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ABSTRACT

Aims. In this paper we demonstrate how Stromgren uvby photometry can be efficiently used to: 1. identify red giant branch stars
that are members in a dwarf spheroidal galaxy; 2. derive age-independent metallicities for the same stars and quantify the associated
eITors.

Methods. Stromgren uvby photometry in a 11 X 22 arcmin field centered on the Draco dwarf spheroidal galaxy was obtained using the
Isaac Newton Telescope on La Palma. Members of the Draco dSph galaxy were identified using the surface gravity sensitive ¢; index
which discriminates between red giant and dwarf stars. Thus enabling us to distinguish the (red giant branch) members of the dwarf
spheroidal galaxy from the foreground dwarf stars in our galaxy. The method is evaluated through a comparison of our membership
list with membership classifications in the literature based on radial velocities and proper motions. The metallicity sensitive m, index
was used to derive individual and age-independent metallicities for the members of the Draco dSph galaxy. The derived metallicities
are compared to studies based on high resolution spectroscopy and the agreement is found to be very good.

Results. We present metallicities for 169 members of the red giant branch in the Draco dwarf spheroidal galaxy (the largest sample to
date). The metallicity distribution function for the Draco dSph galaxy shows a mean [Fe/H] =—1.74 dex with a spread of 0.24 dex. The
correlation between metallicity and colour for the stars on the red giant branch is consistent with a dominant old, and coeval population.
There is a possible spatial population gradient over the field with the most metal-rich stars being more centrally concentrated than the
metal-poor stars.

Key words. galaxies: dwarf — galaxies: individual: Draco dSph — galaxies: individual: UGC 10822 — galaxies: stellar content —

galaxies: photometry — Local Group

1. Introduction

When first discovered, dwarf spheroidal galaxies (dSph) were
considered similar to the Galactic globular clusters because of
their old stellar populations and apparent lack of gas (Shapley
1938; Hodge 1971). Over the years this picture has changed.
It is today known that dSphs show complex features like large
variations in their star formation histories and metallicities (e.g.
Mateo 1998, and references therein; Shetrone et al. 2001a;
Dolphin 2002). A large fraction of the dSphs also show popula-
tion gradients with a concentration of the more metal-rich stars
in the central regions (e.g. Harbeck et al. 2001).

* Based on observations made with the Isaac Newton Telescope, op-
erated on the Island of La Palma by the Isaac Newton Group in the
Spanish Observatorio del Roque de los Muchachos of the Instituto de
Astrofisica de Canarias.

** Guest User, Canadian Astronomy Data Centre, which is operated
by the Herzberg Institute of Astrophysics, National Research Council
of Canada.
*** Full Tables 2 and 6 are only available at

http://www.aanda.org

http://www.aanda.org

The Draco dSph galaxy is one of the faintest companions to
our galaxy, the Milky Way, with a total luminosity of 2 x 10° Lg
(Grillmair et al. 1998) and it lies in close proximity to the Milky
Way with a distance of ~82 kpc (Mateo 1998). A large num-
ber of photometric and spectroscopic investigations have been
aimed at the Draco dSph galaxy and it is today clear that while
the star formation history shows a predominately old population
(Grillmair 1998; Dolphin 2002) there exists an internal metallic-
ity spread in the dwarf spheroidal galaxy (e.g. Zinn 1978, 1980;
Bell et al. 1985; Carney & Seitzer 1986; Shetrone et al. 2001a;
Bellazini et al. 2002; Winnick 2003; Cioni & Habing 2005).
Evidence for radial population gradients similar to what is pre-
sented in Harbeck et al. (2001) for other dSphs have also been
seen in the Draco dSph galaxy in some studies (Bellazini et al.
2002; Winnick 2003), but other studies show no population gra-
dients (Aparicio et al. 2001) or contradicting result with a more
centrally concentrated metal-poor population (Cioni et al. 2005).

Recently, dSphs, and in particular the Draco dSph galaxy,
have become important tools in the study of dark matter. Radial
velocity measurements have shown a large internal velocity dis-
persion leading to M/L ratios of up to 440 (My/Ls) for the
Draco dSph galaxy, which would make it the most dark-matter

http://dx.doi.org/10.1051/0004-6361:20065244
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dominated object known (Kleyna et al. 2002; Odenkirchen et al.
2001). In addition, the radial velocity dispersion at large radii
shows strange behaviours. This could possibly be explained by
the presence of more than one stellar population (see discussions
in Wilkinson et al. 2004; and Muiloz et al. 2005). It is therefore
of great interest to further study the stellar populations in dSphs,
and in particular the Draco dSph galaxy, with respect to their
metallicities and ages.

There are a number of ways to distinguish the members of a
dSph from those of our own Milky Way. The dSphs often have
appreciable radial velocities and hence measurements of the ra-
dial velocities for the stars is a powerful, but often very time
consuming, way of finding the members. Drawbacks include bi-
nary systems (hence the stars must be monitored for some time
to resolve the binarity) and/or activity in the atmospheres of the
giant stars. Proper motions are another useful tool. The Draco
dSph galaxy has a proper motion large enough to conduct such
experiments (see Stetson 1980). A third possibility is to use a
luminosity sensitive photometric index, e.g. the ¢; index in the
Stromgren photometric system, to disentangle the Red Giant
Branch (RGB) stars in the dSph from foreground dwarf stars.
This can be done with a relatively small telescope (i.e. 2.5 m)
compared to the 8 m class telescopes needed for multi-object
spectroscopy on such faint systems as the dSphs.

While broad-band photometric observations of dSphs are
useful in order to cover large fields and reaching faint magni-
tudes, the age-metallicity degeneracy often hinders firm con-
clusions regarding metallicity gradients. This is especially the
case within stellar systems with a complex star formation his-
tory and with a significant age spread. Using spectroscopy to
derive metallicities breaks the age-metallicity degeneracy, but
this is very time consuming and requires a large telescope. The
Stromgren m; index provides the possibility to derive accurate,
age-independent metallicities for RGB stars (e.g. Hilker 2000).

In this paper we will demonstrate how Stromgren uvby pho-
tometry can be efficiently used to: 1. identify members of the
Draco dSph galaxy in a field with foreground contamination
from Galactic dwarfs; 2. obtain an age-independent metallicity
distribution function from this clean sample of members of the
Draco dSph galaxy.

The article is organized as follows. In Sect. 2 we describe the
observations and the photometric system. Section 3 deals with
the data reductions and present the colour magnitude diagram of
the Draco dSph galaxy. In Sect. 4 we show how the Strémgren
c1 index can be used to identify members of the Draco dSph
galaxy and we compare our results with results from radial ve-
locity and proper motion studies. In Sect. 5 we proceed to derive
metallicities for the members of the Draco dSph galaxy using the
Stromgren m; index. The metallicity distribution function is pre-
sented and our results are discussed. We finally give a summary
of our results in Sect. 6.

2. Observations and photometric system
2.1. Observations

The Draco dSph galaxy was observed during five nights in
March 2000 at the 2.5 m Isaac Newton Telescope (INT) on La
Palma using the Wide Field Camera (WFC). The WFC has a mo-
saic of four thinned AR coated EEV 4k x 2k CCDs covering a
total field of 34 X34 arcmin on the sky with a pixel scale of 0”'33.
The typical seeing during the observations was ~1”—-1"4. In this
paper only the central chip will be considered.
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Fig. 1. ESO Digital Sky Survey image centered on the Draco dSph
galaxy (RA = 17"20™12% and Dec = +57°54550). The solid line shows
the observed field. The dashed ellipse shows the core radius, reoe =
7.7 arcmin and the dash-dotted lines the directions of the major and mi-
nor axes. The core radius and positions for the major and semi-major
axes are taken from Irwin & Hatzidimitriou (1995).

Table 1. Summary of observations. Column 1 gives the filter; Cols. 2—-6
indicate the number of 20 min exposures in each night, Col. 7 gives the
total exposure time in minutes in each filter.

Filter ~Night Total
22 23 24 25 28 exp. time
[min] [min] [min] [min] [min] [min]

y 3x20 - 1x20 2x20 - 120

b 2x20 2x20 2x20 - - 120

v - 5x20 - 1x20 - 120

u - - 3x20 1x20 4x20 160

The observations consist of one field, centered on the Draco
dSph galaxy, RA = 17"20™12¢ and Dec = +57°54’550. Figure 1
shows the position of the field on the sky together with the core
radius and position of the semi-major and semi-minor axes as
given by Irwin & Hatzidimitriou (1995). The observations are
summarized in Table 1.

Photometric standard stars were chosen from the list in
Schuster & Nissen (1988) of secondary Stromgren standard
stars. The reason for using secondary standards rather than pri-
mary Stromgren standard stars is that the latter are too bright to
observe with a 2.5 m telescope. During each night approximately
15 standard stars with a large span in magnitude and colour in-
dices, 8.137 < y < 12.828,0.237 < (b —y) < 0.611,0.032 <
m; < 0.610, and 0.094 < ¢; < 0.490, were observed at an air-
mass around 1.3. In total 43 standard stars were observed. These
observations were used to obtain the colour terms in the calibra-
tion. To derive the atmospheric extinction for each night we also
observed two standard stars at airmasses ranging from 1 to ~2.2.
These two stars will hereafter be referred to as the two extinction
stars. Normally each of them was observed at six different air-
masses. Table 2 lists the photometric data used in our calibration
of the observed counts onto the standard system.
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Table 2. List of the photometry used for the standard stars (from
Schuster & Nissen 1988). Column 1 gives the star ID; Cols. 2-5 give
the magnitudes and colours. The full table is available electronically.

ID Yo b-y)do myp 1o

HD 33449 8.488 0.423 0.201 0.273
HD 46341 8.616 0.366 0.145 0.248
HD 51754 9.000 0.375 0.144  0.290

2.2. Photometric system

Since the standard Stromgren system for giants is based on
data that does not contain any significant number of metal-poor
stars (see Crawford & Barnes 1970) all calibrations for metal-
deficient stars are extrapolations from the original standard sys-
tem. Although much effort is made to achieve agreement with
the old standard system one should be aware that these are ex-
trapolations and that they might differ because of differences in
observational and data reduction techniques used by different
authors.

The two Stromgren systems for metal-deficient giants that
are commonly used are based on the catalogues by Olsen (1993)
and Bond (1980). The Bond catalogue was later extended by
Anthony-Twarog & Twarog (1994).

A comparison between these two systems was published by
Olsen (1995), showing some systematic differences. For the (b —
y) and m, indices there is only a slight dependence on (b — y)
while the ¢; index shows a significant systematic difference on
the order of 0.05 mag at (b—y) = 0.04 and 0.02 mag at (b—y) = 1.

Since we use secondary standard stars from Schuster &
Nissen (1988), who used the Olsen (1993) standards to reduce
their observations to the standard system, our data will be tied to
the Olsen system and attention must be taken when comparing
our observations with observations or models based on any other
system.

3. Data reduction

The entire dataset was processed using the INT Wide Field
Survey pipeline provided by the Cambridge Astronomical
Survey Unit (Irwin & Lewis 2001). In addition to the usual cal-
ibrations and routines that remove instrument signatures such
as de-biasing, flat-fielding (using dawn and dusk sky flats ob-
tained each night during the observing run), non-linearity, and
gain corrections, the pipeline also provides tools for photomet-
ric and astrometric calibrations as well as an object catalogue.
The astrometric solution is based on the Guide Star Catalog and
the accuracy is ~1”.

The object detection was done using the described pipeline.
Each object that is detected is flagged as a star, an extended
source, or noise. In the following we will only consider objects
that were flagged as stars.

3.1. Standard star photometry and transformations

To obtain instrumental magnitudes for the standard stars we
made aperture photometry, using the IRAF' DAOPHOT package,
on each star in a small aperture, typically around 5 pixels in

! IRAF is distributed by National Optical Astronomy Observatories,
operated by the Association of Universities for Research in Astronomy,
Inc., under contract with the National Science Foundation, USA.
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radius. Using a curve-of-growth analysis we then corrected the
magnitude to the radius where the curve-of-growth converged.

The transformations from the instrumental system to the
standard Stromgren system were obtained by solving for the in-
dividual magnitudes rather than the colour indices. This has the
advantage that we do not need to worry about the fact that ob-
servations through the different filters are, for each standard star,
obtained at different airmasses (since we observe each filter sep-
arately, in contrast to four-channel photometry where observa-
tions for all four filters are obtained at the same time).

First, we derived preliminary extinction coefficients, k;, and
zero points, z;, for each night in each filter, i, by solving the fol-
lowing set of equations using the IRAF FITPARAM task with a 20
rejection after each fitting iteration:

is = io—ki- X -z (1)

The standard magnitudes are on the left hand side (subscript s),
instrumental magnitudes on the right hand side (subscript o), i
denotes any of the four filters, and X is the airmass.

We then applied the preliminary z; and k; to all our standard
stars from all nights and calculated preliminary colour terms, a;,

is = lo—ai- 0=y —7 @)

where symbols are as in Eq. (1) and g; are the colour coefficients
for filter i. An additional zeropoint, zi’ , is introduced to improve
the solution.

We then calculated a new set of z; and k; for each night using
the preliminary colour terms derived above,

is = o—ai-W—ys—ki-X-z (3)
and then Egs. (2) and (3) are iterated in this way until the solu-
tions converged. The final z;, k; (for each night), and a; are given
in Table 3.

The residuals between our photometry and the standard val-
ues are shown in Fig. 2. We note that the residuals are all small
and that the scatter is ~0.01 for v, b, and y and ~0.03 mag for u.
No offsets are found nor any residual trends with colour. The lat-
ter means that there is no need to add second-order terms (com-
pare with e.g. Fig. 4 in Grundahl et al. 2002).

3.2. Photometry for Draco

For the science frames of the Draco dSph galaxy we again
obtained aperture photometry using the DAOPHOT package in
IRAF. An aperture radius of 5 pixels (1”65) was used to min-
imize any effects of crowding. Using a curve of growth derived
from a number of bright isolated stars on each frame we then cor-
rected the measured magnitudes out to where the curve of growth
converged. After correcting for airmass and applying zero-points
for each night the photometry from the individual images were
merged by averaging.

To avoid errors arising from the fact that we made our pho-
tometry on the individual frames rather than on a combined, cos-
mic ray cleaned frame we used the following iterative method.
A mean magnitude was calculated and individual measurements
falling outside +30 of this mean were rejected. The mean was
recalculated and rejections were made again. For y, b, and v the
second rejection was at the +1.250-1level while for u we applied
a second rejection level of +1.50. The magnitudes were then
converted to the standard Stromgren system using Eq. (3) with
the coefficients listed in Table 3.

The photometric error for star i was calculated as the error
in the mean, which is defined as ¢ = o/ +/n;, where n; is the
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Table 3. Final extinction coefficients (k;), zero-points (z;), and colour term coefficients, (a;) for all filters as used in Eq. (3). Column 1 gives the
dates when the observations were done; Cols. 2-13 give the extinction coefficients (k;), zero-points (z;), and colour term coefficients, a; for each

Stromgren filter i.

Night &, Zy a, ky, 43 a k, 2 a, k, Zu a,
22 0.114 -22.768 0.002 0.176 -23.207 0.020 0275 -23.149 0.045 0521 -23.106 0.077
23 0.124 -22.784 0.002 0.180 -23.210 0.020 0291 -23.144 0.045 0546 -23.103 0.077
24 0.111 -22.749 0.002 0.174 -23.191 0.020 0.284 -23.127 0.045 0528 -23.070 0.077
25 0.117 -22.782 0.002 0.173 -23.218 0.020 0295 -23.162 0.045 0529 -23.092 0.077
28 0.108 -22.745 0.002 0.180 -23.201 0.020 0.284 -23.118 0.045 0502 -22.986 0.077
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Fig. 2. The residuals for the standard stars as a function of our final
(v — y), X (see Sect.3.1). The two extinction stars are also included
(marked by an extra o). For the extinction stars we have used the mean
colours and magnitudes based on all observations of these stars.

number of measurements kept after the rejection process, and o;
is the standard deviation for those measurements.

The resulting errors are shown in Fig. 3. Note that the error
in u is larger than in the other filters since those observations are
not as deep as the others. In Fig. 4 we show the resulting errors
onthe m; = (v—b)—(b—y) and c; = (u—v) — (v—>b) Stromgren
indices.

3.3. Comparison with photometry from other studies

As an independent assessment of the quality of our data we
have made a comparison between our y (where we assume
Stromgren y = V; Olsen 1983) and the V magnitudes derived
by P. Stetson. The photometric data from Stetson are available at
http://cadcwww.hia.nrc.ca/standards/. Figures 6 and 7
show comparisons between our y magnitudes and the Stetson
V magnitudes for stars in our field centred on the Draco dSph
galaxy. We only make the comparison for stars that are brighter
than V = 20.0.

The differences between our and Stetson’s magnitudes ap-
pear to be only an offset without any colour dependence. The
offset is 0.018 mag when the brighter stars are considered. We
take this as a measure of the absolute error in the calibration
of our y magnitudes. That the magnitude difference decreases
as the magnitudes increase reflects the fact that the two studies
reach different depths with the same accuracy.

Fig. 3. The resulting errors in our magnitudes for the four filters. Note
the different scale on the vertical axis for u.
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Fig. 4. Errors in the m; and ¢, indices as a function of the y mag.

3.4. The colour-magnitude diagram

Figure 5 presents our y vs. (b — y) and y vs. (v — y) colour mag-
nitude diagrams (CMD) for the stars in our field centred on the
Draco dSph galaxy. The most prominent feature is the well de-
fined RGB from y = 17 down to y ~ 21.5. A well populated
horizontal branch (HB) is seen at y ~ 20.2. Note the gap along
the HB at (b — y) ~ 0.2-0.3 and (v — y) ~ 0.4-0.5 caused by the
random colour and magnitude variations of the RR Lyrae stars
populating this region.

A fair number of foreground objects can also be seen with
(b — y) in the range expected for foreground dwarf stars. These
stars should mainly be situated in the thick disk and the halo
of the Milky Way. The CMD shows the typical sharp cut-off at
(b—-y) ~03and (v - y) =~ 0.65 associated with the blue limit
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of the turnoff stars. The various stellar populations present in the
diagrams in Fig. 5 will be further discussed in Sect. 4.2.

3.5. Reddening

The reddening towards the Draco dSph galaxy is small. Stetson
(1979) performed a detailed study of the reddening of stars along
the line of sight towards the Draco dSph galaxy. He concluded
that the total reddening (which, as the Draco dSph galaxy is
essentially dust free, must emanate from the Milky Way) is
E(B-V)=0.03 +£0.01. We adopt this value in this paper.

The reddenings for the Stromgren indices are taken from
Schlegel et al. (1998). Their scale is based on the commonly
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Fig.7. A comparison of our V (y;nt) magnitudes and V magnitudes by

P. Stetson (Vserson) for for stars in our field centred on the Draco dSph

galaxy as a function of (v—y)nt. The broad band photometry is available

athttp://cadcwww.hia.nrc.ca/standards/.

used Ry = 3.1 from Cardelli et al. (1989). Using the Schlegel
et al. (1998) relations a reddening of E(B — V) = 0.03 corre-
sponds to E(b — y) = 0.023, E(v — y) = 0.038, E(m;) = —0.008,
and E(c;) = 0.005.

4. Identifying Draco members and categorising
the field stars

Although the Draco dSph galaxy is at a high latitude and hence
the foreground contamination is not as severe as it is in other
lines of sight it is still not negligible. It is our aim to use the RGB
to study the properties of the stellar populations in the Draco
dSph galaxy. Therefore it is very important to confirm that the
stars that appear to be on the RGB in the Draco dSph galaxy
indeed are members of the dSph.

The Stromgren photometric system gives us opportunities to
identify stars at different evolutionary stages without knowing
the distances to them. The ¢; index in the Stromgren system is
defined to measure the Balmer discontinuity in a stellar spec-
trum. The blocking in the Stromgren u-band from metal lines is
approximately twice that in the v-band (for a schematic diagram
of this see e.g. Golay 1974, Fig. 116). Since ¢; = (u—v)—(v—>b),
this difference is taken care of in the construction of the in-
dex (with some remaining dependence on metallicity, see e.g.
Gustafsson & Bell 1979, Fig. 23).
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in Sect. 2.2.

4.1. Selection of stars for further study

We now want to make a selection of the stars that we will base
our discussions on. The three filters v, b, and y all have signifi-
cantly smaller errors than u. As we want to disentangle the dif-
ferent stellar populations present in the colour-magnitude dia-
gram using the c¢; index we will be governed by the error in u
when selecting stars for further analysis. We later compare the
results from the ¢; investigation with results from studies of ra-
dial velocity and proper motion membership. This will provide a
measure of how successful our approach is and if the somewhat
shallower u observations are a limiting factor in our study. In
Fig.5 all stars with y < 21, €3 < 0.18, and €, < 0.18 are in-
dicated as filled circles. These are the stars that we will consider
in the following sections.

4.2. Which stellar populations do we see
in the colour-magnitude diagram?

4.2.1. Finding the different populations

We start by considering the stars for which we have the very best
photometry. In Fig. 8 we show the c; vs. (b —y) diagram for stars
with y < 21 and ¢, < 0.025.

Crawford (1975) and Olsen (1984) provide (preliminary)
standard relations for field dwarf stars and a large number of
stars in our data set follow these relations nicely (see Fig. 8).

The relations for RGB and red horizontal branch (RHB) and
asymptotic giant branch (AGB) stars are taken from Anthony-
Twarog & Twarog (1994) and have been corrected to the sys-
tem of Olsen (1993) using the relations in Olsen (1995), see
Sect. 2.2. We find that no star falls on the AGB sequence and
that there is one probable RHB star at (b — y)o ~ 0.33 and
c10 ~ 0.65. A number of RGB stars fall just under the relations
from Anthony-Twarog & Twarog (1994).
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As giant stars with lower metallicities, at a given (b — y),
have higher ¢; (compare the relations shown in the figure and,
more importantly, the results in Gustafsson & Bell 1979) this
would indicate that the Draco dSph galaxy was significantly
more metal-rich than [Fe/H] = —1.5. This appears unlikely as
investigations of the metallicity, in a limited number of the RGB
stars in the Draco dSph galaxy, have shown the metallicity of the
dSph to be between —2 and —1.5 (e.g. Shetrone et al. 2001a; Bell
1985; Zinn 1978). A more likely explanation is that the empiri-
cal relations overestimate the c¢; index for RGB stars at a given
metallicity.

Also shown are the stars used by Olsen (1984) to define the
relation for MIII stars. As can be seen none of our stars (with
very good photometry) have such red colours.

Three stars with y < 21 and ¢, < 0.025 fall outside the
boundaries of Fig.8. These are (# INT, (b — y)o, 1,0, €py),
€,) = (#240, 0.328,-0.507, 0.010, 0.016), (#1961, 0.007, 1.154,
0.015, 0.020), (#1984, 0.040, 0.860, 0.012, 0.016). Stars # 1961
and 1984 fall on the continuation of the ZAMS and the HB se-
quence and are hence hotter foreground stars or blue HB stars.
Star # 240 appears peculiar in its ¢, we have no simple explana-
tion for this.

After having demonstrated how the relations in the ¢; vs.
(b — y) plane work and where our stars with the very best pho-
tometry fall we turn to an investigation of the larger sample de-
fined by y < 21, -, < 0.18, and ¢, < 0.18 as shown in
Fig.9. This plot shows, as expected, larger scatter than Fig. 8.
Nevertheless, the various standard relations are still well traced
and we can easily identify the foreground dwarf stars, the RGB
and RHB stars in the Draco dSph galaxy. Figure 10 is equivalent
to Fig. 9 but shows the full range in ¢} ¢ and (b — y)o covered by
our complete sample.

Foreground dwarf stars. For dwarf stars there is some metal-
licity dependence in the c¢; ¢ vs. (b—y)o relation such that starting
from around (b — y)o = 0.25 the less metal-rich stars fall below
the solar metallicty ZAMS. This is illustrated in e.g. Figs. 13
and 14 in Clem et al. (2004). Hence we have also selected stars
that fall below as well as above the relation from Olsen (1984) to
be dwarf stars. Compare also our Figs. 8—10 with Fig. 8 in Olsen
(1984).

Figure 11A shows the resulting CMD for stars classified as
dwarf stars.

Members of the RGB in the Draco dSph galaxy. As discussed
earlier the RGB stars can be distinguished from the dwarf stars
with the same colour with the help of the ¢; index. In Fig.9 we
have identified RGB stars in the Draco dSph galaxy in this way.

Around (b — y)o ~ 0.5 there is significant uncertainty in evo-
lutionary status for values of ¢ around 0.3. The same is true
for stars with (b — y)o ~ 0.45 and ¢y ¢ ~ 0.4 where it is not clear
if they belong to the RGB or HB sequence. We have handled
this by collecting those stars into separate groups as indicated
in Fig. 9. Figure 11B shows where these stars fall in the CMD.
That our cautionary treatment of these stars is justified is exem-
plified by a clustering of stars around the RGB in the Draco dSph
galaxy as well as a scattering towards brighter y magnitudes. For
the RGB stars in the Draco dSph galaxy this gives a first indica-
tion of the (b — y) level at which the usage of the c¢; index as a
luminosity indicator breaks down. In this case at (b — y)y ~ 0.5
(compare Fig. 11B).

Finally, Fig. 11C shows the resulting CMD for the RGB in
the Draco. One star, #2104, is far brighter than the expected RGB
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Fig.9. ¢ vs. (b — y)o diagram for stars with y < 21, €, < 0.18, and
€, < 0.18. The data have been corrected for reddening according to
Sect. 3.5. The standard relations for dwarf stars from Crawford (1975)
and Olsen (1984) are shown with a dashed and full line, respectively.
The dotted line indicates the RHB/AGB according to Anthony-Twarog
& Twarog (1994). The relations from Anthony-Twarog & Twarog
(1994) have been corrected to the same system as Olsen (1993) using
Olsen (1995). See also discussion in Sect. 2.2. Large e indicate RGB
stars, small e dwarf stars, A indicates the one known carbon star inside
the limits of the plot, X a small group of likely foreground dwarf stars
falling below the dwarf sequence, & stars that cannot be easily assigned
as HB or RGB stars, A stars that cannot be easily assigned as dwarf
or RGB stars, open stars indicate possible AGB stars, and, finally, +
designate HB stars.

magnitude with yy ~ 15.9. On closer inspection of this star’s po-
sition in the c¢; vs. (b — y)o diagram we find that it is located
close to the stars that we have flagged as being of uncertain sta-
tus. It is thus possible that this star is a mis-classified dwarf star.
Another possibility is that this star is a faint foreground giant
or sub-giant star. Such stars have a typical absolute magnitude
My ~ +2, which means that this star would be at a vertical
height of ~3.4 kpc above the galactic plane (adopting a value
of the galactic latitude in the direction of the Draco dSph galaxy,
b = +34.7° from Mateo 1998).

Probable AGB stars? Based on the relation from
Anthony-Twarog & Twarog (1994) we have identified four
stars as probable AGB stars. However, in the CMD in Fig. 11B
they do not behave like AGB stars (i.e. located along an
expected AGB sequence on the blue side of the RGB).

Carbon stars. Five of the stars in the Draco dSph galaxy are
known carbon stars (Table 4). Four of these stars have y < 21,
€p-y) < 0.18, and e, < 0.18 and have been explicitly identified
in Figs. 9-11. Three of them have low ¢; and could therefore
not be confused with the RGB stars in the ¢ vs. (b — y)o dia-
gram. We note that there are a number of stars in similar posi-
tions in the ¢1 9 vs. (b — y)o diagram and one may speculate that
some of them are carbon stars. This should be further investi-
gated using spectroscopy.

Variable stars. Our data is single-epoch and do not give any
information as to the variability of the observed stars. Most of
the known variables in the Draco dSph galaxy were identified
by Baade & Swope (1961) using an area smaller than that cov-
ered by our images. This means that outside their image we
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Fig. 10. Full view of the ¢, vs. (b — y)o plane for stars with y < 21,
€p-y) < 0.18, and €, < 0.18. The data have been corrected for redden-
ing according to Sect. 3.5. The standard relations for dwarf stars from
Crawford (1975) and Olsen (1984) are shown with a full and dashed
line respectively. The dotted line indicates the RHB/AGB according
to Anthony-Twarog & Twarog (1994). The relations from Anthony-
Twarog & Twarog (1994) have been corrected to the same system as
Olsen (1993) using Olsen (1995). Stars that are neither on the dwarf or
giant branches are displayed with error-bars. A Marks the known car-
bon stars, see Table 4; + indicate probable blue HB stars or hot main
sequence stars; o denote the stars used by Olsen (1984) to trace the MIII
giants.

have no knowledge about stellar variability. Our data were cross-
correlated with that of Baade & Swope (1961) so that all known
variables within our data were identified. None of our RGB
members are known variables.

4.3. Other membership criteria
4.3.1. Radial velocities

There are two studies in the literature with radial velocity mea-
surements for stars in the direction of the Draco dSph galaxy:
Kleyna et al. (2002) and Armandroff et al. (1995). We can uti-
lize this information to test the procedure we used in the previous
section to isolate member stars.

Since the Draco dSph galaxy (as do other dSphs) has a sub-
stantial velocity relative to the Milky Way (Mateo 1998), radial
velocities of individual stars might appear as the ultimate tool
to identify those that are truly members of the dSph. However,
radial velocities are of limited value for (at least) two reasons:
the presence of binary systems and stellar activity (Armandroff
et al. 1995). Also, while radial velocity measurements can be
efficiently used in the central regions of a dSph, where a large
majority of the stars along the expected RGB are members, in
the outer regions it is very time consuming to identify only a
few real members projected onto a large amount of foreground
contamination.

The most recent radial velocity study is by Kleyna et al.
(2002) who list 159 members with well measured radial veloci-
ties and 27 members with less well-determined velocities. In the
earlier study by Armandroff et al. (1995), an additional 91 radial
velocity members are listed. Because of partial overlap in the
two studies, the total number of unique radial velocity members
available is 188.

Figures 12 and 13 show the CMD and c;o vs. (b — y)o
diagrams for our sample of members in the Draco dSph
galaxy cross-correlated with the radial velocity studies by
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Fig. 11. y, vs. (b — y)o colour-magnitude diagrams for stars with y < 21, €;-,) < 0.18, and ¢;_,) < 0.18. A) Shows stars identified as dwarf stars;
B) A indicates stars that are not easily attributed to either the dwarf sequence or the RGB, X indicate a group of likely foreground dwarf stars,®
stars that cannot be easily assigned as HB or RGB stars, open stars indicates possible AGB stars, and a indicate known carbon stars (see Table 4);
C) stars identified as RGB stars. The solid lines show tracings of the RGB and HB, and are included to guide the eye.

Table 4. Known carbon stars in the Draco dSph galaxy. Column 1 gives
our ID; Col. 2 the name in Aaronson et al. (1982); Col. 3 the reference
to each star.

INTID Name Reference

1038 C4 Aaronson et al. (1982)
1119 C3 Aaronson et al. (1982)
2038 C2 Aaronson et al. (1982)
2094 Cl Aaronson et al. (1982)
2127 Shetrone et al. (2001b)

Kleyna et al. (2002) and Armandroff et al. (1995). Out of the
188 radial velocity members 88 lie within our field and fulfill
y <21, -y < 0.18,and e, < 0.18. All but seven of these stars
were selected as RGB members when we used the ¢ index.

Four of the discrepant stars not in our RGB sample (#1038,
#1119, #2094, and #2127) are known carbon stars listed in Table
6 and hence excluded from our RGB sample although they are
likely members of the Draco dSph galaxy.

Star #391 falls on the RGB sequence in the CMD but is iden-
tified as a dwarf because of its position on the dwarf star se-
quence in the ¢ vs. (b — y)o diagram (Fig. 13). However, the
¢y error for this star is large (¢, ~ 0.36) and our classification
might be erroneous.

Star #1823 is one of the stars we classify as a possible
RHB/AGB star because of its location in the c1o vs. (b — y)o
diagram along the RHB/RGB relation from to Anthony-Twarog
& Twarog (1994) (see Fig.9) .

The last discrepant star, #2320, is a very bright star with
yo ~ 16.65. In the CMD (Fig. 12) it falls far outside the RGB
toward the blue where most of the foreground contamination is
expected. In the ¢ o vs. (b — y)o diagram (Fig. 13) it falls on top

of the dwarf star sequence and is therefore classified as a dwarf
star. This star is also found in the proper motion study by Stetson
(1980) which will be discussed in the next section. We note that
Stetson classified this star as a non-member.

Out of the 27 stars listed as possible radial velocity members
in Kleyna et al. (their Table 2), 10 stars lie within our field and 7
of those fulfill y < 21, €4, < 0.18, and e, < 0.18. Only one
(# 973) is not classified as a RGB member by us. Its position in
the CMD (Fig. 12) and in the c; g vs. (b — y)o diagram (Fig. 13A)
shows that it is possibly a RHB/AGB star (see Schuster et al.
2004; their Fig. 6 for location of RHB/AGB stars).

Finally, we have also cross-correlated the non-Draco mem-
bers listed in Armandroff et al. (1995) with our data and find
that 13 stars lie within our field. 11 of those have y < 21,
€p-y) < 0.18, and €, < 0.18. We find all of them to be fore-
ground dwarfs stars.

That the agreement is so good between the radial velocity
studies and our RGB members is not totally unexpected since
Kleyna et al. (2002) especially targeted stars on the red giant
branch and our ¢, selection criteria select the same type of stars.
However, the result from this comparison shows that our selec-
tion method is very effective with only two cases where our clas-
sification excludes stars that are possibly members of the Draco
dSph galaxy from the radial velocity studies.

4.3.2. Proper motions

Stetson (1980) derived proper motions for a large sample of
stars in the Draco dSph galaxy. The proper motions are based on
measurements done on photographic plates. Based on the mea-
sured proper motion a membership probability was derived for
each star. Members were then defined as stars with a probability
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Fig. 12. y, vs. (b — y)o colour—magnitude diagram for the Draco dSph
galaxy and field stars cross-correlated with radial velocity studies. All
stars have y < 21, €-, < 0.18, and ¢, < 0.18. « Mark our RGB
stars; o mark radial velocity members from Kleyna et al. (2002) and
Armandroff et al. (1995); O mark probable members from Kleyna et al.;
and X mark non-members from Armandroff et al. (1995) ID numbers for
stars discussed in the text are included. Also shown are known carbon
stars (A). Note that the axes scales are different from previous figures.
The solid lines show a fiducial of the RGB and HB to guide the eye.

P > 0.75. For details of the derivation of the proper motions and
probabilities the reader is referred to Stetson (1980).

In Fig. 14 we make a comparison of the selection of mem-
bers of the Draco dSph galaxy based on the ¢; index and on the
proper motion based probabilities. As can be seen the overall
agreement is good. At the fainter end, below yy ~ 19.5, we find
several stars that are proper motion members but not included in
our member list based on the ¢; index. This is the direct result
of the cuts applied in the c; o vs. (b — y)o plane as discussed in
Sect. 4.2.1. At the brighter end the agreement is nearly perfect.
A number of stars need further commenting.

There is a group of three stars at (b —y)o ~ 0.4 and yy ~ 17.8
which we find to be dwarfs while they are included as members
in Stetson (1980). These three stars are, however, found to be
non-members in Armandroff et al. (1995) in agreement with our
classification.

Stars #1031 and #1046 are both identified as members us-
ing the ¢; index while considered non-members based on their
proper motions. Their membership probabilities, P = 0.71
and 0.53, are, however, just below the membership cut-off,
P = 0.75, used by Stetson (1980). Star #1031 is also considered
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Fig.13. ¢ vs. (b — y)o diagram cross-correlated with radial veloc-
ity studies. ¢ Mark our RGB stars; o mark radial velocity members
from Kleyna et al. (2002) and Armandroff et al. (1995); O mark prob-
able members from Kleyna et al.; and X mark non-members from
Armandroff et al. ID numbers of stars discussed in the text are in-
cluded. Also shown are known carbon stars (A). The standard relations
for dwarf stars from Crawford (1975) and Olsen (1984) are shown with
dashed and full lines, respectively.

as member of the Draco dSph galaxy in the radial velocity study
by Armandroff et al. (1995). We therefore feel confident in in-
cluding these two stars as members of the Draco dSph galaxy.

Stars #2127 and #2324 are both considered members based
on their proper motions while excluded in our study. Star #2127
is, however, one of the known carbon stars listed in Table 6.
Star #2324 lies clearly away from the RGB sequence and was
identified as a peculiar UV-bright star in Zinn et al. (1972).
Furthermore, Armandroff et al. (1995) found this star to be a
non-member based on radial velocities.

4.3.3. Conclusions regarding Draco membership

Determining Draco membership through selection in the ¢; vs.
(b —y) plane (see Sect. 4.2.1) has proven to be very accurate. We
find the agreement with other studies using different methods to
be very good and only a few cases are identified where the differ-
ent methods disagree. Although other methods for membership
determination can be efficiently used when considering the cen-
tral regions of a dwarf galaxy, the c¢; index method can be used
in the sparsely populated outer regions, where one would expect
only a few members among a dominating foreground contami-
nation. Table 6 shows our final list of 169 members of the Draco
dSph galaxy found using the ¢; index.

The ¢; index method used here also has the advantage over
other methods that it provides a way of classifying stars accord-
ing to their evolutionary stage without knowing the distance to
them. We refer to the excellent Fig. 6 in Schuster et al. (2004)
and our Figs. 9-11 for an illustration of this.

On the other hand, we do not include stars with chemical
peculiarities in our member lists since their colours may vary
significantly. This is for example the case with the carbon stars
listed in Table 4.

It is interesting to compare the number of “discarded” fore-
ground stars with expectations from models of the Milky Way
stellar distributions. The Besancon model of stellar popula-
tion synthesis of the Milky Way (see Robin et al. 2003) pre-
dicts ~200 foreground stars within a 0.067 square degree field
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Fig. 14. y, vs. (b — y)y colour-magnitude diagram for the Draco dSph
galaxy and field stars cross-correlated with the proper motion study by
Stetson (1980). All stars have y < 21, ;- < 0.18, and €, < 0.18. o
Mark our RGB stars; o Indicate stars deemed to be proper motion mem-
bers based on Stetson (1980), and X indicates stars deemed to be non-
members in the same study. Also shown are known carbon stars (A). A
number of stars further discussed in the text are marked by their INT
numbers.

(similar to ours) in the direction of the Draco dSph galaxy with
(b —-y) < 1.0and 16 < yy < 20. In our CMD we find a total
of 213 stars not identified as RGB stars and within the mag-
nitude and colour limits given above. This number is an upper
limit since it includes known carbon stars and possibly some
unidentified RGB stars on the faint end of the RGB (see Fig. 11
and discussion in Sect. 4.2.1). This number is in excellent agree-
ment with the model prediction. This is further evidence that the
method works.

5. Metallicity in the Draco dSph galaxy

To measure the metal content of the stars we use the m; = (v —
b) — (b —y) index. The m,; index measures the blocking by metal
lines in the v-band and compensates for the slope in the spectrum
measured in a region where metal lines are less prominent (i.e.
in the b and y bands). See e.g. Golay (1974) for more details on
the m; index.

It is known that a molecular CN-band is located within the
Stromgren v-band (e.g. Gustafsson & Bell 1979). Stars with
high CN-abundances can therefore mimic stars with higher
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Fig. 15. m; vs. (b — y)o diagram. Solid lines show isometallicity cal-
ibrations from Hilker (2000) for [Fe/H] = -1.0, —1.3, —1.7, and

—2.0 dex. Dotted lines show corresponding isometallicity lines from
Anthony-Twarog & Twarog (1994).

metallicities. This possibility should always be taken into ac-
count when a scatter towards high metallicities is seen in metal-
licity distributions based on the m; index. The metallicity cal-
ibrations discussed below are only valid for CN-weak/normal
stars.

5.1. Metallicity calibrations

There are essentially two m; vs. (b — y) metallicity calibrations
for RGB stars available in the literature. In the following sec-
tion we will review and compare these calibrations in order to
establish which one is the most appropriate for our data.

Antony-Twarog & Twarog (1994) present a calibration from m,
vs. (b — y) to metallicity based on a sample of metal-deficient
giants. The calibration is therefore only valid in the metal-poor
range —3.2 < [Fe/H] < —1.3 dex and within 0.4 < (b—y) < 0.94.

Hilker (2000) presents a metallicity calibration in the the m; vs.
(b—y) plane for red giants valid for —2.0 < [Fe/H] < 0.0 dex and
0.5 < (b —y) < 1.1. The calibration was derived using red giants
from three globular clusters (w Centauri, M 55, and M 22) as
well as a sample of field giants from Anthony-Twarog & Twarog
(1998).

In Fig. 15 we compare isometallicity lines from Hilker
(2000) for [Fe/H]=-1.0, —1.3, —1.7, and —2.0 dex with those
of Antony-Twarog & Twarog (1994, their Table 4) . In the re-
gion below (b — y)o = 0.8 the two calibrations agree reasonably
well. Although the slopes are slightly different, one could ex-
pect to derive similar metallicities using either of the two cali-
brations in this region. A clear difference is, however, the non-
linear shape of the Antony-Twarog & Twarog (1994) models
above (b — y) = 0.8 as compared to the Hilker (2000) calibra-
tion. The stellar sample used to derive the Antony-Twarog &
Twarog (1994) calibration contained very few stars redder than
(b —y)o ~ 0.8 and it could be an indication that the calibration is
less reliable above this value.
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Fig. 16. Field star giants from Clem et al. (2004, their Table 4) selected
by log g < 3.5 and E(B — V) < 0.03. A) Shows the difference between
the tabulated metallicity and the metallicity derived using the Antony-
Twarog & Twarog (1994) calibration as a function of colour; B) shows
the equivalent plot using the Hilker (2000) calibration.

To investigate this difference further we adopted the field star
sample presented in Clem et al. (2004, their Table 4). This sam-
ple contains photometry in the four Stromgren filters as well as
spectroscopic metallicities for more than 400 stars. Giants were
extracted from the sample by selecting stars with logg < 3.5,
which is the same value adopted by Clem et al. (2004), and
E(B-V)<0.03.

By computing A[Fe/H], defined as the difference between
the tabulated spectroscopic metallicities and metallicities de-
rived from the photometric calibrations, we can evaluate the two
calibrations. As a first step we consider all giants within the over-
lapping regions of the two calibrations (i.e. —2.0 < [Fe/H] <
—1.3 and (b — y) > 0.5). As expected the two calibrations pro-
duce similar results for stars below (b — y) = 0.8 (Fig. 16).
Unfortunately, there is only one star in this stellar sample with
(b —y) > 0.8, i.e. where we expect the difference between the
two calibrations to be significant.

Since the Hilker (2000) calibration is valid for higher metal-
licities, we have also included stars with —1.0 < [Fe/H] < 0.0.
A number of these stars have (b—y) > 0.8 and Fig. 16 shows that
there are no visible trends with colour. The linear approximation
of the isometallicity lines in the Hilker (2000) calibration thus
appear valid at the red end. The metal-poor end will be com-
mented on further in Sect. 5.4 when the metallicities of the RGB
stars in Draco dSph galaxy are discussed. We will then argue that
a linear approximation is also valid at the metal-poor end.

While no trend with colour is visible in the Hilker
(2000) calibration, there is a tendency for underestimating
(A[Fe/H]yier > 0) the metallicity of stars at the metal-rich end.
This is more clearly illustrated in Fig. 17, which shows the same
stellar sample as in Fig. 16B but plotted against spectroscopic
metallicity rather than colour. A weak trend can be seen where
the metallicity of the most metal-rich stars are underestimated
by, in the mean, ~0.2 dex.

Stellar isochrones in the Strémgren system. Recently, Clem
et al. (2004) derived new empirical colour-temperature relations
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function of metallicities based on spectroscopic investigations.
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Fig. 18. m; vs. (b — y)o diagram. Solid lines show isometallicity cal-
ibrations from Hilker (2000) for [Fe/H]=-0.04, —0.83, —1.54, and
—2.14 dex. Dashed lines show corresponding isochrones from Clem
et al. (2004, their Fig. 26).

for the Stromgren system. These were obtained by correcting
stellar isochrones to fit a sample of field stars including both red
giants and dwarf stars gathered from the literature (the same field
star sample we adopted for the comparison above).

As noted by Clem et al. (2004), a direct comparison in
the m; vs. (b — y) plane between their calibrated isochrones
and the metallicity calibration by Hilker (2000) shows signifi-
cant differences. In Fig. 18 we illustrate this by showing Clem
et al. (2004) isochrones for [Fe/H] =-0.83, —-1.54, and —2.14 dex
(from their Fig. 26) overlaid on the equivalent isometallicity
lines from Hilker (2000). The models agree well at the metal-
poor and metal-rich end (i.e. [Fe/H] =-2.0 and 0.0 dex). There
is, however, a strong discrepancy at intermediate metallicities
with a difference between the two models as large as ~0.5 dex
at [Fe/H] ~ 0.8 dex. Note that the Clem et al. (2004) isochrones
fall above the equivalent Hilker (2000) isometallicity lines. This
would result in an even stronger underestimate of the metallici-
ties of the field star sample compared to the Hilker (2000) cal-
ibration. This result is surprising since the field star sample we
consider is the same sample of stars used by Clem et al. (2004)
to correct their models.
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Fig.19. m, o vs. (b—y), diagram showing all our RGB stars in the Draco
dSph galaxy. Overlaid are isometallicity lines from Hilker (2000) for
[Fe/H] =0.0, -1.0, 1.5, and -2.0 dex.

Summary. We have shown that the Hilker (2000) and
Antony-Twarog & Twarog (1994) calibrations give similar re-
sults in their overlapping metallicity region and below (b — y) =
0.8. There are no trends with colour visible in the Hilker (2000)
calibration and that the linear shape of the isometallicity lines is
a good approximation, at least for the metal-rich end. The Hilker
(2000) calibration also has the advantage of extending up to solar
metallicity and it is capable of deriving correct metallicities for
an independent field star sample. We therefore adopt the Hilker
(2000) calibration to derive metallicities for the RGB stars in the
Draco dSph galaxy.

We note, however, that there are unexplained and significant
differences between the Hilker (2000) and Clem et al. (2004)
models, which should be understood before adopting these cali-
brations at the metal rich end. A discussion of this issue is ongo-
ing with Clem et al. (private communication).

5.2. Metallicity determination

Figure 19 shows that the RGB members in the Draco dSph
galaxy form a metal-poor population between —2.0 and —1.5 dex.
For these stars we derive [Fe/H] using the calibrations from
Hilker (2000). These are listed in Table 6.

Again we note that star #2104 deviates considerably from the
rest of the RGB sample (compare Fig. 11C). If indeed an RGB
member, the metallicity for this star is close to solar, which is
considerably higher than what we see for the rest of the stars in
the Draco dSph galaxy. The most likely interpretation is that this
star is a foreground dwarf star misidentified as RGB star (see
Sect.4.2.1).

5.3. Metallicity errors

To handle the error propagation from photometric errors for in-
dividual magnitudes, as shown in Fig. 3, to errors in [Fe/H] we
use a Monte Carlo simulation of the data. This was done in the
following way: for each magnitude of a given star (i.e. u, v, b,
and y) we generate 5000 new synthetic magnitudes. These were
randomly drawn from a Gaussian probability distribution with
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Fig. 20. [lustration of how the errors in the metallicities are derived (see
Sect. 5.3). Upper panel shows the m; o vs. (b — y)o diagram with Monte
Carlo simulations for three stars (#570, #1553, and #2775). Overlaid
are isometallicity lines from Hilker (2000) for [Fe/H] =0.0, -1.0, —1.5,
and —2.0 dex. Lower panels show corresponding metallicity distribution
functions for the synthetic stars. Solid lines indicate the metallicity of
the real stars. Dotted lines indicate the upper- and lower sixtile in the
distribution.

a standard deviation equal to the error (¢) in that magnitude.
New m; indices and (b — y) colours are then calculated for each
synthetic star and we derive the corresponding metallicities.

Figure 20 shows three examples of how the synthetic stars
generated for star #570, #1553, and #2775 are distributed in the
mio vs. (b —y)o plane. It is interesting to note how the errors are
coupled so that the synthetic stars spread out perpendicularly to
the isometallicity lines. This spread is mostly driven by the error
in the b filter.

We also present the corresponding metallicity distribution
functions for the three stars. The upper and lower sixtile of the
distributions (which is equivalent to 10 in the case of a Gaussian
distribution) are chosen to represent our errors.

It is worth noting that the metallicity distributions for the
synthetic stars are not fully symmetric. This is not surpris-
ing since the spacing of the isometallicity lines in the m; vs.
(b —y)o plane is not constant. The errors defined above are there-
fore not necessarily symmetric around the original [Fe/H] value.
However, since the difference of the upper and lower sixtile is
typically less than a few percent, we give the final [Fe/H] errors
as half the distance between the upper and lower sixtile.

Figure 21 shows the final errors in [Fe/H], derived as ex-
plained above, as a function of (b — y)o.

5.4. Comparison with spectroscopically derived metallicities

Because of the large, and to a large extent unexplained, discrep-
ancies between the different metallicity calibrations discussed
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Fig. 21. Final errors in [Fe/H] as a function of (b — y), for all our RGB
stars in the Draco dSph galaxy.

above, it is useful to compare our derived metallicities with inde-
pendent measurements, e.g. spectroscopically determined metal-
licities. Such a comparison could also reveal any systematic
shifts or trends in our data.

Abundance studies of stars in the nearby dSph galaxies are,
however, difficult and time consuming due to the faintness of
even the brightest of their RGB stars. In Table 5 we have col-
lected metallicities for RGB stars in the Draco dSph galaxy
available in the literature.

The most recent data set, Shetrone et al. (2001a), is based on
high-resolution spectra and applies a detailed abundance analy-
sis based on equivalent width measurements. Figure 22A shows
the difference between the metallicities derived by us using
the m; index and the values measured by Shetrone et al. (2001a)
for five stars which are common to the studies. The agreement
with the Shetrone et al. (2001a) values are remarkably good with
a standard deviation oo = 0.08 and a mean difference of 0.1 dex.
In Table 5 a sixth star is included (#1701) for which Shetrone
etal. (2001a) quotes [Fe/H] = —2.97 dex, or ~0.84 dex lower than
our value. The Shetrone et al. (2001a) value is well below the
limit of —2.0 dex for which the Hilker (2000) metallicity calibra-
tion is valid and therefore we did not include this star in Fig. 22.
In our data star #1701 falls below the —2.0 dex isometallicity
line but not by much (see Fig. 19). This star is also included in
the study by Zinn (1978) (see below) and the metallicity found
by him is closer to the value we find than to that by Shetrone
et al. (2001a).

We note that Fulbright et al. (2004) have studied this star
in detail. They derive a metallicity similar to that found by
Shetrone et al. (2001a) but with an effective temperature (Teg)
that is ~100 K larger than used in Shetrone et al. (2001a). We
have calculated T for all six stars in common with Shetrone
et al. (2001a) using the calibrations in Alonso et al. (1999). For
five of the stars (excluding #1701) the agreement between T
derived from (b — y) and (u — b) is good. For those three stars
that also have (B — V) from Stetson (photometry available at
http://cadcwww.hia.nrc.ca/standards/) the derived Teg
also agree very well. However, all our derivations differ from
the values in Shetrone et al.(2001a) such that we derive T
that are ~100-200 K lower. For #1701 the agreement between
Teg derived from (b — y) and (u — b) is less good than for the
other stars. Also, we find a temperature that is 150 K higher for
(u — b), in agreement with Fulbright et al. (2004). However, a
change of Tt of 150 K does not make a large enough change in
[Fe/H] to explain the differences between the different studies.
Neither does a change in log g (see Fulbright et al. 2004). Hence,
there appears to be no easy explanation for the large discrep-
ancy between our photometric metallicity and the metallicity
derived from high resolution spectroscopy. A cautionary remark
on the usage of plane parallel atmospheres in the derivation of
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elemental abundances for stars with logg < 2.0 (which is the
case for the star considered here) has recently been added by
Heiter & Eriksson (2006). However, to ascertain if this is the
cause of the observed discrepancy needs to be further inves-
tigated by spectral modelling and is beyond the scope of this
paper.

The most extensive dataset is provided by Zinn (1978). His
estimates of the metallicities are based on the Q(3880) index
(Zinn 1978; Zinn & Searl 1976). Before comparing our derived
metallicities to those of Zinn (1978) we apply the corrections to
the Zinn & West scale described in Carretta & Gratton (1997).
Figure 22B shows the comparison between our data and the cor-
rected metallicities derived by Zinn (1978). Again, we see that
our derived values are in good agreement with those of Zinn
(1978). No trends can be seen and the standard deviation is
o =0.13.

Several of the stars included in the Shetrone et al. (2001a)
and/or the Zinn (1978) studies have (b — i)y > 0.8 (see Table 5).
Plotting the metallicity differences as a function of (b — y)y >
0.8 rather than metallicity shows that there are no trends with
colour. This is encouraging since it confirms the validity of the
linear shape of the Hilker (2000) metallicity lines at the metal-
poor and red end, a region where the two metallicity calibrations
discussed in Sect. 5.1 differed significantly.

Finally, Fig. 22C shows a comparison with abundances mea-
sured by Bell (1985). In this case we see a rather large aver-
age shift, on the order of ~0.5 dex. Five of the stars in both
Bell (1985) and our data sets are also found in either Shetrone
(2001a) (three stars) and/or Zinn (1978) data (five stars). In both
cases the Bell (1985) values are consistently lower by ~0.5 dex
compared to the other studies.

In conclusion, the agreement between our derived metal-
licities with those derived using spectroscopic methods is very
good. Our errors in [Fe/H] are consistent with the spreads seen
in Figs.22A and B which show that we are not underestimat-
ing the uncertainties in our derived metallicities. The absence
of large shifts between our photometric [Fe/H] and those from
other studies show that our data are free from large systematic
errors.

5.5. Draco metallicity distribution

Figure 23A presents the full metallicity distribution in the
Draco dSph galaxy which is one of the main results of this
paper. The metallicity ranges from below [Fe/H]=-2 dex to
[Fe/H] ~—1.5 dex with a small tail towards higher metallicities.

Figure 23B presents the corresponding normal probability
function (Devore 2000) which shows that the metallicity distri-
bution is indeed consistent with being a single Gaussian distri-
bution (i.e. the data points fall on a straight line). The data points
only deviate significantly from a straight line at the upper right
hand corner of the plot. This corresponds to the tail of metal-
rich stars seen in the histogram. The solid line represents a linear
least square fit to the data (excluding the outer five values at both
ends) and give the mean [Fe/H] =—1.74 dex (intersection of the
fitted line with x-axis =0) and a o of the distribution equal to
0.24 dex (slope of the fitted line).

Since stars with large photometric errors (especially at the
blue end) will cause large uncertainties in the derived metal-
licities as discussed above, we extracted a subsample of stars
with errors in [Fe/H] less than 0.24 dex. Roughly half of our
stars fulfill this criterion (85 out of 169). The resulting metallic-
ity distribution and corresponding probability function for this
subsample are shown in Fig.24. The derived mean [Fe/H] and
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Table 5. Abundances from the literature for stars in the Draco dSph galaxy. Columns 1 and 2 gives ID number from Baade & Swope (1961) and
from this study, respectively; Cols. 3—6 give our Stromgren photometry; Col. 7 the metallicity derived in this paper using the m,; index; Cols. 8-10
metallicities, effective temperatures, and log g from Shetrone et al. (2001a); Col. 11 metallicities from Bell (1985) and Col. 12 metallicities from

Zinn (1978).
BS INT S012 B8S 778
id id Yo b=y my c10 [Fe/Hl,,, [Fe/H] T log(g9) [M/H] [Fe/H]
G 1297 17569 0740  0.183 0.518 -2.08 25 202
11 1940 17532 0763 0273 0516 -1.72 17 4475 0.80 ~1.77
24 2082 17.073 0.856 0243 0585 -2.12 23 4290 080 27  -198
45 2097 17.621 0733 0201 0535 -1.96 ~1.98
49 1954 16957 0717  0.197 0550 -1.93 2.1
72 2106 18294 0.653  0.196 0511 -1.71 ~1.81
119 1701 17489 0.724  0.161 0427 -2.13 297 4370 0.15 ~2.09
249 1988 17216 0.885  0.423 0457 —1.48 “1.72
267 2366 17.073 0904 0416 0578 -1.56 ~1.67 4180 060 2.1  -1.82
286 2334 17.693 0740 0312 0481 —1.45 “1.71
297 2421 17.811 0706 0267 0561 —1.54 ~1.88
343 1772 17.550 0741 0260 0520 -1.71 ~1.86 4475 0.90 ~1.90
361 1112 17424 0793 0365 0498 —1.41 2.1
473 2501 17.465 0776 0371 0489 -1.32 ~1.44 4400 090 20  -1.68
506 2194 17914 0.657  0.158 0.495 —1.94 .01
536 1142 16905 0962 0500 0.491 —1.42 23
562 1553 17.161 0906  0.441 0.538 —1.47 22 174
576 1073 16941 0.856 0284 0.549 —1.95 2.10
581 1110 17.627 0762 0321 0525 —1.49 ~1.54

Table 6. RGB stars in the Draco dSph galaxy. Column 1 gives the ID number from this study; Col. 2 gives the designation from Stetson’s
photometric catalog (available at http://cadcwww.hia.nrc.ca/standards/); Cols. 3 and 4 give the pixel position on the CCD; Cols. 5 and 6
give the position on the sky, Cols. 7-10 give our Stromgren photometry (not corrected for reddening) and Col. 11 the metallicity derived in this
paper using the m; index. Column 12 gives the membership probability based on proper motions given in Stetson (1980). Finally Col. 13 gives

radial velocities from Kleyna et al. (2002).

INTID Other ID X y RA(2000) Dec(2000) yte, bte vt e, uze, [FeHlm, P Vi
53 676.192  69.349 45446477 10113240  19.894=0.022 20462+ 0.014 20984+ 0.049 21.855+0.171 -2.79+0.20
92 S-366 1838.474 125208 4.5444217 1.0094626  17.516 £ 0.018 18303 £0.023 19.275+0.012 20708 +0.079  -2.09+0.14
162 909.711  228.023  4.5441618  1.0109553  19.354+0.041 19.873+0.029 20427 +0.032 21.374+0.106 -2.03+0.37
1op ‘ ‘ E o for this distribution (—1.75 dex and 0.25 dex, respectively) are
[ Shetrone (2001) A N )
05k E almost identical to those of the full sample.
0 05_ ______________ o] There is a hint of a double peak in the distribution in Fig. 23
“fo o o o with a main peak at [Fe/H] ~ —1.8 dex and a second, smaller peak
—05F b at [Fe/H] ~—1.4 dex. This secondary peak can also be seen in
F 1 the full metallicity distribution in Fig.23A. A KMM test (e.g.
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-1obEL L L L. L. they are not extreme. Many of the stars fall just outside the error
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Fig. 22. Comparison between our derived metallicities ([Fe/H],,;) and
values from the literature([Fe/H];): A) Shetrone et al. (2001a); B) Zinn
et al. (1978) corrected to the scale by Carreta & Gratton (1997) as de-
scribed in Sect. 5.4; C) Bell (1985).

It is also interesting to note that a subsample of stars which
have errors in [Fe/H] that are larger than 0.4 have distribution
with an identical mean [Fe/H]=-1.74 dex and o = 0.24 dex
as found for the full sample and also for the subsample with
small errors. This indicates that it is not the errors in the derived
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metallicities that drive the width of the distribution but a true
intrinsic metallicity spread in the Draco dSph galaxy.

The derived mean metallicity of —1.74 dex with a spread of
0.24 dex that we find for the full sample is comparable with
recent studies using different methods. Lehnert et al. (1992),
Dolphin (2002), Shetrone et al. (2001a), and Bellazzini et al.
(2002) all find similar mean metallicities and evidence for a sig-
nificant intrinsic metallicity spread comparable to ours.

Shown in Fig. 25 is a CMD of our sample of RGB stars in
the Draco dSph galaxy subdivided, according to their metallici-
ties, into three bins with [Fe/H] > —1.6 dex, —1.9 < [Fe/H] <
—1.6 dex, and [Fe/H] < —1.9 dex. The metallicity bins con-
tain 45, 77, and 47 stars, respectively. On the lower part of
the RGB the metal-rich and metal-poor stars are intermingled
probably as a consequence of the larger photometric errors at
fainter magnitudes. Above y ~ 18.5, however, the metal-poor
and metal-rich stars are separated in colour. The width of the
RGB is well explained with a pure metallicity spread assuming
an old stellar population as found by e.g. Grillmair et al. (1998),

Grebel (2001), and Dolphin (2002). This is illustrated in the fig-
ure by the overlaid isochrones (by Bergbusch & VandenBerg
2001; with uvby colour transformations as described by Clem
et al. 2004) with age=12 Gyr and [Fe/H]=-2 and —1.5 dex.
The isochrones have been shifted assuming a distance modulus
of (m — M)y = 19.40 (Bonanos et al. 2004).

A similar CMD for the Carina dSph galaxy is shown in Koch
et al. (2006), their Fig. 10. In that case there is no clear relation
between metallicity and colour on the RGB as a result of a signif-
icant age spread. This is the well-known age-metallicity degen-
eracy, and illustrates the importance of age-independent metal-
licities when deriving accurate metallicity distribution functions.

5.6. Spatial metallicity distribution

It is a known fact that many dSph galaxies in the Local Group
show population gradients (see e.g. Harbeck et al. 2001, and
references therein; Koch et al. 2006). In the case of the Draco
dSph galaxy, population gradients have been found in at least
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Fig. 25. yo vs. (b—y)o colour—-magnitude diagram for all our RGB mem-
bers for the Draco dSph galaxy. Large e indicate metal-rich stars with
[Fe/H] > —1.6 dex; small e indicates intermediate metallicity stars with
—1.9 < [Fe/H] < —1.6 dex; o indicates metal-poor stars with [Fe/H] <
—1.9 dex. 12 Gyr isochrones by Bergbusch & VandenBerg (2001) with
uvby colour transformations as described by Clem et al. (2004) are over-
laid. The solid line indicate an isochrone with [Fe/H] =2 dex and the
dashed line with [Fe/H] =-1.5 dex.

two photometric studies. Bellazini et al. (2002) find that the
red HB stars are more centrally concentrated than the blue HB
stars in their sample and interpret this as central concentration of
more metal rich and/or younger stars. A similar trend is found by
Winnick (2003). Using spectroscopic metallicities derived from
the Call triplet on a sample of 95 members of the Draco dSph
galaxy, Winnick (2003) finds that the most metal-rich stars are
centrally concentrated.

A conflicting result is presented by Cioni & Habing (2005),
who find that if the age of the stellar population in the Draco
dSph galaxy is indeed old, the metallicity increases outwards.

Since we have derived age-independent metallicities for in-
dividual stars in a clean Draco sample (i.e. we are not biased
by the age-metallicity degeneracy effect), we should be able to
detect spatial metallicity gradients in our data if they are present.

Figure 26 shows the spatial distribution of the RGB stars in
the Draco dSph galaxy subdivided into the same three metal-
licity bins. The figure shows a similar trend to what is shown
in Fig. 2.20 in Winnick (2003), with the metal-rich stars being
more centrally concentrated than the metal poor-stars.

In Fig.27 we show the corresponding cumulative distribu-
tions for the different metallicity bins. The fraction of stars
within an ellipse with semi-major axis, a, and ellipticity = 0.33
(Irwin & Hatzidimitriou 1995) is plotted against semi-major
axis, a. The metal-rich stars show a more centrally concentrated
distribution than the metal-poor stars. A two-sided Kolmogorov-
Smirnov test gives a probability of less than 2% that the metal-
poor and metal-rich spatial distributions are the same. For con-
sistency, we also include the cumulative distribution for the stars
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Fig. 26. Spatial distribution of RGB stars in the Draco dSph galaxy.
Large e indicate metal-rich stars with [Fe/H] > —1.6 dex; small e stars
with —1.6 < [Fe/H] < —1.9 dex; and o metal-poor stars with [Fe/H] <
—1.9 dex. The dashed ellipse indicates the core radius from Irwin &
Hatzidimitriou (1995), reore = 7.7 arcmin.
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Fig. 27. Normal cumulative distribution for semimajor axis, a. Solid line
indicates metal-rich stars with [Fe/H] > —1.6 dex, dotted line stars
with —1.6 < [Fe/H] < —1.9 dex, and dashed line metal-poor stars with
[Fe/H] < —1.9 dex.

with intermediate metallicities. As expected this curve falls be-
tween the metal-rich and metal-poor distributions.

6. Conclusions and summary

The aim of this study is to provide a robust method for the iden-
tification of RGB stars that are members of a dSph galaxy and
determination of metallicities for individual stars along the RGB
of a dSph galaxy. For the first task it is necessary to have a
method that can distinguish between a foreground dwarf star and
an RGB star in the dSph. The second task requires a metallicity
sensitive index. The Stromgren photometric system (uvby) pro-
vides both. More specifically we have:

— Proven the usefulness of the Stromgren c; index in discrim-
inating between RGB stars in dSph galaxies and foreground
dwarf stars.

— Presented a clean RGB sample for the Draco dSph galaxy.

— Investigated the available metallicity calibrations for the
Stromgren m index.
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— Derived the metallicity distribution function based on age-
independent metallicities for individual stars in the inner part
of the Draco dSph galaxy.

— Shown that the more metal-rich RGB stars in the Draco dSph
galaxy are more centrally concentrated than the metal-poor
RGB stars.

We also include cross correlation with the following available
data sets: Stetson (1980) broad band photometry in B and V,
radial velocity studies by Armandroff et al. (1995) and Kleyna
et al. (2002), and Baade & Swope (1961) list of variable stars in
the Draco dSph galaxy.

Membership has been determined using the Stromgren
c1-colour index. Comparison with alternative methods of mem-
bership determination (e.g. proper motion and radial velocity
measurements) show that our membership classification agrees
very well with other methods. We are therefore confident that the
same method for membership determination, i.e. selection in the
c1 vs. (b—y)-plane, can now be applied to the sparsely populated
outer regions of dSphs.

In addition to the ability to identify dSph members using the
c1 index, the Stromgren system provides the possibility to de-
rive individual and age-independent metallicities for RGB stars
using the m,; index. Since our metallicity determination is age
independent, our results are not limited by the age-metallicity
degeneracy (which is the case for most other photometric metal-
licity studies).

A review of the existing Stromgren metallicity calibrations
for giant stars has led us to use the calibration by Hilker (2000).
Applying it to our clean sample of members of the Draco dSph
galaxy we present individual metallicities for 169 stars, the
largest independent sample so far for the Draco dSph galaxy.
The photometrically derived metallicities agree very well with
high-resolution spectroscopic determinations (i.e. Shetrone et al.
2001a) and with earlier results from spectral indices (Zinn 1978).

The metallicity distribution function we obtain is consis-
tent with a single Gaussian distribution with a mean metallicity
[Fe/H]=-1.74 dex and a o = 0.25 dex and with a small tail of
more metal-rich stars.

Although the data presented in this paper only include the
central regions of the Draco dSph galaxy, we have investigated
the spatial metallicity distribution and find evidence for a central
concentration of more metal-rich stars.
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Table 2. List of standard stars used (from Schuster & Nissen 1988).
Column 1 gives the star ID; Cols. 2-5 give the magnitudes and colours.

ID Yo b-yo myp C10

HD 33449 8.488 0.423 0.201  0.273
HD 46341 8.616 0.366 0.145 0.248
HD 51754 9.000 0.375 0.144 0.290
HD 64090 8.279 0.428 0.110 0.126
HD 75530 9.167 0.443 0.254 0.257
HD 81408 9.610 0.560 0.478 0.210
HD 88371 8.414 0.407 0.186  0.329

HD 107853 9.081 0.317 0.157 0.483
HD 107583 9.33 0.375 0.183 0.319
HD 108754 9.006 0.435 0.217 0.254
HD 118659 8.827 0.422 0.196  0.244
HD 123265 8.348 0.504 0.356  0.348
HD 131653 9.506 0.442 0.226  0.253
HD 132475 8.555 0.401 0.063 0.285
HD 134088 7.992 0.392 0.137  0.255
HD 134439 9.058 0.484 0.224  0.165
HD 134440 9.419 0.524 0.297 0.173
HD 137303 8.774 0.611 0.610 0.178
HD 138648 8.137 0.504 0.358  0.290
HD 149414 9.611 0.476 0.202 0.162
HD 161770 9.696 0.489 0.036  0.301
HD 163810 9.635 0.423 0.114 0.199
HD 175179 9.072 0.384 0.146  0.268
HD 175617 10.130  0.441 0.208  0.281
HD 220769 9.31 0.340 0.140 0.310
G 9-031 10.823  0.398 0.158 0.224

G 9-036 11.934  0.381 0.124  0.195
G 14 -024 12.822  0.509 0.123  0.094
G 14 -039 12.828  0.587 0.267 0.153
G 14 -045 10.803  0.587 0.517 0.115
G 63 -026 12.183  0.328 0.085 0.277

DM -14 4454 10.332  0.565 0.469 0.192
DM -14 3322  10.394  0.377 0.131  0.220
DM -132948  9.439 0.426 0.256  0.221
DM -133834  10.685 0.415 0.098 0.183
DM -122669  10.230 0.229 0.094  0.490
DM -9 3102 10479  0.425 0.202  0.206
DM -8 4501 10.591  0.452 0.032  0.274
DM -5 3063 9.734 0.568 0461 0.182
DM -5 2678 10.654  0.296 0.155 0.422
DM -5 3763 10.239  0.579 0.546  0.241
DM -4 3208 9.998 0.311 0.048 0.373
DM +25 1981 9.317 0.237 0.103  0.489
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