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ABSTRACT
Blue straggler star (BSS) candidates have been observed in all old dwarf spheroidal galaxies
(dSphs), however whether or not they are authentic BSSs or young stars has been a point of
debate. To both address this issue and obtain a better understanding of the formation of BSSs in
different environments, we have analysed a sample of BSS candidates in two nearby Galactic
dSphs, Draco and Ursa Minor. We have determined their radial and luminosity distributions
from wide field multicolour imaging data extending beyond the tidal radii of both galaxies.
BSS candidates are uniformly distributed through the host galaxy, whereas a young pop-
ulation is expected to show a more clumpy distribution. Furthermore, the observed radial
distribution of BSSs, normalized to both red giant branch (RGB) and horizontal branch (HB)
stars, is almost flat, with a slight decrease towards the centre. Such a distribution is at odds with
the predictions for a young stellar population, which should be more concentrated. Instead, it is
consistent with model predictions for BSS formation by mass transfer in binaries (MT-BSSs).
Such results, although not decisive, suggest that these candidates are indeed BSSs and that
MT-BSSs form in the same way in Draco and Ursa Minor as in globular clusters. This favours
the conclusion that Draco and Ursa Minor are truly ‘fossil’ galaxies, where star formation
ceased completely more than 8 billion years ago.

Key words: stellar dynamics — blue stragglers — galaxies: dwarf — galaxies: individual: Draco

— galaxies: individual: Ursa Minor.

1 INTRODUCTION

Blue straggler stars (BSSs) are stars located above and blue-ward
of the main sequence (MS) turn-off in a colour-magnitude dia-
gram (CMD). They were first discovered in a globular cluster (M3;
Sandage 1953), and are mainly observed in star clusters (Fusi Pecci
et al. 1992; Ferraro et al. 1993, 1997, Zaggia, Piotto & Capaccioli
1997, Ferraro et al. 2003, 2004; Sabbi et al. 2004; Hurley et al.
2005, Lanzoni et al. 2007a,b, and references therein) where the tiny
(if any) spread in the stellar age makes their identification straight
forward. However, there have been attempts to find halo BSSs in
the Milky Way, which show up as high-velocity stars brighter and
hotter than turnoff stars in the Galactic halo (Carney et al. 2001;
Carney, Latham & Laird 2005; Beers et al. 2007).

Dwarf spheroidal galaxies (dSphs) seem natural places to search
for BSSs. Mateo et al. (1991) and Mateo, Fischer & Krzeminski
(1995) firstindicated the existence of a large number of stars brighter
than the turn-off mass in the Sextans dSph. Mateo et al. (1995)
suggested that these stars might be ordinary MS stars substantially

*E-mail: mapelli@physik.unizh.ch

© 2007 The Authors. Journal compilation © 2007 RAS

younger than the bulk of the other stars. BSS candidates have been
found in varying numbers in most dSphs, such as Sculptor (e.g.
Hurley-Keller, Mateo & Grebel 1999; Monkiewicz et al. 1999),
Draco (Aparicio, Carrera & Martinez-Delgado 2001, hereafter AO1)
and Ursa Minor (Carrera et al. 2002, hereafter C02).

The issue of whether these stars are young or BSSs has not been
quantitatively addressed because there were not suitable models of
BSS formation with predictive power with which to compare the
observations. This also means that our proper understanding of the
star formation history of these ‘predominantly old” dSphs remains
in doubt. Has there actually been low-level star formation in the
last 8-10 Gyr in these galaxies or can they really be considered
“fossil’ galaxies? Thus, in order to reconstruct the star formation
history of dSphs, it is crucial to understand whether the observed
BSS candidates are true BSSs rather than younger stars.

A second unsolved question about BSSs is their formation
mechanism itself. BSSs are believed to have been somehow re-
fuelled with hydrogen after the MS phase. However, the refuelling
mechanism is still unknown. It has been proposed (McCrea 1964)
that mass transfer in isolated binaries can lead to the formation of
BSSs. On the other hand, BSSs could be the products of stellar
collisions, occurring during (or triggered by) three- and four-body
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encounters (Davies, Benz & Hills 1994; Sigurdsson, Davies & Bolte
1994; Lombardi et al. 2002). In the first case, i.e. mass-transfer BSSs
(MT-BSSs), BSSs can form if binaries are allowed to quietly evolve
until they start the mass-transfer phase. This implies that the local
density should not be too high, otherwise gravitational interactions
will perturb the mass transfer. In the second case, i.e. collisionally
born BSSs (COL-BSSs), the density must be sufficiently high to
guarantee a short collision time-scale.

In globular clusters both processes might occur, as in the high-
density core we find the perfect conditions for COL-BSS formation,
while in the periphery MT-BSSs can originate from isolated bi-
nary evolution. In some circumstances, the features of the observed
BSS population can be explained only by invoking a joint contri-
bution by these mechanisms (Leonard 1989; Fusi Pecci et al. 1992;
Bailyn & Pinsonneault 1995; Ferraro et al. 1997; Sills & Bailyn
1999; Hurley et al. 2001). For example, in some globular clusters
the BSS radial distribution is bimodal (Ferraro et al. 1993, 1997,
Zaggia et al. 1997; Ferraro et al. 2004; Sabbi et al. 2004), with a
central peak, a minimum at intermediate radii, and a further rise at
the periphery. Dynamical simulations by Mapelli et al. (2004, 2006,
hereafter M04, MO06, respectively) showed that this bimodal distri-
bution can be reproduced only by requiring the central BSSs to be
mainly COL-BSSs, and the peripheral BSSs to be MT-BSSs. Also,
the luminosity function of BSSs in some globular clusters (Bailyn
& Pinsonneault 1995; Sills & Bailyn 1999; Sills et al. 2000;
Ferraro et al. 2003; Monkman et al. 2006) suggests the coexistence
of COL-BSSs and MT-BSSs.

In dSphs, the collisional formation of BSSs should be impossible,
as the central density of these galaxies never reaches sufficiently high
values to allow stellar encounters. Thus, we expect BSSs in dSphs
to be solely MT-BSS type.

In this paper, we seek to quantify the potential BSS population
characteristics in dSphs and thereby learn more about BSS formation
and evolution, and also about the star formation history in dSphs.
First of all, we check whether the main characteristics (such as radial
and luminosity distribution) of BSS candidates in dSphs are more
consistent with those predicted by theoretical models of BSSs, or
if they are more similar to MS young stars. At the same time, we
would like to test whether the proposed formation mechanisms for
BSSs also work in dSphs, i.e. whether the BSS candidates in dwarf
galaxies can be connected with MT-BSSs.

We focus on the BSS population of two dSphs, Ursa Minor and
Draco (see Table 1). These are among the faintest and most diffuse
dwarfs in the Local Group (Irwin & Hatzidimitriou 1995, here-
after IH95; Mateo 1998). They also appear to be among the most
dark matter dominated objects we know about (Kleyna et al. 2003;
Wilkinson et al. 2004). Ursa Minor and Draco are also among those
dSphs of the Local Group where star formation appeared to cease
early on (Z8—10 Gyr ago; see Mateo 1998; Hernandez, Gilmore
& Valls-Gabaud 2000; AO1; C02; Bellazzini et al. 2002). In both
these galaxies, a significant number of BSS candidates have been
detected (AO1; CO02). If the observed BSS candidates in these two
dSphs can be explained as young MS stars, the existence of BSSs
in dwarf galaxies can probably be safely rejected. However, if in-
stead these stars do behave like authentic BSSs, then Ursa Minor
and Draco should be really considered two ‘fossil’ galaxies, where
star formation indeed completely stopped many Gyr ago. Further-
more, by studying such diffuse systems we can also learn about the
properties of BSSs in a much less dense environment than a globular
cluster.

In Section 2, we present the data on which our analysis is based.
In Section 3, we discuss the observational features of BSS candi-

dates, with particular emphasis on the luminosity function and radial
distribution characteristics. In Section 4, we describe our dynamical
simulations and compare the results with observations. A compar-
ison with previous work on BSS candidates in dwarf galaxies and
globular clusters is presented in Section 5. Finally, in Section 6 we
present our conclusions.

2 THE DATA

2.1 INT/WFC survey data

The Isaac Newton Telescope (INT) Wide Field Camera (WFC) is
a mosaic of four 4 k x 2 k EEV chips, offering a field of view of
~0.29 deg?. It is mounted in the prime focus of the 2.5-m Isaac
Newton Telescope on La Palma. The V’'-band (Harris filter) and 7'-
band (SDSS-like)' data extend beyond the tidal radius in both Draco
and Ursa Minor (see the upper panels of Fig. 1). They were taken as
part of the INT Wide Field Survey (McMahon et al. 2001) during
2002 with an average seeing of 1 arcsec and in generally photometric
conditions. The images were processed in the standard way with
the INT WFC pipeline (Irwin & Lewis 2001). The two-dimensional
instrumental signature removal includes provision for non-linearity
correction at the detector level, bias and overscan correction prior to
trimming to the active detector areas, flat-fielding and fringe removal
in the /' band.

Catalogue generation follows the precepts outlined by Irwin
(1985, 1996) and includes the facility to automatically track any
background variations on scales of typically 20-30 arcsec, detect
and deblend images or groups of images, and parametrize the de-
tected images to give various (soft-edged) aperture fluxes, position
and shape measures. The generated catalogues start with an ap-
proximate World Coordinate System (WCS) defined by the known
telescope and camera properties (e.g. WCS distortion model) and
are then progressively refined using all-sky astrometric catalogues
[e.g. United States Naval Observatory (USNO), catalogue of astro-
metric standards, Automated Plate Measuring (APM) catalogue,
Two Micron All Sky Survey (2MASS)] to give internal preci-
sion generally better than 0.1 arcsec and global external preci-
sion of 0.25 arcsec or better. These latter numbers are solely de-
pendent on the accuracy of the astrometric catalogues used in the
refinement.

All catalogues for all CCDs for each pointing are then processed
using the image shape parameters for morphological classification
in the main categories: stellar; non-stellar; noise-like. A sampled
curve-of-growth for each detected object is derived from a series of
aperture flux measures as a function of radius. The classification is
then based on comparing the curve-of-growth of the flux for each
detected object with the well-defined curve-of-growth for the gen-
eral stellar locus. This latter is a direct measure of the integral of the
point spread function (PSF) out to various radii and is independent
of magnitude, if the data are properly linearized, and if saturated
images are excluded. The average stellar locus on each detector is
clearly defined and is used as the basis for a null hypothesis stellar
test for use in classification. The curve-of-growth for stellar images
is also used to automatically estimate frame-based aperture correc-
tions for conversion to total flux.

The photometric standards observed during the run (mainly
Landolt 1992, and spectrophotometric standards) are automatically
located in a standards database and used to estimate the zero-point

! For filter responses, see http://www.ast.cam.ac.uk/~wfcsur/technical/filters/
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Figure 1. Upper panel: right ascension and declination of the stars imaged in Draco (left-hand panel) and Ursa Minor (right-hand panel). The concentric
ellipses indicate tidal and core radii (r; and r.; the adopted values are listed in Table 1). In both cases, the origin of the axes coincides with the centre of the
observed galaxy. Bottom panel: CMDs of Draco (left-hand panel) and Ursa Minor (right-hand panel).

in each passband for every pointing containing any of these stan-
dards. The trend in the derived zero-points is then used to assign
a photometric quality index for each night and also as a first pass
estimate for the magnitude calibration for all the observations.

Various quality control plots are generated by the pipeline and
these are used to monitor characteristics such as the seeing, the aver-
age stellar image ellipticity (to measure trailing), the sky brightness
and sky noise, the size of aperture correction for use with the ‘opti-
mal’ aperture flux estimates (here ‘optimal’ refers to the well-known
property that soft-edged apertures of roughly the average seeing ra-
dius provide close to profile fit accuracy; e.g. Naylor 1998).

The ‘optimal’ catalogue fluxes for the V', i’ filters for each field are
then combined to produce a single matched catalogue for each point-
ing and the overlaps between pointings are used to cross-calibrate
all the catalogues to a common system with typical accuracy
1-2 per cent across the survey region. The final step is to produce a
unique catalogue for the whole region by removing spatially coin-
cident (within 1 arcsec) duplicates.

As a final stage, the data are converted” from the instrumental
WEC V' and i’ passbands to the Johnson—Cousins V, I system to
obtain the standard CMD shown in the lower panel of Fig. 1.

2For details of the conversion see http://www.ast.cam.ac.uk/~wfcsur/
technical/photom/

2.2 Stellar population selection criteria

From these data, we selected three different populations: BSSs, red
giant branch (RGB) and horizontal branch (HB) stars. The last two
populations are considered good tracers of the overall light from the
galaxy, and we use them as a comparison for BSS distributions. For
all these populations, we adopt more conservative selection criteria
with respect to previous works (see e.g. A01; C02; Lee et al. 2003,
hereafter L03) in order to minimize the contamination by stars of
different populations. The regions of the CMD we associate with
BSSs, RGB and HB stars are indicated in Fig. 2 as boxes 1, 2 and
3, respectively. In particular, for BSSs we chose the V and (V-I)
range to be (i) sufficiently above the turn-off, in order to avoid
contamination from the MS, (ii) blue-ward of the RGB, avoiding
not only contamination from these stars but, especially, also the
region of the CMD most affected by the Galactic foreground, and
(iii) red-ward of a possible faint extension of the very blue extended
HB.

Furthermore, we select a narrow strip of RGB stars (box 2) to limit
the effect of binaries and errors in magnitude. The large number of
RGB stars in the sample allows us this conservative choice. Finally,
the HB region is divided in two different regions, approximately
corresponding to the red HB (RHB) and the blue HB (BHB). As it
has already been noted (C02), the HB in Ursa Minor is substantially
bluer than in Draco.

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 380, 1127-1140
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Figure 2. CMD of Draco (left-hand panel) and Ursa Minor (right-hand panel) with stellar population selection boxes overlaid. Boxes indicated by the solid
line and labelled as 1 and 2 are the BSSs and RGB stars, respectively. Boxes indicated by the dashed line and labelled as 3 are the HB stars, divided as blue and
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by dotted line). Observed relative frequency of HB stars normalized to RGB stars (filled circles connected by solid line). Left-hand panel refers to Draco and

right-hand panel to Ursa Minor.

We also checked that these more restrictive selection criteria do
not significantly affect our results both for the radial and for the
luminosity distribution (see next section for the comparison with
L03).

3 OBSERVATIONAL PROPERTIES OF BSS
CANDIDATES

After accounting for the foreground and background contamination?
in our data (see Appendix A for the details), we can extract informa-
tion about the radial* distribution of different populations of stars

3 Our selection boxes are contaminated both by Milky Way stars in the fore-
ground and by extragalactic objects (e.g. quasars and unresolved galaxies)
in the background. Since the foreground component is generally dominant,
in the rest of this paper we will refer to any type of contamination as ‘fore-
ground’, unless the distinction is important.

4 All the references to ‘radii’ in this paper mean elliptical radii. The elliptical
radius of a point (x, y) is ren(x, y)2 = 4+ [y/(1 — e)]%, where e is the
ellipticity of the considered galaxy, and the galaxy is assumed to be centred
on the origin, with its major axis aligned with the x-axis.

as well as about their luminosity distribution. Both these quantities
are important to understand the behaviour of BSS candidates [see
e.g. MO06 for the radial distribution and Monkman et al. (2006) for
the luminosity].

3.1 Radial distributions

Fig. 3 shows the radial distribution of the ratio between the number
of BSSs (NVpss) and that of RGB (Nggg) and of HB stars (Nyg). The
radial distribution of Nyg with respect to Nrgp is also shown in Fig.
3. The quantities used in Fig. 3 are listed in Tables 2 and 3 for Draco
and Ursa Minor, respectively.

The behaviour of these three relative frequencies is qualitatively
similar in Ursa Minor (right-hand panel) and Draco (left-hand
panel).

From the shape of the distributions in Fig. 3, we can see that
the BSS candidates appear to be slightly less concentrated than
both HB and RGB stars. The relative frequency of BSSs is low
especially within 1 r., and there are hints of a maximum at a distance
1.5r. S r < 2.5 The most remarkable feature of this distribution
is the absence of a central peak in the relative BSS frequency, which
is present in nearly every globular cluster.

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 380, 1127-1140
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The distributions of Npss/Nyp and Npss/Nrgp are marginally
consistent with flat distributions. In fact, if we try to fit Ngss/Nrcp
with a flat distribution, the minimum non-reduced x? is 8.4 (corre-
sponding to a level of the flat distribution equal to 0.129) and 4.9
(for a level of the flat distribution equal to 0.130), for Draco and
Ursa Minor,’ respectively. The resultant null hypothesis probability
for a flat distribution is only ~0.08 for Draco and ~0.43 for Ursa
Minor.

Similarly, to fit Ngss/Nyp with a flat distribution, the minimum
non-reduced x 2 is 2.6 (corresponding to a level of the flat distribution
equal to 0.243) and 1.0 (for a level of the flat distribution equal to
0.288), for Draco and Ursa Minor, respectively. The resultant null
hypothesis probability for a flat distribution is ~0.63 for Draco and
~0.96 for Ursa Minor.

We also checked the probability that Ngss/Nrgs and Ngss/Nus
are consistent with a distribution rising in the central bin and flat else-
where.® For Draco, we found that this probability drops below 0.05
if the central bin is a factor of 1.00 (1.49) higher than the outer ones
in the case of Npss/Nrge(Npss/Nug). For Ursa Minor, the proba-
bility drops below 0.05 if the central bin is a factor of 1.45 (2.42)
higher than the outer ones in the case of Npss/Nros(Npss/Nug)-
Then, we can conclude that the observed distribution of Ngss/Nyp
and especially Ngss/Nrgp is hardly consistent with a central rise
like the one we observe in most of globular clusters (M06).

If BSS candidates were young MS stars, we would expect them
to be more concentrated than older stars, consistent with observa-
tions where metal-rich (younger) stars are typically more centrally
concentrated than metal-poor (older) stars (e.g. Tolstoy et al. 2004;
Battaglia et al. 2006).

Furthermore, the spatial distribution of BSS does not show the
clumping which could be expected in the case of a young population
(e.g. Fornax dSph; Battaglia et al. 2006). Thus, the observed radial
distribution of BSS candidates suggests (even if it does not prove)
that these stars are BSSs and not a young population.

Are these observed radial distributions consistent with models of
BSS formation and evolution? According to the model by M04
and M06, most BSSs in the core of a dense host system form
from collisions. A central peak in the relative BSS frequency is
expected only if a sufficiently large number of COL-BSSs can
form.

The absence of any central peak in Fig. 3 is consistent with this
model. In fact, in dSphs the stellar density, even in the core, is so
low that stellar collisions are unlikely to occur,” and COL-BSSs
cannot form. The dearth of BSSs in the centre is also favoured by
the inefficiency of dynamical friction in dSphs: even if BSSs have
higher mass than both RGB and HB stars, it takes too long for them
to sink to the centre.

Furthermore, M04 and MO06 also predict that MT-BSSs (see Sec-
tion 4) have a relative frequency that is almost flat in the centre and
slightly rising in the periphery. This implies that BSS candidates in

3 The data points used in the x> analysis are five for Draco and six for
Ursa Minor (see Fig. 3). There is one parameter, i.e. the level of the flat
distribution.

6 For this analysis, we have two parameters: the level of the central bin and
the level of the flat distribution for the other bins.

7 The collision rate, defined as (Davies, Piotto & De Angeli 2004) T" ~
N¢ ne Lot 0c (Where X o is the collision cross-section, N, the number of
stars in the core, n. and o ¢ the stellar number density and velocity dispersion
in the core), is more than a factor of 10> smaller in dSphs than in globular
clusters.
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Draco and Ursa Minor do behave like MT-BSSs, whereas they are
unlikely to be COL-BSSs.

We compared our definitions of BSSs and other populations with
those used by LO3 and tested the robustness of different choices.
LO03 adopt a wider definition of BSS, and normalize the frequency
of BSSs to the number of sub-giant branch (SGB) stars. We used
both our definition of BSSs and normalization to the RGB stars
and the LO3 definition adapted for the distances and reddenings of
Draco/Ursa Minor, combined with a normalization to SGB stars.
We do not observe any significant difference.

This suggests that our results are reasonably independent of the
BSS selection criteria, and also of the stellar population we choose
as a normalization control sample (HB, RGB or SGB).

In Fig. 3, it can also be seen that HB stars also seem to be slightly
less concentrated than RGB stars. This again is consistent with
trends seen in other dSph (Harbeck et al. 2002; L03; Tolstoy et al.
2004; Battaglia et al. 2006), suggesting that older populations tend
to be less centrally concentrated. In particular, the blue old stel-
lar populations (BHB, blue RGB, etc.) tend to be less concentrated
than their red counterparts (RHB, red RGB, etc.). However, as in the
case of Ngss/Nug and Npss/Nrgs, Nup/Nrap is also statistically
consistent with a flat distribution.

3.2 Luminosity distribution

The luminosity distribution is another important indicator of BSS
properties. Recent papers (Ferraro et al. 2003; Monkman et al. 2006)
suggest a correlation between the brightness of BSSs and their ra-
dial distance from the centre of a globular cluster. Bright BSSs tend
to be more concentrated than the faint ones. In turn, if the model of
MO04 and MOG6 is correct, such a correlation suggests that the cen-
trally concentrated COL-BSSs tend to be brighter than MT-BSSs.
This scenario makes sense, as COL-BSSs should conserve a large
fraction of the mass of the colliding progenitors (Benz & Hills 1987,
1992; Sills et al. 2001; Freitag & Benz 2005), whereas the mass-
transfer process is not as efficient (Pols & Marinus 1994; Tian et al.
2006).

In dSphs, where only MT-BSSs are likely to form, we do not
expect to see a correlation between the brightness of BSSs and their
radial position. This prediction is completely supported by the ob-
served BSS luminosity distribution of Draco (Fig. 4, left-hand panel)
and Ursa Minor (Fig. 4, right-hand panel). The open histograms in
Fig. 4 show the total luminosity distribution, while the light and
heavy hatched histograms show the luminosity distribution of BSSs
which are located outside and within r,, respectively. According to
the Kolmogorov—Smirnov (KS) test, the probability that light and
heavy hatched histograms are drawn from the same distributions is
>0.999 both for Draco and for Ursa Minor. Thus, there is no statis-
tically significant difference between these distributions, indicating
no dependence of the luminosity function on the radial distance. This
fact is at odds with the findings by L03, who observe a correlation
between the brightness of BSSs in Sextans and their radial distance.
Since (as we checked) our luminosity distributions do not change
by adopting the BSS selection criteria by L0O3, we suggest that this
is due to an intrinsic difference between Sextans and Draco/Ursa
Minor (see Section 5).

4 THE SIMULATIONS

The data presented in the previous sections show that BSS candi-
dates in Draco and Ursa Minor behave like MT-BSSs. As a further
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Figure 4. Luminosity distribution of BSSs in Draco (left-hand panel) and Ursa Minor (right-hand panel). The empty histogram represents the entire sample
of BSSs and the error bars show the Poissonian error. The lightly hatched (heavily hatched) histogram represents BSSs with radial position r > r¢(r < rc).

Table 1. Galaxy parameters.

Galaxy d* (kpc) re? (arcsec) r{ (arcsec) 0. (kms~1)° ne (stars pc—3)d Wo© & Ellipticity?
Draco 83 457.8 2706 10.5 32 x 1073 2.0 0.76 0.29
Ursa Minor 76 948 3036 125 1073 0.45 0.52 0.56

“We assume distance moduli of 19.60 (Draco) and 19.41 (Ursa Minor) (see Appendix B); bCore radius (r.), tidal radius (r;) and
ellipticity are from Ségall et al. (2007) and from IH95 for Draco and Ursa Minor, respectively. “‘Core velocity dispersion of the
dSph, from Wilkinson et al. (2004). dCore density (n¢)of the dSph, derived from our data. “Central adimensional potential (Wp) and
concentration [¢ = log(r./r¢)] are derived from our simulations. c¢ is consistent with IH95 for Ursa Minor and with Ségall et al. (2007)

for Draco.

check, we ran for Draco and Ursa Minor the same kind of dynami-
cal simulations that were performed by M04 and MO06 for BSSs in
globular clusters.

4.1 Method

We adopt the upgraded version of the code by Sigurdsson &
Phinney (1995) already described in M04 and M06. The code in-
tegrates the dynamics of BSSs, under the influence of the galactic
potential, of dynamical friction (using Chandrasekhar formula) and
of distant encounters with other stars. Also three-body encounters
are implemented in the code, but they are unimportant in the runs
for dSphs.

The potential of the host galaxy is represented by a time-
independent multimass King model. The classes of mass are the
same as in M04, and the assumed turn-off mass is 0.8 Mg . To cal-
culate the potential, we input the observed core density (n.) and
velocity dispersion (o) of Draco and Ursa Minor (the adopted val-

Table 2. Number counts for Draco.

r(arcsec)®  Npss® epss’  Nrgp? erce  Nug’ €np’
198 30.8(31) 5.6 316 (319) 17.9 152 (155) 12.5
522 335(34) 58 222227 151  128(134) 117
800 25.1(26) 5.1 130 (139) 11.8 80.3 (94) 10.1
1080 15.1(16) 4.0 65.3(75) 8.7 48.0 (56) 7.7
1450 11.5(14) 3.8 67.2(93) 99 493 (72) 9.2

4Centre of the annulus. ®The value out of (in) the parenthesis is after
(before) the subtraction of the foreground. “Poissonian error plus a term
accounting for foreground subtraction.

Table 3. Number counts for Ursa Minor.

r(arcsec)®  Npss® ess’  Nrcg” €rce®  Nug® €np’
225 17.9(18) 4.2 182 (183) 13.5 63.5 (64) 8.0
650 29.8(30) 5.5 237 (239) 155 106.0 (110) 10.6
1020 23.7(24) 49 146 (149) 12.2 79.5 (84) 9.3
1350 14.7 (15) 39 82.8(86) 9.3 40.0 (41) 6.4
1700 9.7 (10) 3.2 40.8 (44) 6.6 27.0 (29) 5.5
2370 2.8 (3) 1.7 19.121) 4.6 13.0 (15) 4.0

aCentre of the annulus. ®The value out of (in) the parenthesis is after
(before) the subtraction of the foreground. “Poissonian error plus a term
accounting for foreground subtraction.

ues are listed in Table 1), and we modify the value of the central
adimensional potential, Wy, (defined in Sigurdsson & Phinney 1995),
until we reproduce the concentration and the density profile of the
galaxy under consideration. In Fig. 5, the density profiles of the
best-fitting King models are compared with the data of IH95. As
expected, the best-fitting value of W, is a factor of 5-20 lower than
the common values assumed in globular clusters.

BSSs are generated with a given position, velocity and mass.
Initial positions are randomly chosen according to a probability dis-
tribution homogeneous in the radial distance from the centre. This
means that BSSs are initially distributed according to an isothermal
sphere, as we expect for MT-BSSs (see M04 and M06). The min-
imum and the maximum value of the distribution of initial radial
distances, rmin and rqax, have been tuned in order to find the best-
fitting simulation (Tables 4 and 5 report the most significant runs
and their parameters for Draco and Ursa Minor, respectively).
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Table 4. Simulation parameters and x 2 for Draco.

Run  rmin/re rmax/re  Vkick/0c fast (Gyr) mpss (MQ) XZRGB X}%[B

Al 038 3.5 0 2 1.3 031 0.26
A2 038 35 0 1 1.3 0.54  0.47
A3 038 35 0 4 1.3 0.58 0.49
A4 038 35 0 10 1.3 0.64 0.54
B1 O 3.5 0 2 1.3 451 4.08
B2 02 35 0 2 1.3 246 223
B3 05 3.5 0 2 1.3 0.62 0.60
B4 1.0 35 0 2 1.3 1.09  0.94
Cl 038 4.5 0 2 1.3 4.02 3.64
Cc2 038 3.0 0 2 1.3 1.89 1.72
C3 038 2.5 0 2 1.3 7.03  6.47
D1 0. 4.5 0 2 1.3 274 247
D2 o 3.0 0 2 1.3 8.67 7.89
El1 038 3.5 0 2 1.1 031 0.26
E2 038 3.5 0 2 1.5 0.56  0.47
FI 038 35 1. 2 1.3 0.85 0.73

XZRGB (x lz_lB) indicates the x2 of the Npss/Nrce(Npss/Nup) distribution.
The reported values of XZRGB and XIZ{B are not reduced and have been
calculated on the basis of five data points.

Table 5. Simulation parameters and x 2 for Ursa Minor.

Run rmin/re Fmax/Te Vkick/Oc fast (Gyr) mpss (MQ) XﬁGB X%{B

Al 05 1.9 0 2 1.3 042 036
A2 05 1.9 0 1 1.3 032 028
A3 05 1.9 0 4 1.3 020 0.17
A4 0.5 1.9 0 10 1.3 034 029
Bl 0.0 1.9 0 2 1.3 1.68 1.50
B2 02 1.9 0 2 1.3 0.58 053
B3 038 1.9 0 2 1.3 193 1.6l
B4 1.0 1.9 0 2 1.3 351 295
Cl 05 3.0 0 2 1.3 18.07 16.06
C2 05 2.5 0 2 1.3 4.79 4.24
C3 05 1.0 0 2 1.3 6.99 6.21
D1 0.0 3.0 0 2 1.3 12.60 11.29
D2 0.0 1.5 0 2 1.3 553 4.89
El1 05 1.9 0 2 1.1 042 036
E2 05 1.9 0 2 1.5 043 036
F1 05 1.9 1 2 1.3 2.67 233

Note. XﬁGB (XIZ-IB) indicates the X2 of the Npss/NrGB(NBss/Nugp)
distribution. The reported values of XZRGB and XZHB are not reduced and
have been calculated on the basis of six data points.

Initial velocities are generated from the distributions described
in Sigurdsson & Phinney (1995). In most runs, no initial kicks are
given to BSSs because they are expected to be MT-BSSs. We also
made some (physically unrealistic) check run, where a kick velocity
(vkick) 18 given to BSSs born inside the core.

In most of the runs, the mass of the BSSs is assumed to be
mpss = 1.3M@. We made check runs with masses in the range
from 1.1 to 1.5Mc (higher masses are unlikely, at least for some
globular clusters; see Ferraro et al. 2004, 2006). This range of masses
is also consistent with the isochrones for our data of Draco and Ursa
Minor (see Appendix B).

Each BSS is evolved for a time #, randomly selected from a ho-
mogeneous distribution between ¢t = 0 and ¢ = f;,. The parameter
tase Tepresents the lifetime of BSSs (see M04, M06). We made runs
with #j,4 = 1, 2, 4, 10 Gyr.

BSSs in dSphs 1133

4.2 Comparison with observations

We ran different simulations, adopting different masses and life-
times for BSSs, and varying the interval [7yin, 7max] Where MT-BSSs
are allowed to form. For each of them, we obtain the distributions
Npss/Nrgs and Npss/Nyg, and calculate their x2 (XZRGB and )(IZ{B,
respectively) with respect to observations.

From the x? analysis (Tables 4 and 5), it appears that the lifetime
of BSSs, #1,«, does not affect the results: runs Al, A2, A3 and A4,
which differ only for #,y, have x%qs ~ x&g ~ 1, both in Draco and
in Ursa Minor. Then, in the case of dSphs, our simulations cannot
constrain the age of BSSs. The reason is that dSphs are dynamically
‘quiet’ environments, where, due to the low density, both dynamical
friction and close interactions are inefficient.

On the other hand, if BSSs burn a tiny amount of hydrogen,
acquired from the companion stars, they are expected to be relatively
short lived. Thus, the run with #,, = 10 Gyr (A4 for both Draco and
Ursa Minor) is likely unrealistic. In the following, we will consider
hast = 2 Gyr as the fiducial value, for analogy with the findings of
MO04 and MO6 for globular clusters, and because an age of about 2
Gyr is suggested also by isochrones (see Appendix B).

Also, the mass of the BSS is not a crucial parameter: runs Al, E1
and E2, which differ only in the BSS mass, have xagp ~ x7p S 1.
In most of the runs, we assume as fiducial value mpss = 1.3 M.
Masses larger than mpgs ~ 1.4—1.5M(, tend to be discarded by
observations, both in our data (see Appendix B) and in globular
clusters (Ferraro et al. 2006).

The parameters which mainly affect our results are the lower and
upper limit of the initial radial position distribution (rp;, and rpax).
We remind that initial positions in such simulations represent the
point where a binary which is undergoing mass transfer turns into a
BSS.

The best-fitting value for r,y;, is similar for Draco and Ursa Minor,
and is equal to 0.8 . and 0.5 r., respectively. All the values of 7y,
from O to ~1 r, give acceptable x? (see e.g. runs B1-B4 both for
Draco and for Ursa Minor).

The best-fitting ry.x (expressed in terms of r.) is a factor of ~2
larger for Draco (3.5 r.) than for Ursa Minor (1.9 r.). Indeed, it
is possible to reproduce Draco BSSs, recovering an acceptable x2,
also with 2.5 < rya/re < 4.5, whereas in the case of Ursa Minor
Fmax > 2.5 7. and rp, < r. are inconsistent with observations (see
e.g. runs C1-C3 both for Draco and for Ursa Minor).

This discrepancy might be due only to the different normalization.
In fact, the core radius of Ursa Minor is approximately twice as large
as that of Draco. In physical units, the best fits are r,;, ~ 370 and
rmax ~ 1600 arcsec (150 and 640 pc) for Draco, and ry, ~ 470 and
T'max ~ 1800 arcsec (160 and 620 pc) for Ursa Minor.

The runs labelled as F1 in the case of both Draco and Ursa Minor
have been set up by taking the best-fitting parameters (runs labelled
as Al) and adding a small kick velocity vk = o, to BSSs born
inside 7. This check is physically unrealistic, as the natal kick is
associated with COL-BSSs, which cannot form in dSphs. Interest-
ingly, the x2 is quite good in both cases. However, we note that
more than 10 per cent of BSSs are ‘spuriously’ ejected in these
runs.

Figs 6 and 7 compare our fiducial model (run A1) with observa-
tions, for Draco and Ursa Minor, respectively. The good agreement
with data is evident: the model has xxgs = x#g ~ 0.3 for Draco
(five data points) and x3.s = X3 ~ 0.4 for Ursa Minor (six data
points).

In summary, the dynamical simulations reproduce the observa-
tions very well for all the possible MT-BSS masses and lifetimes
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Figure 5. Surface density profile of Draco (left-hand panel) and Ursa Minor (right-hand panel). The number density is given in stars per arcmin?. The filled

circles are data points from IH95. The dashed line is the best-fitting simulation.
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Figure 6. Relative frequency of BSSs normalized to RGB (left-hand panel) and HB stars (right-hand panel) in Draco. The filled circles connected by the solid
line are the measurements (the same as in Fig. 3). The open circles connected by the dashed line are the fiducial model (run Al).
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Figure 7. Relative frequency of BSSs normalized to RGB (left-hand panel) and HB stars (right-hand panel) in Ursa Minor. The filled circles connected by the
solid line are the measurements (the same as in Fig. 3). The open circles connected by the dashed line are the fiducial model (run Al).

in the range allowed by the models. The best fit is achieved for
the model with r;, = 0.8 r. and ry.x = 3.5 . for Draco, and with
Fmax = 0.57. and rp. = 1.9 r. for Ursa Minor. However, all r;,
from O to r. are acceptable, as well as all the rp,x within ~0.5 r
from the best-fitting value. Thus, BSS candidates are consistent

with a population initially distributed in an isothermal sphere be-
tween the centre of the galaxy and the tidal radius. This result agrees
with the model of BSS formation from mass-transferring binaries,
and hints that BSS candidates in Draco and Ursa Minor are real
MT-BSSs.
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5 COMPARISON WITH OTHER GALAXIES
AND GLOBULAR CLUSTERS

BSSs have been observed in most globular clusters and at least
in four dSphs: Draco (A01), Sculptor (Hurley-Keller et al. 1999),
Sextans (L03) and Ursa Minor (C02). It is instructive to compare our
findings with previous papers on both dSphs and globular clusters.

5.1 Comparison with other dSphs

Previous studies of Draco (A01) and Sculptor (Hurley-Keller et al.
1999) do not report information about the radial distribution or the
luminosity of BSSs. However, Hurley-Keller et al. (1999) calculate
the ratio Ngss/Nsgp in the inner region of the galaxy (a box of 15 x
15 arcmin? centred on the centre of the galaxy) and in the outer one.
They find that this ratio changes only by a factor of 1.5 between
the inner and the outer region, suggesting that BSSs are not very
concentrated.

On the other hand, AO1 suggest that BSS candidates in Draco are
consistent with a population of intermediate-age stars. In fact, they
find a ‘red clump’ population in the CMD diagram, which might
support this interpretation. This hypothesis cannot be ruled out also
in the case of our data (see discussion in Appendix B).

CO02 analysed the ratio of the number of ‘blue plume’ stars (corre-
sponding to a wider definition of BSS) and the number of HB stars
as a function of radius (see their fig. 10) in Ursa Minor. They find an
almost flat distribution, whereas we note a small rise in the relative
frequency of BSSs around 1.4 r., but given the large error bars, our
distribution is also consistent with a flat one (x> ~ 1 with six data
points). However, not only was the definition of BSS in C02 differ-
ent, but also the observed photometric bands: C02 build their CMD
by plotting a ‘V’ magnitude, which is actually the average between
R and B magnitudes, versus the (B — R) colour. Thus, our results
and those of CO02 are not directly comparable. The most important
fact is that both CO2 and our findings suggest that there is no central
peak of BSSs in Ursa Minor.

As we already mentioned in Section 3, LO3 show both the radial
and the luminosity distribution of BSS candidates in Sextans. Fur-
thermore, their data are more easily comparable with ours, as they
use the same filters. However, even if we adopt the same definition
of BSS and the same normalization as L.0O3, we do not find in ei-
ther Draco or Ursa Minor any correlation between the brightness
and the radial position of the BSSs, unlike that reported by L03 in
Sextans. This discrepancy is unlikely due to the lack of statistics in
our data, because, when we adopt the same selection criteria as L03,
the number of BSSs rises to 198 in Draco and 212 in Ursa Minor,
which is quite close to the sample of LO3 (i.e. ~230 BSSs).

The difference here might be due to statistical fluctuations, or
could simply be connected with the intrinsic properties of Sextans,
which are quite different from those of Draco and Ursa Minor. For
example, Sextans has a higher concentration index (¢ ~ 1) with
respect to both Draco and Ursa Minor, and it is very extended
(r. = 16.6 arcmin and r, = 160 arcmin, IH95). L03 show the ra-
dial distribution of BSSs only within ~1.1 r., without information
about external BSSs. It has recently been claimed that the centre of
Sextans contains a kinematically distinct stellar population, which
might be associated with a star cluster (Kleyna et al. 2004; but also
see Walker et al. 2006). Indeed, the correlation between position and
brightness of BSSs could be explained by invoking the presence of
a star cluster. In this case, the bright BSSs, more concentrated to-
wards the centre, could be COL-BSSs or even young stars formed in
the star cluster; whereas the faint BSSs are MT-BSSs, like those in
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Figure 8. From left- to right-hand side and top to bottom: relative frequency
of BSSs normalized to HB stars in 47 Tucanae, w Centauri, Draco and Ursa
Minor. Filled (open) circles connected by the solid (dashed) line are the
observations (best-fitting simulations). The dotted vertical line in 47 Tucanae
and w Centauri panels indicate r,y. The data and models for Draco and Ursa
Minor are the same as in Figs 6 and 7, respectively. The data for 47 Tucanae
and w Centauri are from Ferraro et al. (2004) and from Ferraro et al. (2006),
respectively. Models for 47 Tucanae and @ Centauri are from M06.

Draco and Ursa Minor. (We note that the distribution of faint BSSs
alone in Sextans is quite similar to the distribution of the entire BSS
sample in Draco and Ursa Minor.)

5.2 Comparison with globular clusters

What are the main differences between BSSs in dSphs and BSSs in
globular clusters? Are there any globular clusters whose BSSs be-
have like those in dSphs? Fig. 8 shows the distribution of Ngss/Nyp
of Draco and Ursa Minor together with that of 47 Tucanae and w
Centauri (from M06). We chose 47 Tucanae and w Centauri because
they have very different BSS populations.

47 Tucanae is a sort of prototype for BSSs in globular clusters: it
clearly shows the bimodal BSS relative frequency, which has been
observed in more and more globular clusters in the last few years
(Ferraro et al. 1993, 1997; Zaggia et al. 1997; Ferraro et al. 2004;
Sabbi et al. 2004; Warren, Sandquist & Bolte 2006; Lanzoni et al.
2007a). The clusters which do not have a bimodal distribution, in
general, show only the central peak of BSSs, which rapidly drops
outside the core (see e.g. NGC 1904; Lanzoni et al. 2007b).

The bimodal distribution might be explained by requiring that
the central peak is populated mainly by COL-BSSs, the external
increase is due to MT-BSSs which have not yet sank to the centre,
and the minimum of the BSS distribution is connected with the
efficiency of dynamical friction (M04; M06). In fact, the position of
the minimum has been found to be equal to the maximum distance
(ray) from the centre at which dynamical friction is able to bring
binaries (progenitors of MT-BSSs) into the core within the lifetime
of the cluster (M04, M06). In this scenario, globular clusters without
the external rise (e.g. NGC 1904) are expected to be poor in mass-
transferring binaries, or not to have formed MT-BSSs in the last Gyr.

From Fig. 8, it is clear that the distribution of BSSs in Draco and
Ursa Minor is completely different from that of a typical globular
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cluster like 47 Tucanae. In particular, it seems that Draco and Ursa
Minor have only the peripheral rise of BSSs, and completely lack the
central peak. As we already discussed in Section 3, this supports the
idea that the central peak in globular clusters is due to COL-BSSs,
whereas the external rise is due to MT-BSSs.

Instead, @ Centauri is unique among the globular clusters
where BSSs have been already observed. In fact, Ngss/Nyp and
Npgss/Nrgg in @ Centauri are both consistent with a flat distribu-
tion. MO6 suggested that this distribution might be the product of
both the lack of COL-BSSs in the core of @ Centauri (its core den-
sity being quite low) and the inefficiency of dynamical friction. In
fact, due to the joint effect of a low central density (~6 x 10° stars
pc3) and of a high velocity dispersion (~17 km s~!), the dynamical
friction time-scale in w Centauri is a factor of ~200 longer than in
47 Tucanae. As dynamical friction is inefficient, binaries do not sink
into the centre, and the minimum in the BSS distribution does not
appear.

In this sense, w Centauri appears as something midway between
the other globular clusters and the dSphs. Different from dSphs, it
can still form COL-BSSs in the centre, because its core density is
considerably higher than that of dSphs; but its dynamical friction
is inefficient in moulding the shape of BSS distribution, exactly
as in dSphs. Fig. 8 even suggests the idea of continuity between
47 Tucanae, w Centauri and the two dSphs: as the central density
of the system decreases, the central peak disappears and the BSS
distribution becomes less and less concentrated.

In line with this idea is the distribution of r,, (see Fig. 8), which
in 47 Tucanae and in many other globular clusters is ~10r, in w
Centauri is ~1 r., while in Draco and Ursa Minor it does not even
appear in the plot, because it is consistent with 0 (r,, <5 x 1072 7).

We note that, apart from the BSS distribution, w Centauri displays
several features which are indicative of an object midway between
globular clusters and dSphs: the metallicity spread, the evidences for
rotation, the large mass and the low concentration are quite atypical
for a globular cluster; so that some authors (Zinnecker et al. 1988;
Freeman 1993; Ideta & Makino 2004) claim that w Centauri is not
a real globular cluster, but the nuclear remnant of a dwarf galaxy.

Finally, in Fig. 8 it is also apparent that the level of Nggs/Nup
(~0.05—0.4) in Draco and Ursa Minor is comparable with the level
in 47 Tucanae and @ Centauri, analogous to most of the globular
clusters (see e.g. M06). Thus, we can conclude that the fraction of
BSSs versus HB stars in these two dSphs and in globular clusters is
similar. This fact indirectly supports the hypothesis that BSS can-
didates in Ursa Minor and Draco are real MT-BSSs. In fact, if all
the BSSs are MT-BSSs, Ngss/Nup should reflect both the ratio of
lifetimes and the fraction of stars in suitable binaries, and should be
constant for the same turn-off mass and metallicity populations, if
the binary fraction is constant.

6 SUMMARY

In this paper, we addressed the problem of BSS candidates in dSphs
in general, and in Draco and Ursa Minor in particular. There are two
fundamental open questions about BSSs in dSphs: (i) whether they
are authentic BSSs or young stars and (ii) what is their formation
mechanism?

We analysed both the radial and the luminosity distributions of
these stars, and we compared the data with dynamical simulations
of BSSs. The main feature of the observed radial distribution of
BSSs, normalized to RGB or HB stars, is the absence of a central
peak. Even if the young stars’ interpretation cannot be dismissed (at
least for Draco; see Appendix B), this suggests that BSS candidates

in Draco and Ursa Minor are actually true BSSs. Furthermore, the
almost flat radial distribution is consistent with theoretical models
(MO06) for MT-BSSs, i.e. BSSs which formed by mass transfer in
isolated binaries. Also, the luminosity distribution, which does not
show any correlation with the position of BSSs, agrees with theo-
retical models of mass-transfer BSS formation.

These findings support the model by M04 and M06, which ex-
plains the formation of BSSs by the joint contribution of stellar
collisions and mass transfer in isolated binaries. This model was
originally developed only for globular clusters, but we find that it
works also for dSphs. As predicted by M06, the presence of a central
peak in the relative frequency of BSSs is due to COL-BSSs, and can
be explained only if both stellar collisions and dynamical friction
are efficient. The peak tends to disappear if the central density of
the system is too low and/or its dynamical friction time is too long.
This idea was confirmed by the absence of any central peak in w
Centauri, and now we find that this result is even stronger in Draco
and Ursa Minor.

Low-density systems, where stellar collisions do not occur, can
form only MT-BSSs, whose initial distribution mirrors the distri-
bution of the progenitor binaries. The less efficient the dynamical
friction, the more the BSS distribution is similar to the distribution of
progenitor binaries. This idea is fully supported by Draco and Ursa
Minor BSSs: the best-fitting simulations are based on an isothermal
distribution between (approximately) the core and the tidal radius,
as we would expect for a distribution of primordial binaries.

Furthermore, Momany et al. (2007) recently analysed the BSS
candidates of eight dSphs (Draco and Ursa Minor among them) and
found a statistically significant anticorrelation between the relative
frequency of BSS candidates (Ngss/Nug, calculated over the entire
galaxy) and the total luminosity of the dSph. If BSS candidates were
young MS stars rather than real BSSs, such anticorrelation would
not make sense.

Thus, from our analysis as well as from Momany et al. (2007), we
conclude that BSS candidates in Draco and Ursa Minor behave like
real MT-BSSs, rather than young MS stars. This suggests (even if
it does not definitely prove) that Draco and Ursa Minor are ‘fossil’
galaxies, where star formation was completely suppressed many Gyr
ago. This scenario is also confirmed by recent simulations (Mayer
et al. 2007), which indicate that Draco and Ursa Minor, two of the
closest dSphs to the Milky Way, had all their gas removed ~10 Gyr
ago, probably by tidal shocks and ram pressure exerted by the Milky
Way. The “fossil’ nature of Draco and Ursa Minor would make them
anatural place to study the conditions at the earliest epochs of galaxy
formation.

On the other hand, it would be interesting to thoroughly study
the nature of BSS candidates in other dSphs, like Sextans, where
star formation probably lasted longer. The main goal would be to
understand whether, and what fraction of, these stars are authentic
BSSs, in order to disentangle the history of BSS formation from that
of MS stars.
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APPENDIX A: FOREGROUND SUBTRACTION

The contamination of the data due to foreground Milky Way stars
(and also to background objects) is quite evident, especially for the
RGB region (see Figs 2 and Al). Removing such contamination is
important, especially in the outer regions of the dSphs.

We note that, although we refer only to ‘foreground’ removal, the
methods outlined below work equally well for the subtraction of the
contamination by compact background objects.

A1l RGB and BSS foreground contamination

In order to estimate the foreground contamination for RGB stars and
BSSs, we adopt the following method, both in Draco and in Ursa
Minor.

First of all, we assume that all stars redder than (V — I) = 1.5 and
with V in the [19.5, 23] range (hereafter VRS, i.e. very red stars)
are in the foreground. In fact, the VRS region of the CMD (box 5 in
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Figure A1. CMD diagram of Draco. As in Fig. 2, the selection areas for
BSS (1), RGB (2) and HB (3) are shown. We also show the selection boxes
for the HB foreground (4) and the VRS (5).

Fig. A1) should not be populated by stars belonging to Draco, nor
to Ursa Minor.®

Second, we expect that all the stars which are outside 7, do not
belong to the dSph, independent of their colour and magnitude. This
is useful because the Draco data extend well beyond r, and we can
select a subset of ‘external’ stars, which we define to include all the
stars whose elliptical radial distance from the centre exceeds r, =
45.1 arcmin.

‘We can therefore count the number of VRS, RGB and BSS equiv-
alents® with re; > 7(NVRS, exts NRGB, ext and Npss. ext, respectively),
and we derive the ratios frge/vrs = NrGB, ext/Nvrs.ext = 0.0318 &=
00025, alldess/\/Rs = NBSS, ext/NVRS,ext ~ 0.0031 + 0.0008.

These ratios should be independent of position, as we have tested
this in two ways. First of all, we looked for fluctuations of the sur-
face density of VRS stars as a function of radius. Although small
fluctuations are present, the overall density can be considered con-
stant in the whole Draco field (it is consistent with a constant value
of 0.94 VRS arcmin~2, with reduced x2 ~ 0.8 over 23 radial bins).
As a further test, we split the ‘external” region into its eastern and
western half and checked that there is no statistically significant dif-
ference between the values of frgs/vrs and of fgss,vrs Which were
obtained in the two halves.

The foreground contamination of the ith elliptical annulus can
be estimated by counting the number Nygrs; of VRS stars in the
annulus, and converting it into the expected number of foreground
BSSs (RGB stars) through the factor fgss,vrs (fres/vrs)- Then, the
corrected number of BSSs (RGB stars) is simply

Npss,i = Npss,obs.i —  Nvrs.i fBss/VRs (A1)

NrGB,i = NrGB,obs,i —  Nvrs.i frRGB/VRS> (A2)

8 We also checked a more restrictive definition of VRS, i.e. (V — I) > 2.0
and the same V magnitude range. No significant difference was found in our
results.

9 Here, we use the name of BSSs and RGB just for convenience. These are
foreground stars which happen to have the same colour and magnitude of
BSSs and RGB, respectively.

where Ngss.obs.i (VrGB.obsi) 1S the number of BSSs (RGB stars) ob-
served in the annulus.

In the case of Ursa Minor, we do not have enough data at large
radial distances from the centre, and therefore cannot obtain a local
estimate for frge/vrs and fgss/vrs. For this reason, we use the values
obtained for Draco also for Ursa Minor. This is not optimal, but
also not unreasonable, as the two dSphs are at comparable Galactic
latitudes.

A2 HB foreground contamination

The above procedure for RGB and BSSs could also be used for
HB stars. However, for HB stars we adopt a more straightforward
technique, making use of the fact that the foreground does depend
on colour, whereas it is nearly independent of magnitude (at least
in the range considered in our CMD).

Such a fact cannot be exploited in the case of RGB and BSSs,
because it requires a CMD region which is both in the same colour
range as BSSs or RGB and populated by foreground stars only.
However, for HB stars, the dashed regions labelled as 4 in Fig. Al
are at exactly the same (V — I) range of the regions (labelled 3)
where HB stars are selected, and are almost exclusively populated
by foreground stars.

In order to account for the different foreground level for RHB
and BHB stars, we further divided Region 4 of Fig. Al into two
subregions: a blue one with the same colour range of BHB and a
red one with the same colours of RHB. We will refer to stars in the
two subregions as to the fgBHB, and the fgRHB stars, respectively.

Then, the corrected numbers of RHB (BHB) stars in the ith an-
nulus are

ARHB

NRHB,i = NRHB,oss,i - NngHB,i_ (A3)
AforHB
A

NBHB,[ = NBHB,OSS,i - NngHB,i BHB 5 (A4)
AfeBHB

where Ngrug,oss;i (VBHB,oss;) 1S the number of RHB (BHB) stars
which was actually observed in the annulus, Ngrup;i(NiHB,i)
is the number of fgRHB (fgBHB) stars in the annulus and
Arus /Arerus(AuB /ArgarB) 1S a correction factor which accounts
for the different extensions of the various regions in the CMD.

Foreground subtraction is then carried out by subtracting the num-
ber of fgBHB (fgRHB) stars in the annulus (after a correction ac-
counting for the ratios of the CMD areas) from the number of BHB
(RHB) stars in the annulus.

We note that this method of foreground subtraction has a slight
dependence on the radial distance, the foreground level within the
core radius being generally higher than outside. This is because, in
addition to subtracting Milky Way stars in the foreground compo-
nent, this technique also accounts for extra-effects (like binaries,
blending, errors in the observed magnitude and contamination from
other stellar types, like RGB).

As a sanity check, we compared the distribution of HB stars
obtained by using this method of foreground subtraction and that
obtained using the same procedure as for RGB and BSSs. The differ-
ences in the inner annuli are negligible. In the outer annuli (>2r,
where r. is the core radius) the difference is larger, but remains
within the (quite large) Poissonian error bars.
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Figure B1. Reddening and distance-corrected isochrones of single stellar populations superimposed to the CMD of the central region of Draco (left-hand
panel; here, in order to reduce foreground contamination, we plot only stars with r < 28.3 arcmin) and Ursa Minor (right-hand panel). In both cases, the left
line refers to a metallicity [Fe/H] = —2.3, the middle one to [Fe/H] = —2.0 and the right one to [Fe/H] = —1.5. We assumed ages of 2.0 and 2.5 Gyr in the

case of Draco and Ursa Minor, respectively. Boxes are the same as in Fig. 2.

APPENDIX B: A TEST OF THE YOUNG STAR
HYPOTHESIS THROUGH ISOCHRONES

Although we have shown that the properties of the observed BSS
population are fully compatible with the expectations for ‘real’
BSSs, the ‘young star’ interpretation provided by AO1 for Draco
still remains viable.

A more direct test of the nature of this population can be per-
formed by looking for other hints of a relatively young population.
Actually, the AO1 interpretation of the BSSs in Draco was based on
the observation of a small concentration of stars in a region of their
CMD (the ‘red clump’, i.e. Region 13 of their fig. 13) which should
not be populated if no star formation occurred in the last 10 Gyr.

We performed a similar test by means of the isochrones
of the Padova group (see Girardi et al. 2002; see also
http://stev.oapd.inaf.it/~Igirardi/cmd).

We plotted a set of theoretical isochrones over the Draco and
Ursa Minor CMDs,!? varying both the age and the metallicity of
the stellar population (see Fig. B1 for some examples). From such
isochrones, it is clear that BSSs lie close to the isochrones describing
low-metallicity ([Fe/H] < —1.5, perfectly compatible with current
estimates for Draco and Ursa Minor) stellar populations with ages
between 2 and 3 Gyr.

For Draco, we chose to combine a Chabrier (2003) lognormal
IMF with an isochrone for an age of 2 Gyr and a metallicity
[Fe/H] = —2.0 in order to estimate the number of stars which
should be expected in other regions of the CMD if all of the ob-
served BSSs are actually part of an intermediate-age population.
Within this scenario, the regions where we expect the maximum

10'We assumed a reddening E(B — V) = 0.03 for both galaxies, a value for
which a vast consensus exists. The distance modulus of Ursa Minor was
chosen to be 19.41 [Bellazzini et al. (2002), and C02 found 19.41 4+ 0.12
and 19.40 % 0.10, respectively]. The distance modulus of Draco is more
controversial, as recent determinations yielded relatively different values:
AO01, and Bonanos et al. (2004) found compatible values (19.5 £ 0.2 and
19.40 £ 0.15 % 0.02, respectively); but Bellazzini et al. (2002) found a
significantly higher value (19.84 & 0.14). We adopted the intermediate value
of 19.60. We cannot make an estimate from our data, as the tip of the RGB
in our WFC data is beyond the saturation limit.

Table B1. Comparison of isochrone predictions (age 2.0 Gyr, [Fe/H] =
—2.0.) with observations for Draco.

CMD region Npred Nraw Npg Nobs

Young MS 36.8 £3.4 43 23 4077
BSS faint 842 +£7.7 76 23 73.7+9
BSS bright 36.8 £3.4 45 3.0 420+7
Red clump 153+ 14 101 53.3 477+ 11

number of intermediate-age stars and the minimum contamination
from the old population are as follows:

(i) the young MS just below the BSS selection box;
(ii) the bright and faint part of the BSS selection box;
(iii) the red clump.

In Table B1, we list the theoretical predictions from the isochrones
(Nprea), the total number of stars observed in each CMD region
(Nraw), the estimated foreground contamination (N, ) and the number
of observed stars after the foreground subtraction (Nyps).

It is clear that the predictions from the young star hypothesis
are quite compatible with our observations of Draco: the ratio of
faint BSSs to bright BSSs is slightly lower than expected (1.75 +
0.49 instead of 2.29), but the difference is just at the 1o level; on the
other hand, the predicted number of young MS and red clump stars is
perfectly compatible with observations, as both these CMD regions
are likely to be contaminated by the old Draco stellar population
(old MS stars close to the turn-off for the young MS region, RGB
and especially — given the partial superposition of the two regions
— HB stars for the red clump region).

We applied the same method also to Ursa Minor, using an
isochrone age of 2.5 Gyr. Results are summarized in Table B2,

Table B2. Comparison of isochrone predictions (age 2.5 Gyr, [Fe/H] =
—2.0.) with observations for Ursa Minor.

CMD region Npred Nraw Nrg Nobs

BSS faint 63.6 + 6.4 71 1.0 70.0 £ 9
BSS bright 36.3£3.7 29 1.0 280+6
Red clump 114+12 28 16.2 11.8+6

© 2007 The Authors. Journal compilation © 2007 RAS, MNRAS 380, 1127-1140

810 J9qWBAON £z uo Jasn Aseiqi] Ausianiun Aq 8/6%56/22Z 1 L/S/08EAdBIISqR-9[01E/SEIUW/WOD dNO djWwapeoe//:sdpy wol) papeojumoq



1140 M. Mapelli et al.

where we omitted the Young MS region because of the very strong
contamination from the old MS. The number of stars in the red
clump region appears to be extremely close to the prediction from
the young stars hypothesis, but a strong contamination is surely
present, as the red clump selection box [19.62 > V > 19.12,
090 > (V — I) > 0.50] largely superimposes with the HB (see
Fig. B1). Such a strong contamination accounts for most of the ‘ex-
cess’ stars in the considered CMD region. However, the young star
hypothesis might still be viable, because most of the red clump stars
might be ‘hidden’ within the HB.

In summary, the interpretation that BSS candidates in Draco are
intermediate-age stars can neither be ruled out nor be confirmed by
the isochrone method applied to our observations. Only a spectral
analysis of stars in the red clump region could solve the uncertainty.
In Ursa Minor, such an interpretation is hardly compatible with
current data (see also C02), but cannot be completely ruled out.

We point out that in both galaxies the mass of the intermediate-
age population needed to explain the BSS candidates is just about
10* M@, which is a very small fraction of the mass of Draco or Ursa
Minor. If the age spread is 21 Gyr, the implied star formation rate is
<1073 Mg yr~!, comparable to the estimates shown in figs 14 and
16 of A01, and much lower than any observed star formation rate
in dwarf galaxies.

Finally, the isochrones can also be used to give an indicative
estimate of the upper/lower limit mass of BSSs, which are used to
set up our simulations (see Section 4). For Draco, we find that their
masses should be in the range 1.11—1.35 M), whereas for Ursa
Minor this range moves slightly to 1.09—1.34 M.

This paper has been typeset from a TRX/IATEX file prepared by the author.
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