range-2.2 < [Fe/H] < —1.3. This rela-

tion implies that the interpolated metal abundance of Phoersigrved color dispersions and instrumental errors are compared
is [Fe/H]= —1.81 4 0.10 dex. The abundance) error is de- in Fig.[I0. Clearly, the RGB color scatter is significantly larger
rived from the total uncertainty on the me@n— I') color using atany luminosity than expected from measurement errors alone.
Eq[Z. The uncertainty of{V — I), includes the statistical er- The intrinsic(V — I') dispersions calculated as the quadratic dif-
ror (~ 0.01 mag), the systematic error due to calibration unceference between the measured and instrumental scatter are given
tainties (0.02 mag), and the reddening uncertainty. We do motcol.5 of Tabld B. The average color dispersion in the 4 bright-
include the uncertainties related to systematic differences lest magnitude bing (< 21.0) is 0.079 + 0.008 (r.m.s. error on
tween abundance scales for the Galactic globular clusters. Nibie mean). It is interesting to note that the values are roughly
that for metal-poor populations, however, there is reasonablestant abové = 21. Below this magnitude, the presence of
agreement between different abundance scales (e.g., Cars@&® stars evolving away from the horizontal branch precludes
& Gratton[1997). reliable analysis.

The mean abundance derived here is slightly higher than the This evidence for an intrinsic scatter has been independently
value measured by van de Rydt et gl._(1991). The differencenfirmed by a direct comparison of our photometry with the
is probably to be ascribed to the small shift in the calibratethta of van de Rydt et al._(1991). Inthe rariged < I < 19.5,

(V — I) colors (cf. Secfl2). Using a wider magnitude rangie color differences for the stars in common yield a standard
for calculation of they(V — I), values, a slightly lower metal deviation of 0.072 mag. Under the simple assumption that the
abundance would have beenderived (e.g., [Fe/H]1.92 using two samples have comparable errors, we obtain an instrumental
the upper 2 mag of the RGB). This reflects the bias in the giattatter of 0.051 mag, which implies 0.074 mag for the intrinsic
branch color due to the presence of AGB stars. The differersgatter, in good agreement with that obtained from crowding
is comprised in the quoted uncertainties, though. simulations. We thus conclude that an intrinsic color scatter is
indeed present in Phoenix, of the order;,.(V — I) = 0.08 +

0.01 mag. If we are to explain this scatter as due to an abundance
spread, itwould correspond to a metallicity dispersigQ, ) =
Previous work has suggested the presence of an intrinsic cal®3+-0.03 dex (using Ed.]7). Our data thus seem to indicate that
width in the red giant branch of Phoenix. We find confirmahe RGB stars in Phoenix sparial(c) range in metal abundance
tion of this claim in our data. Tab[g 3 gives our results for the2.04 < [Fe/H] < —1.58 dex, i.e. a range af£0.5 dex. This
mean color and measured RGB width at different luminositiesnfirms the relatively modest abundance range found by OG88,
(Columns 2 and 3). The mode and standard deviation of tivhile VDK91 give a somewhat larger metallicity spread.

(V — I) color distribution of red giants were measured in 0.5 An abundance scatter similar to that found in the Phoenix
I-mag bins on a rectified version of the RGB, using a Gaussidwarf is well established in many dwarf spheroidals, where it
fit with a 3o clipping to discard field objects and young stardas been confirmed also by spectroscopic observations (Suntzeff
The instrumental scatter derived from artificial star experimerdgsal [1998; Da Costa 1998). In dSph'’s, a range in metal abun-
is given in column 4. The color dispersion of simulated stardance is indicative of an enrichment process in which multiple
distributed along the RGB fiducial locus, was measured with teellar generations have taken place from interstellar gas en-
same robust approach used to derive the RGB widths. The dbhed by previous episodes. However, a range in age may also

4.4, Metallicity dispersion
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affect the RGB color dispersion. As an example, we have calcu- Recent studies have shown that the blue HB population in
lated the meaqV — I) color difference between two isochronesome dSph’s (e.g., And | and Fornax) is less centrally concen-
with ages of 15 and 5 Gyr respectively, using the models wated than the red HB stars and the red giants, most likely due
Bertelli et al. [1994). The shift was calculated in the luminoge a gradient in the mean age of the galaxy populations (e.g.,
ity range—4 < M; < —3.5, i.e. the interval used for cal- Da Costa et al| _1996; Stetson et al._1998). To investigate the
culating ore/1), for two different metallicitiesZ = 0.0004 presence of a radial population gradient in Phoenix, we have
([Fe/Hl= —1.7) andZ = 0.004 ([Fe/H]= —0.7). We find a compared the radial distribution of the blue horizontal branch
mean shiftA(V — I) ~ 0.07 for the metal-poor isochrones andstars £3.4 < V < 24.0,0.0 < B — V < 0.6) to that of red gi-
A(V —I) =~ 0.03 for the metal-rich ones (younger stars arants justabovethe HBR2.8 < V < 23.4,0.5 < B—V < 1.1).
bluer). The effect of an age mix on ti{& — I) colors of the The surface density profile of the HB stars appears to be sub-
red giants is therefore not negligible, particularly in the castantially more extended than that of red giants. A two-sided
of metal-poor isochrones, for which the color difference ne&olmogorov-Smirnov test clearly indicates that the two spatial
the RGB tip mimics a metallicity variation of 0.2 dex. Thus, distributions differ at a 99% confidence level. Since there might
depending on the details of the star formation and enrichméx@ some concern that apparent gradients be induced by differ-
history of each galaxy, the effects of a younger age and a higkeat crowding and completeness in the two magnitude and color
metallicity may partly cancel out, in which case the abundancanges, we applied the same test to the radial distributions of
spread inferred from the color dispersion woultlerestimate simulated stars in the sam®eip regions. The cumulative radial
the metallicity range. An extreme example of such a combinddnsity profiles of the blue-HB and RGB artificial stars look
effect may be at work in the Carina dwarf, which has a vemery similar. Formally, the null hypothesis (the two data sets are
narrow RGB indicative of little chemical enrichment (of thelrawn from the same parent population) cannot be rejected at
order 0.2 dex) although it has had several generations of stamny significant confidence level. We therefore conclude that the
(Smecker-Hane et al._1994; Hurley-Keller etlal._1998). Undedtetected gradient cannot be produced by instrumental effects.
standing the observed color-magnitude diagrams of a complex This extended distribution of the blue-HB sample (i.e. of the
stellar system requires realistic modeling of both its star fosidest stars) can have different implications. A radial change in
mation and chemical enrichment histories (best performed e horizontal branch morphology could be due either to a radial
high-resolution data), and independent information on metdiange in the mean age of the stellar populations, or to a higher
abundances such as that provided by spectroscopy of individedan abundance in the central regions, or both. Clearly, it is
stars. not easy to decide between these alternatives on the basis of
our data (the radial dependence of the HB morphology will be
better investigated using HST photometry). We just note that
5. The stellar content of Phoenix the observed central concentration of young and intermediate
age stars (see Sdct.b.3) indicates that multiple star formation
episodes occurred preferentially in the central regions.
We begin our analysis and discussion of the star content of
Phoenix with a few comments on our HB detection. The > The intermediate age population: AGB stars
moderately blue horizontal branch unquestionably implies that
Phoenix harbors a sizable old stellar population. Due to the rBrevious studies of Phoenix have found a few very red stars
atively large photometric errors, stars on the red HB cannot if¢ated above the red giant branch tip. These may be AGB stars
disentangled from the RGB, yet we can obtain some inform@€longing to an intermediate age component. Da Cbsta (1994)
tion about the HB morphology looking at Fig. 7. The horizont&btained spectroscopic confirmation of two carbon stars with
branch of Phoenix appears mostly populated on the red side dfight ~ —3.7 in Phoenix. These two confirmed C stars are
moderately extended to the blue(( < B — V < 0.8), with a less luminous than the brightest carbon stars in~+th& Gyr
hint of the RR Lyrae gap aB — V ~ 0.4. Thus it appears re- old SMC cluster Kron 3, and considerably fainter than those
markably similar to the HB types of the dwarf spheroidals Leo i the populous young (1-3 Gyr old) clusters in the LMC. This
(Demers & Irwin 199B; Mighell & Rich 1996), And | (Da CostaWwould indicate that Phoenix did not form many stars since 8-
etal.[1996), Draco (Grillmair et al._1997), and Tucana (Seitz&P Gyr ago (Da Costa 1998). This suggestion, however, is based
et al. [1998; see also Da Costa 1998). Given the mean mef4)-a very limited sample of C stars, and brighter intermediate
licity of Phoenix, this HB morphology implies a mild secondige stars may be identified with a complete census of possible
parameter effect, since old halo clusters with [Fe/H}-1.8 UPPer-AGB stars in this galaxy.
have blue horizontal branches. Under the hypothesis that the The relatively large field investigated in this paper gives us
HB morphology of Phoenix is mainly driven by age, the thedbe possibility to better assess the contribution of an intermediate
retical HB models of Lee et al [ {1994), and in particular thefd€ populationin Phoenix, and to obtain some constraints on the
HB-type versus metallicity diagram, would indicate for its ol§tar formation history of this dwarf galaxy. To this purpose, we
population an age- 2—3 Gyr younger than that of the old haloselected stars brighter and redder than the RGBItig (19.5,
clusters. However, it appears most likely that the HB of Phoentk — / > 3.0) as candidate upper-AGB stars youngerofl0
is due to a mixture of stars of different ages. Gyr (Fig[11). The lower magnitude limit] = 19.5, was cho-

5.1. The old population: horizontal branch morphology
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‘ ‘ ‘ est abundance dispersion inferred in $ect. 4.4, there is no evi-
16 - — dence for a significant component in Phoenix with metallicity
X higher than [Fe/H} —1. We have also considered the possibil-
ity that some of our AGB candidates are artifacts of blending
x 7 ofred giants near the tip (Renz[ni 1998). Assuming that the lu-
L - _| minosity of Phoenix {/y, ~ —9.7, van de Rydt et all_1991) is
' uniformly distributed over &’ x 4" area, and adopting a resolu-
tion element 1.71”, we expect less than one resolution element
- (0.4) in our frame to contain two red giants near the RGB tip.
Further, in our simulations we find just 1 star scattered above
the RGB tip by photometric errors.
B Thus we conclude that most of the stars brighter than19
trace the extended AGB of an intermediate age population. Our
counts of upper-AGB stars are used to estimate the contribution
- ofthe intermediate age component to the luminosity of Phoenix,
following the methods of Renzini & Buzzoni (1986) and Ren-
zini (1998). The “fuel consumption theorem” gives the number
7 ofstarsinapost-MS evolutionary phage:; = B(t) Lt t;, as
a function of the total bolometric luminaosity of the population
5 (L7) and the lifetime of the phase;]. Thespecific evolution-
(B-1) ary flux B(t) is of the order2 x 10~ starsLo ' yr~! in
Fig.11. AGB star candidates in Phoenix, selected as redder thgﬂOd apprOX|_mat|on for any age betwe_en 3 and 10 GY“ Even
(B — I) = 3.0 and brighter thal = 19.5 (squares). Open sym- though evolutlon_ary pr_edlct|ons in Renz_|_n| (1998) are given for
bols identify possibly blended stars. The two carbon stars spectrosc@stellar population with solar composition, the resultsrfor
ically identified by Da Costa (1994) are indicated by their numbers @€ almost unchanged for metal-poor systems because a lower
VDK91. Crossegepresent field contamination in the same region a¢hetallicity has opposite effects on the bolometric corrections
thecmp and lifetimes of red giants at a given age (Maraston 1998, priv.
comm.). For thermally pulsing AGB stars we assume a stan-
dard lifetime of 1 Myr for each magnitude of luminosity in-

sen slightly fainter of the RGB tip to account for possible larggease (Renziri-1998). An absolute magnitude ~ —9.7
magnitude errors due to blending. All selected stars were vidgs-adopted for the red populations of Phoenix, corresponding
ally inspected, and those with elongated shapes or other hint&of total luminosityZLy = 6.5 x 10° L, (van de Rydt et al.
nearby companions were flagged as less reliable, although &891). If the bulk of the Phoenix population were of intermedi-
ther study (in particular spectroscopy) will be needed to confirie age§ < ¢ < 10 Gyr), then the expected ratio between the
the nature of any candidate. Higl11 also shows the foregroutdmber of thermally pulsing AGB stars in the 1 mag interval
and background objects found in the same color and magniti@k®Vve the tip, and the sum of RGB and early-AGB stars in the
range (crosses). The brightest stars are obviously in excess dvBtag range below the tip, would Bé\cp/NrcpT =~ 0.19.
field objects. This is about 3 times the fraction observed in Phoenix, where
Taking into account field contamination and incompleté¥acs/Nrager = 11/156 = 0.07 & 0.03 (the error simply re-
ness, we counted 11 AGB stars in theD region just above flects the count statistics). The number of upper-AGB stars is
the RGBtip (8 < V < 19),inthe colorrang8.0 < (B—1) < therefore consistent with 37 + 12% of the stellar popula-
4.4. This interval is equivalent to a range in bolometric luminogion in Phoenix being of intermediate age, i.e. even the small
ity between)M;,,; = —3.5 (the RGB tip, where AGB evolution observed number of AGB stars implies a significant intermedi-
terminates in metal-poor globular clusters) ang,, = —4.5, ate age population. This not surprising since the lifetime of the
this brighter end roughly corresponding to the maximum AG#ermally pulsing AGB phase is short enough that a large sam-
luminosity reached by 3 Gyr old stars (Frogel etal. 1990; Marige of progenitors is required to observe an appreciable number
et al[1996). For comparison, 156 RGBGB stars are counted Of upper-AGB stars. The possible concentration of stars on the
within 1 mag below the RGB tipl0 < I < 20). red side of the HB is indeed consistent with the presence of an
The occurrence of upper-AGB stars in dSph’s generally in« 8 Gyr component, although a firm quantitative estimate of
dicates the presence of a population significantly younger tH&g fraction of intermediate age stars, and their mean age, must
that of galactic globular clusters, and this seems to be the ca¥éit for deeper images.
also for Phoenix. Alternative explanations for the stars brighter
than the RGB tip seem unlikely. For instance, large amplitudes The young stars
long-period variable stars (LPV’s) have not been found in old
ha|0 g|0bu|ar Clusters as meta|_p00r as Phoenix (Froge' & E||% now turn to one of the most distinctive features of PhoeniX,
1988; Frogel & Whitelock 1988). Even accounting for the modhe presence of a recent burst of star formation. The wide base-
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! ! stars is a sensitive function of metallicity). Thus, the emerging
picture is one in which the most recent star formation episode in
Phoenix had finite duration (of the order 0.5 Gyr or more), with
evidence of a distinct burst0.6 Gyr ago, and went on forming
stars until abouti0® yr ago. It is interesting to note that this
picture is similar to what we have found in Fornax, where star
formation proceeded from 1 Gyr until 0.2 Gyr ago (Held et al.
1999).

How significant is this young population in terms of lumi-
nosity and mass? To estimate thieluminosity of the young
1 star component, we selected the blue stars in the color and
1 magnitude range-1 < B —1 < 0.5,215 < V < 23.0
= (the faint limit roughly corresponds to the MS turnoff of the
% 41 0.25Gyr isochrone). The stars were counted in 0.5 mag bins,
4 and corrected for incompleteness according to the results of
1 the artificial star experiments. We found 57 blue stars, corre-
—I sponding to 106 stars after completeness correction. Assuming
| that all these are MS stars distributed according to a Salpeter
‘ initial mass function, an order-of-magnitude estimate ofithe
luminosity of the youngest stars was obtained following Ren-
zini (1998), under the simple assumption of a single 100 Myr
Fig. 12. The color-magnitude of Phoenix in the star-forming region®!d burst of star formation. The observed stars are predicted in
compared to a set of theoretical isochrones from Bertelli €t al. {199#)e mass range.0 < M < 4.8 M, for a totalV' luminosity
with metallicity Z = 0.0004 and ages (1.0, 2.5, 6.3)10% yr. The of Ly, ~ 3.6 x 10* L. Using the bolometric corrections and
dashed linesepresent the main sequence evolution. Also shown afgass-to-light ratios of Marastoh (1998), these correspond to
the foreground/background objects in an equal area of the comparisor 6 x 10* L, in bolometric units or a mass ef 7 x 103 M,
field (crosse} for the most recent burst. The youngest stars thus contribute
<6% to theV luminosity of the galaxy, corresponding to a
mass fractiom/young /Moia ~ 0.002. These results are similar

line of the(B— I color used in this study, and the availability of0 those obtained by Mould {1997) and Aparicio et al. {1997)
a comparison field, allow us a better separation of stars in diffé@r LGS3, a dwarf galaxy which shares the basic characteristics
ent evolutionary phases. Figl]12 presentscoup for stars com- Of Phoenix, i.e. a smooth optical appearance accompanied by
prised within the star formation regions (the rectangles ifFig. 5§cent star formation. These estimates do not include the blue
Superposed on the diagram are three representative isochré@ older thag50 Myr, in particular the 600 million yr com-
from the Padua stellar evolution models (Bertelli et/al,_1994)onent. The star formation history of Phoenix (in particular in
for a metal abundancg = 0.0004 ([Fe/H]~ —1.7) and ages the last 1 Gyr) will be studied in more detail in a future paper
1.0 x 108, 2.5 x 108 yr, and6.3 x 108 yr. The corresponding Using deeper data and synthetiap’s

masses at the MS turnoff are 4.8, 3.0, and2g, respectively. The spatial distribution of young and intermediate age stars,
The model colors are sensitive to the adopted metallicity paRd their relationship with the neutral gas in Phoenix (Young &
ticularly in their evolved part. A~ 108 yr old model provides a L0[1997), are shown in Fif.13. The original blue star sample
good fit to the upper main sequence of the young population(ectl3) was split & = 22.5 in two subsets of stars older and
Phoenix. While in general core helium burning (HeB) stars ofpunger thamv 2 x 10® yr (open circles; larger symbols repre-
the blue loops give a substantial contribution to the blue plurfent the brighter, younger stars). The location of the youngest
in ground-based photometry (e.g., Tosi et/al._1991), the g8i@rs suggests that the most recent star formation took place in
at (B — I) ~ 0.5 in Fig.[T2 suggests that we have reachedafew central sites, while stars older thar.2 Gyr are spread
good separation of the hydrogen and HeB star sequences. ¥ a larger area. The overall distribution of blue stars appears
group of bright blue stars havir@ — ) ~ 0.5 andV < 21.5 elongated in the NE-SW direction, i.e. roughly perpendicular
matches quite well the expected location of HeB stars belori§-the halo of Phoenix (cf. VDK91 and Fig. 1) and pointing
ing to a 250 Myr old population. This suggestion is confirmel@wards the kicloud. Since the radial velocity of Phoenix is not
by the presence of a distinct sequencémt— I) ~ 1.5 which known, we do not really know if the Hloud A is physically
appear to trace the red end of the blue loops. Also, a short 88sociated with the galaxy, or the Magellanic Stream, or neither
quence of stars comprised in the regibh < (B — I) < 1.5, (e.g., Young & Ld1997). However, if we assume that cloud A is
22 <V < 23is quite well matched by the blue loop phase dssociated with the galaxy (as its location and shell-like appear-
the6 x 10® yr old isochrone. The brightest red stals € 20) ance seem to suggest), then the mass in neutral gas would be
almost overlap the red supergiant phase of the samel0® 1.2 x 10° M. This corresponds t8/y1/Ly ~ 0.18, an order

yr isochrone (although the precise location of these lumino@smagnitude smaller than thertdontent in dwarf irregulars,

20 —

22 —

24 —
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‘ N ‘ Vs = 23.78 + 0.05 after correction for instrumental biases.
Information on the HB morphology was obtained using a sta-
—| tistical approach. The horizontal branch of Phoenix turns out to
1| be well extended to the blue, although red stars are about twice
as numerous. This morphology, similar to that of And I, Leo Il,
I .| and Tucana has two important implications. First, it demon-
T - strates the presence of a significant (if not dominant) popula-
T . —| tion older than 10 Gyr. Second, it implies that Phoenix, given
' | its low metallicity, represents yet another (mild) example of the
“second parameter effect” in dwarf galaxies. If the origin of this
effect is identified with an age difference, the bulk of the stellar
populations in Phoenix would have to be younger (by 2—3 Gyr)
than stars in old halo globular clusters. We find that the spatial
distribution of blue B — V' < 0.6) HB stars is significantly
more extended than that of red giant stars. Our result indicates
that the early star formation episode occurred in Phoenix on a
larger spatial scale that subsequent bursts. Horizontal branch
stars have been used as tracers of the spatial distribution of the
oldest stellar populations in other dwarf galaxies (And I, Fornax,
4 6 Antlia), with similar results.
x[arcmin] Besides this old population, Phoenix has a significant inter-

Fig. 13. Plot of the spatial distribution of the Phoenix young and intelrrIedlate age component. We have confirmed the presence of a

mediate age populations. Open circles represent blue stars, with la@j8@l number of stars above the RGB tip, significantly in excess
symbols indicating stars brighter thah = 22.5. Crosses are upper- OVer field contamination, and argued that these most likely trace

AGB stars (a few big crosses indicate objects possibly blended). W& extended AGB of an intermediate age population. Using a
also partially reproduce the (0.5, 1,2)0'° cm~2 Hi column density standard lifetime for the upper AGB stars, we estimate that the
contours from the maps of Young & L6 (1997) intermediate age populations contribute about 30—-40% of the

V' luminosity of Phoenix. While we cannot establish the age

which typically have a gas-to-star mass ratio of the order of unfj this component, there is some evidence that star formation
(Mpy,/Ly = 0.8-3; Carignan et al[_1998). Among the sever eclined since 8-10 Gyr ago. The candidate AGB stars seem to

plausible scenarios, we only briefly comment on the possibiliPncentrate in the inner part of the galaxy, although to a lesser
that the cloud A consists of gas accumulated from mass Iost%ﬂree than the young stars. _ _

evolved stars, blown out by the energy input of the most recent OUr wide photometric baseline has provided new informa-
star formation episode. We have made a simple calculationt9 on the young stellar population in Phoenix. We have shown
the mass released by an old population by adopting a total mihat the recent star formation episode, responsible for the sprin-

loss rate from red giants, AGB stars and planetary nebula eje'ﬂfﬁg of blue stars characteristic of this dwarf, started at least
of 0.015M, yr—! per10° L 5 (cf. Mould et al. [199D). We 0.6 Gyr ago. The recent burst of stars formatienl2.5 x 10%

obtain a gas return of 1 x 10° M, after 10 Gyr of normal Y' ago) accounts for less than 6% of tfiéuminosity of Phoenix
evolution of old stars in Phoenix, i.e. the observed amountof ANd 0-2% in terms of mass. The blue stars which trace the most

could have been accumulatedini0 Gyr. By comparison, we recent burst are con.centrated. in c_Iunjps or “associatiops“ near
estimate that only- 10 M, of gas have been returned to théhe galaxy centgr, with a spatlalld|str|l.3ut|0n. elongated in a di-
interstellar medium by type Il supernovae evolved from makection 'perpendlcu'lar to the major axis defined by the diffuse
sive (> 8 My, stars in the recent burst. Although the ability of 821Xy light, and slightly offset towards tha Hloud observed
dwarf galaxy to retain its gas depends on poorly known physic¥ Young & Lo (1997). The neutral gas could have been blown
parameters, such as the effects of SN explosions and the pgég_by the recent burst, a possibility that should be further inves-

ence of a dark matter halo, these figures are not inconsisté@ted when the hypothesis of a physical link receives support
with an internal origin of the gas in Phoenix. by measurements of the galaxy radial velocity.
Excluding the regions of recent star formation, we have de-

fined a clean sample of RGB stars that has been employed to
re-derive the galaxy basic properties. A new distance modulus
We have presented a deep CCD study of the Phoenix dwdrf. — M)rcs,0 = 23.04 + 0.07 was obtained using the well
a galaxy often regarded as a transition case between gas-tgdined cutoff of the red giant branch in thg(V — I') diagram.
dwarf spheroidals and gas-rich dwarf irregulars. Here we suMore importantly, we have obtained for the first time an inde-
marize the main conclusions of this study. pendent estimate of the distance to Phoeftix,— M)ug,0 =

The detection of the HB of Phoenix represents one 88.21 £+ 0.08, based on the mean level of horizontal branch
the main results of this paper. We find a mean magnitugtars. The mean of the two independent measurements gives a

~
\
+

y[arcmin]

0 = . \
0

6. Summary and conclusions
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distance(m — M), = 23.12 + 0.08, which confirms previous Buonanno R., Buzzoni A., Corsi C.E., Fusi Pecci F., Sandage A.R.,
estimates. A mean metal abundance [Fe/H]1.81+0.10 was 1988, In: Grindlay J.E., Davis Philip A.G. (eds.) Proc. IAU Symp.
obtained with a direct comparison of the upper part of the RGB 126, The Harlow- Shapley Symposium on Globular Cluster Sys-
with the fiducial sequences of template Galactic globular clus- t€ms in Galaxies. Kluwer, Dordrecht, p. 621
ters. A careful analysis based on extensive artificial star te?ﬁi}if::a')é* nggsfe% 3981291932;1 121125 57
and comparison with previous photometry confirms the pres- . " o ' ’
ence of efn intrinsic coFI)or scatteFr) in the reﬁ giants of Phozn angnan C Deme.rs S'@ S., 1991, ApJ 381, L13
. .. ~'Carignan C., Beaulieu S. g% S., Demers S., Mateo M., 1998, AJ 116,

ow-r1) = 0.08£0.01 mag, corresponding to a metallicity dis- 1591
Persionoge/my = 0.23 £ 0.03 dex. Carretta E., Gratton R.G., 1997, ARAS 121, 95

In conclusion, this paper provides new evidence thgh Costa G.S., 1994, In: Meylan G., Prugniel P. (eds.) Proc. ESO
Phoenix has had an extended history of star formation. Its stel- workshop 49, Dwarf Galaxies. ESO, Garching, p. 221
lar populations appear fundamentally similar to those foundra Costa G.S., 1998, In: Aparicio A., Herrero A. (eds.) Proc. of the
many dwarf spheroidal galaxies — even the young population Vllith Canary Islands Winter School, Stellar Astrophysics for the
has ages comparable to those of the youngest stars in Fornax-ocal Group: A First Step to the Universe. Cambridge University
(Beauchamp et al._1905, Stetson et[al. 1998, Saviane & Held Press, Cambridge, p. 351
1999; Held et al, 1999). Its Htontent (if any) is comparable toPa Costa G.S., Armandroff T.E., 1990, AJ 100, 162
the amount of neutral gas found in Sculptor. In view of theé%a Costa G.S., Armandroff T.E., Caldwell N., Seitzer P., 1996, AJ 112,
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results, we are inclined to regard Phoenix as a low-mass de(refmelrs S Irwin M.J.. 1993. MNRAS 261. 657

spheroidal seen in the middle of a star formation episode (d‘:_lrbgel J.A., Elias J.H., 1988, ApJ 324, 823

ing which gas is perhaps expelled). This similarity in the stellﬁpogd J.A., Whitelock P., 1998, AJ 116, 754

populations of Phoenix and more luminous dSph'’s is notewgtrogel J.A, Mould J.R., Blanco V.M., 1990, ApJ 352, 96

thy given the difference either in mass or in location with respegiisi Pecci F., Buonanno R., Cacciari C., et al., 1996, AJ 112, 1461
to the big Local Group spirals. There appears to be no obviaBslimair C.J., Mould J.R., Holtzman J A., et al. (WFPC2 IDT), 1997,
correlation between the timescale of star formation and galaxy AJ 115, 144

mass, a_|th0ugh there is one between mass and productioﬂﬂ@ris W.E., 1998, Electronically Published Catalog of Galactic Glob-
heavy elements, as made evident by the well-know luminosity- ular Clusters.l http://physun.physics:mcmaster..ca/GIobular.htmI
metallicity correlation (e.g., Buonanno et/al. 1985). The eﬁec‘fﬁel?es'z;;lE?rée”',\zt’esoaa’/;ar;\lee'ﬁ’q i?%g'iggée%rﬂgnlmo

of the environment are not clear either, although Phoenix see%dolt AU. 1992 AJ 104, 340

to fit well the trend suggested by van den Bergh (1994) bl?e'e M.G.. Freedman W.L., Madore B.F., 1993, ApJ 417, 553

f[ween the presence .of young or intermediate age populati I8 Y. W, Demarque P., Zinn R., 1990, ApJ 350, 155
in dSph’s and their distance from the Galaxy or M31. The Ofjige vy, Demarque P., Zinn R., 1994, ApJ 423, 248
gin of the striking difference in the star formation histories Qfjadore B.F., Freedman W.L., 1995, AJ 109, 1645
Phoenix and Tucana (both are isolated Local Group dwarfghraston C., 1998, MNRAS 300, 872

remains rather puzzling, since these two dwarfs not only hauearigo P., Bressan A., Chiosi C., 1996, A&A 313, 545
comparable luminosities and metal abundances, but also a siMeteo M., 1998, ARA&A 36, 435

lar HB morphology, which probably indicates an old populatioMighell K.J., Rich R.M., 1996, AJ 111, 777

formed nearly at the same epoch. Mould J.R., 1997, PASP 109, 125 . .
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