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Chapter 1

Introduction

Galaxies come in a wide range of masses and shapes. From the most massive spiral and
elliptical galaxies with total masses of about 10'3 solar masses (Mg), to the least massive
spheroidally shaped dwarf galaxies with total masses as low as 10°Mg. The baryonic
masses of the smallest galaxies can be less than 10* Mg, (e.g,, Martin et al. 2008). It is
still to be determined when the first galaxies formed, but a recent study by Lehnert et al.
(2010) suggests that galaxy formation could take place less than 600 million years after
the Big Bang.

One of the key questions in modern astronomy is the formation and evolution of galaxies.
To a first approximation, a galaxy is a gravitationally bound system that consists of stars,
gas and dust. Given the results from studies on galaxies over the past few decades, galaxies
are now believed to also host a large amount of dark matter and, for the most massive
galaxies, a super massive black hole in the centre (e.g, Ferrarese & Ford 2005). It was
not until the 1920s that Edwin Hubble was able to determine that the Andromeda galaxy
was indeed a neighbouring galaxy, and not a cloud of gas (Hubble 1929). Prior to that
discovery, astronomers believed that the Milky Way was the only galaxy in the universe.
Even though a large amount of galaxies have been observed to date, the Milky Way is still
unique since we can study it and its satellite companions in great detail. Future telescopes
and instruments will be able to probe neighbouring galaxies, and beyond, in greater detail.
However, to date the Milky Way is our best test bed for detailed studies.

The formation scenario for galaxies has historically been classified into two main paths.
The first was introduced by Eggen et al. (1962). Their paper had the title "Evidence from
the motion of old stars that the galaxy collapsed”. They describe the formation of a galaxy
as a proto-galaxy that fall together out of intergalactic material. The galaxy either had an
initial angular momentum or acquired it from the forces exerted on the galaxy by nearby
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condensations. Globular clusters and stars formed from condensations as the material fell
together. The radial collapse of the galaxy was stopped by the rotation while it continued
in the z-direction and finally settled in a disk. The collapse was very rapid and only a few
times 10% years was required for the gas to settle in a circular orbit. This early model of
galaxy formation has become known as the monolithic model.

The second scenario, the hierarchical formation scenario, was introduced by Seatle & Zinn
(1978) and is often seen as a counter scenatio to the monolithic model. The monolithic
model predicts that an abundance gradient will arise and persist in the stellar component
which formed out of the contracting gas cloud. By studying globular clusters in the outer
halo Searle & Zinn (1978) found no such gradient. Based on this empirical finding they
proposed a more chaotic origin for the Galaxy. In their final conclusion they propose that
the gas from which the clusters and stars of the outer halo formed continued to fall into the galaxy for
some time after the collapse of its central region had been completed’ and * these clusters could have formed
in a number of small proto-galaxies that subsequently merged to form the present galactic halo”. This
suggests that smaller galaxies, orbiting the Milky Way, and stellar streams that we observe
today are the remnants of a violent past that formed the Milky Way halo.

The hierarchical formation scenario has become part of the modern cosmological model
based on the A cold dark matter (ACDM) paradigm which has been very successful in
explaining large scale structures in the universe, such as the ’Sloan Great Wall” (Gott et al.
2005). The ACDM simulations (Springel et al. 2005) have shown that signatutes of the
hierarchical formation scenario may be detected nowadays in the form of coherent stellar
structures in the halo region of their host galaxies. One of the most spectacular pieces
of evidence for these coherent stellar structures is the formation of stellar streams which
are wrapped around the host galaxy, e.g., the Sagittarius stream (Ibata et al. 2001). Stellar
streams have been detected not only in the Milky Way galaxy, but also in more distant
galaxies (Martinez-Delgado et al. 2008). Additionally, to date, a wealth of satellite galaxies
have been observed not only in the Milky Way, but also in neighbouring galaxies (see,
e.g, Brasseur et al. 2011). The least massive of these satellite galaxies are known as dwatf

spheroidal (dSph) galaxies.

1.1 Dwarf spheroidal galaxies

Given that larger galaxies are assumed, based on simulations and theoretical predictions
(e.g., Gallagher & Wyse 1994; Moore et al. 1999), to host several dSph galaxies, the dSph
galaxies are believed to be the most common type of galaxies.

High-resolution simulations of galaxy formation, with a cosmological model based on
a ACDM dominated universe, predict the existence of an overabundance of self-bound
cold dark matter halos which orbit within halos of larger galaxies such as the Milky Way
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and the Andromeda (e.g,, Moore et al. 1999). Until a few years ago, the low number of
observed dSph galaxies in the vicinity of the Milky Way and Andromeda did seem to
disagree with this model. Assuming that the predictions from the ACDM simulations
are true, this shortage of observed dSphs has become known as ”The missing satellite
problem” (Klypin et al. 1999).

However, astrophysical processes, such as photo-ionization, could have prevented the
dark matter halos from acquiring enough gas to form stars, and thus making them invis-
ible from todays surveys due to the lack of light from stars (Benson et al. 2002). Pho-
toionization prevents galaxy formation in low-mass dark matter halos by heating of the
intergalactic medium and reducing the rate of radiative cooling of gas within haloes, which
implies that some of the dSph galaxies must be very faint. This solution has also gained
support through the discovery of the ultra-faint dSph galaxies in the recent years.

Over the past decade, the number of known dSph galaxies that are companions to the
Milky Way has more than doubled thanks to large wide-field photometric surveys such
as the Sloan Digital Sky Survey (e.g., Zucker et al. 2006; Belokurov et al. 2007). Since
most of the new dSph galaxies were discovered using the SDSS, which primarily covers
parts of the northern hemisphere, it seems likely that additional dSphs will be detected
once the southern hemisphere is studied with similar surveys (e.g,, Keller et al. 2007;
Walsh et al. 2009). Additionally, more sensitive surveys in the future may be able to detect
additional objects beyond the Milky Way (Tollerud et al. 2008). The recently discovered
dSph galaxies are similar to the ones previously known in many of their properties, but the
majority of them have significantly lower surface brightnesses. Some of the most extreme
dSph galaxies have luminosities lower than the average globular cluster Lg ~ 102 — 10%.
This is the main reason why they have not been discovered earlier, even though they
are fairly close. Distances are typically 30 to 150 kpc from the Milky Way. Since these
dSph galaxies are much fainter than the already known dSphs, they are often referred to
as the "ultra-faint dSph galaxies” and the previously discovered dSphs are referred to as
classical dSph galaxies” (see, e.g., Koch 2009). In general, dSph galaxies, both classical
and ultra-faint, are characterised not only by their low luminosity, but also by a low total
stellar mass and a spheroidal shape that is consistent with a pressure supported system
(Grebel et al. 2003). This makes them similar to globular clusters. However, given that
the dSph galaxies have a much lower surface brightness, they usually have a much larger
scale length for the distribution of stars than the stellar clusters. Follow-up kinematic
observations of the dSph galaxies have shown that these small galaxies have a surprisingly
high velocity dispersions when compared to globular clusters (e.g., Simon & Geha 2007;
Martin et al. 2007). Estimates of the total mass using the velocity dispersions, based on
Jeans analysis for a pressure supported system, has shown that the dSph galaxies are the
most dark matter dominated systems known (e.g., Mateo 1998).

A plot of the mass-to-light ratio vs. the luminosity for classical dSph galaxies shows a
trend where the mass-to-light ratio increase with decreasing luminosity. The study by
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Mateo et al. (1993) was the first to point out that the trend indicates that all of the dSph
galaxies harbour the same amount of dark matter, 1 —5-107 M), within the volume of the
visible galaxy. This hypothesis puts a constraint on the minimum mass of dSph galaxies,
where the mass of the dark matter is the lower limit. However, with the discovery of the
new ultra-faint dSph galaxies, this picture has changed. These low-luminosity dSphs have
significantly smaller mass-to-light ratios, and hence much lower halo masses than the more
luminous dSph galaxies. It appears that the new dSph galaxies occupy a new trend in the
mass-to-light ratio vs. luminosity plot where the mass-to-light ratio saturates at a few to
several hundreds for My > —9 (Simon & Geha 2007). Additionally, Strigati et al. (2008)
found that the amount of dark matter within a fixed central radius, 300 parsec, is about the
same (~ 10" Mg) for all the dSph galaxies, including the recently discovered ultra-faint
dSph galaxies. This result implies a central density for dark matter of ~ 0.1Mg pc ™2 in
these galaxies. A possible explanation is that dSph galaxies inhabit the smallest dark matter
haloes in the Universe. However, in a recent study (Adén et al. 2009b) it was concluded
that the total mass of the Hercules dSph galaxy was significantly lower if foreground
contaminating dwarf stars were removed. This suggests that the total mass within 300
parsec may differ between dSph galaxies.

Given that the dSph galaxies are believed to play a very important role in the formation
of larger galaxies, the study of these objects is key to our understanding of galaxies in
general.

1.2 Dwarf spheroidal galaxies and the Milky Way halo

As described above, the number of known satellites in the Milky Way has increased sig-
nificantly over the past decade. With the discovery of these new ultra-faint dSph galaxies
in the northern hemisphere, our understanding of the missing satellite problem is being
rapidly revised. For the first time there is reason to believe that the missing satellites
are not missing, but instead hiding just behind the detection limit of our telescopes and
instruments and in areas of the sky not yet surveyed.

Thus, there is hope that these missing satellites will be detected by surveys such as the
Large Synoptic Survey Telescope (LSST) and Sky Mapper as they will cover more sky and
provide deeper observations of our surroundings (see, e.g., Tollerud et al. 2008, for a
recent review on the prospects of future surveys).

Since the dSph galaxies may be one of the building blocks of the Milky Way halo popu-
lation, as predicted by simulations of the hierarchical merging scenario, it is interesting to
compare the metallicity distribution functions to that of the field halo stars. If stars had
formed within the dSph galaxies prior to the time of the merging, then the metallicity-
distribution functions of the Galactic halo and the dSphs should agree.
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Using medium-resolution spectra of the Milky Way dSph galaxies Sculptor, Sextans, For-
nax and Carina, Helmi et al. (2006) found a significant lack of stars with [Fe/H]~ —3 in
the dSph galaxies when compared to the stars of the Galactic halo. In Fig. 1.1 we show
the result from Helmi et al. (2006). Note the lack of dSph galaxy stars with [Fe/H]< —3.
This shortage of very metal-poor stars implies that the progenitors of the Milky Way halo
and the dSph galaxies must have been different (i.e. that any merging of the nearby dSph
galaxies with properties similar to todays dSph galaxies as a mechanism for building up
the Galactic halo is ruled out) (Helmi et al. 2006). This shortage of observed metal-poor
stars in dSphs has become known as ”’The missing metal-poor stars”.

In contrast to this result, Kitby et al. (2008) discovered many metal-poor ([Fe/H]< —3.0)
stars in the recently discovered ultra-faint dSph galaxies. Based on these stars, they show
that the shape of the metal-poor halo metallicity distribution function agrees with that of
the recently discovered ultra-faint dSph galaxies.

In agreement with the result in Kirby et al. (2008), Schérck et al. (2009) derived the
metallicity-distribution function for stars in the Galactic halo from a sample of 1638 metal-
poor stars, selected from the Hamburg/ESO objective-prism survey (HES), taking into
account the selection function employed in the HES to correct the observed metallicity-
distribution function. They found that the metallicity-distribution function of the Galactic
halo stars is statistically indistinguishable from that of the stellar population of the nearest
dSph galaxies.

These discoveries support the hierarchical formation scenario of galaxy formation, and
motivates more detailed abundance studies of the dSph galaxies.
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Figure 1.1: MDFs from Helmi et al. (2000) (their Fig. 3). The solid histogram indicates the MDF
for halo stars from the Hamburg/ESO sutrvey. The other lines represent the MDFs for the dSph
galaxies, as indicated.




Chapter 2

Finding red-giant-branch stars
in dSph galaxies

The line of sight towards dSph galaxies is often heavily contaminated with foreground
stars, making it impossible to determine membership from the colour-magnitude diagram
alone (e.g, Faria et al. 2007; Adén et al. 2009a). Even when radial velocities are added the
selection remains uncertain, because the mean velocity of the dSph galaxy could coincide
with the velocity of the disk stars in the Milky Way (e.g., Adén et al. 2009a). In Fig. 2.1 we
show the colour-magnitude diagrams for all stars towards the Hercules and Draco dSph
galaxies. The galactic longitude, and latitude, for Hercules and Draco are | = 28.7°,
b = 36.9° and | = 86.4°, b = 34.7°, respectively. Thus, an observation towards
the Hercules dSph galaxy will contain more foreground dwartf stars than an observation
towards the Draco dSph galaxy, since Hercules is more obscured by the Milky Way disk.
We note that the RGB of the Hercules dSph is not distinguishable from the foreground
contaminating dwarf stars that belong to the Milky Way. Additionally, in this figure, it
is obvious that the Draco dSph galaxy is a much more populated galaxy than Hercules.
However, even though the RGB of Draco is seen, it is still difficult to establish if the
stars that fall on the apparent RGB are members of the dSph galaxy or not based on the
colour-magnitude diagram alone.

2.1 Stromgren photometry

The Stromgren photometric system utilises three indices, (b — y), m1 and ¢, derived
from the intermediate width filters u, v, b and y (Strémgren 1963). The (b — y) index
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Figure 2.1: Colour-magnitude diagrams for all stars, in a ~ 0.5 X 0.5 arcmin field of view, towards
the Draco and Hercules dSph galaxies, as indicated.

is a relatively metallicity-insensitive colour index. The 1 index is a measurement of the
total intensity of the metal lines at A ~ 4110 A. The ¢; index is a measure of the Balmer
discontinuity in a stellar spectrum and is defined as

c1=(u—v)—(v—">) 2.1)

The strength of the Balmer discontinuity depends on the evolutionary stage of the star.
Stars in a plot of ¢ g vs. (b — y)o will therefore occupy different regions depending on
their evolutionary stage. Thus, the ¢; index in the Strémgren system gives us the ability
to disentangle the RGB and HB stars in a dSph galaxy from the foreground dwarf stars.
Figure 2.2 shows which regions are occupied by stars at different evolutionary stages.
This classification is adopted from Schuster et al. (2004). Additionally, for a more detailed
definition of the RGB region, we use two 12 Gyt old isochrones with [Fe/H]= —2.3
and [Fe/H]= 0.0 by VandenBerg et al. (2006) and colour transformations by Clem et al.
(2004).

As can be seen from Fig, 2.2, for giant stars, the ¢; index has a clear metallicity dependence.
This is more pronounced for the reddest colours (i.e. the tip of the RGB). However, in
spite of this, this index still provides a strong discriminant between giant and dwarf stars
for cooler stars (b — y)o >~ 0.55).

Since the dwarf and RGB stellar sequences convetge, in the ¢1 g vs. (b—¥)o plane, around
(b—y)o ~ 0.5 (compare Fig. 2.2) we can not distinguish between dwarfs and giants for
colours bluewards ~ 0.5. Thus, we need to define a blue limit for stars that we identify as
RGB stars. In Adén et al. (2009a) we analysed stars in the magnitude range 15 < Vj < 18
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Figure 2.2: ¢1,0 vs. (b — y)o diagram with evolutionary regions for metal-poor stars, as defined
by Schuster et al. (2004). 1: the sub-luminous-blue-horizontal branch transition; 2: blue horizontal
branch; 3: horizontal branch; 4: red-horizontal-branch-asymptotic-giant-branch transition; 5: blue
stragglers; 6: blue-straggler-turnoff transition; 7: turnoff stars; 8: subgiant stars. The upper and
lower thick solid lines indicate isochrones, for 12 Gyr old systems, by VandenBerg et al. (2006) with
colour transformations by Clem et al. (2004). Their metallicities are -2.3 and 0.0 dex, respectively.

inc1,0 vs. (b — y)o. Stars fainter than Vp = 15 are not saturated on the CCDs, and this
magnitude range was bright enough not to contain any RGB stars in the Hercules dSph
galaxy. We defined a line that follows the upper envelope of observed dwarf stars to
separate the RGB stars from the dwarf stars in order to safely exclude any dwarf stars. In
Adén et al. (2009a), no object bluer than this limit was considered as an RGB star since
they have a high probability of belonging to the foreground dwarf contamination.
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2.2 Radial velocities

Using radial velocity measurements to separate the stars belonging to a dSph galaxy from
foreground stars has proven to be an efficient method for membership determination (see,
e.g., Kleyna et al. 2002; Walker et al. 2006; Battaglia et al. 2010). The mean heliocentric
velocity and internal velocity dispersion (o) are determined, based on an initial sample of
stars centred on the velocity peak for the system. Next, stars that deviate by more than
30 from the heliocentric velocity are rejected from the sample as non-members. Finally,
the procedure is repeated until no stars are rejected. The o in the last iteration is defined
as the velocity dispersion for the dSph galaxy, and the stars with radial velocities within
30 are defined as member stars.

However, this method relies on the fact that the dSph galaxy has a different systemic ve-
locity than the velocity distribution of the foreground dwarf stars belonging to the Milky
Way. This is often, but not always, the case. The Hercules dSph galaxy has a systemic
velocity that falls well within the velocity distribution of the foreground dwarf stars (com-
pare Fig. 2.3). Thus making it difficult to rely on radial velocity measurements to separate
the dSph galaxy from foreground stars. Hence, relying on the positions in a colour-
magnitude diagram and radial velocity measurements for stars is not enough to identify
RGB stars that are members of the Hercules dSph galaxy. In Fig, 2.3 we show the radial
velocity distribution for ~ 100 stars towards the Hercules dSph galaxy, observed using
the FLAMES spectrograph (Adén et al. 2009a), together with velocities from a Besangon
model in the direction of Hercules. As can be seen, the velocity peak of the Hercules
dSph galaxy lies within the radial velocity distribution of the Milky Way. A sample of
member stars for the Hercules dSph galaxy, identified as members based on their radial
velocity, is therefore likely to contain a non-negligible amount of foreground dwarf stars.
In Adén et al. (2009a), we were able to get around this problem since we also had Strom-
gren photometry towards the Hercules (see Sect. 2.1). We found that about 30 per cent
of the stars considered as members, based on the radial velocities, were in fact foreground
contaminating (see Sect. 5.2 in Adén et al. 2009a).
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Figure 2.3: Distribution of radial velocities towards the Hercules dSph galaxy. The solid histogram
shows the distribution of radial velocities from a Besangon model of the stars in the Milky Way in the
direction of the Hercules dSph galaxy. The shaded histogram shows the observed disttibution of
radial velocities for ~ 100 stars towards the Hercules dSph galaxy. The vertical solid line indicates
the systemic velocity of the Hercules dSph galaxy. The horizontal solid line indicates +30.
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Chapter 3

Determining the metallicity

The metallicity distribution function (MDF) for dSph galaxies reflect their star formation
histories. The mean metallicity for a dSph galaxy increases with increasing galaxy mass,
since a deeper gravitational potential is able to sustain a larger amount of gas for star
formation, as predicted by theory (e.g;, Mateo 1998; Ferrara & Tolstoy 2000). Additionally,
as described in Sect. 1.1, it is interesting to compare the MDFs for stars in the Milky Way
with that of the dSph galaxies, since it may provide key information on how the dSph
galaxies are accreted by larger galaxies. Since the average metallicity of a galaxy increases
with time, as stars explode and pollute the interstellar medium with heavy elements, the
stars at the metal-poor end of the distribution ate likely to be related to the first stars
formed in the dSph galaxy, given that these systems atre old. This allows for a view of the
physical processes and properties of the early universe.

The ability to estimate the metallicity for stars has improved significantly over the past few
decades. The most obvious method to detive a value of [Fe/H] is to measure the equiv-
alent width for iron lines through spectroscopy. However, when studying dSph galaxies,
this method requires high-resolution spectroscopy of stars that often are very distant and
thus faint. A competing method for the determination of [Fe/H] is to measure the equiv-
alent width of the Ca I IR triplet lines (Alloin & Bica 1989). These absorption lines are,
relative to iron lines, intrinsically strong and easily accessible. To date, there exists several
calibrations that translates the strength of the Ca II IR triplet lines to [Fe/H] (e.g., Rut-
ledge et al. 1997a; Starkenburg et al. 2010). Additionally, a spectrum, with a relatively low
signal-to-noise level, of the wavelength region can provide a robust estimate of the radial
velocity for the star (see, e.g, discussion in Adén et al. 2009a).

With the advent of multi-fibre spectrographs, it is now possible to cover hundreds of
stars for abundance analysis in a reasonably short time span, if the stars are not too faint.



14 CHAPTER 3. DETERMINING THE METALLICITY

However, given that a photometric observation can cover a large area of the sky, relying
on a calibration that translates photomettic indices to an estimate of [Fe/H] is preferable
in some studies.

In the following sections, we describe each of the three methods discussed above.

3.1 Using iron lines

The spectrum of a star contains a lot of information on the conditions in the atmosphere
of the star. By measuring the equivalent width of the absorption lines from known ele-
ments and transitions, it is possible to determine fundamental stellar parameters for the
atmosphere such as surface gravity, the effective temperature and elemental abundances
(Gray 2005). For example, the equivalent width for an iron absorption line increases with
increased iron abundance. The iron abundance is most often given relative to the sun
using the following standard notation

o NFe _ NFe
[Fe/H] = log (NH )* log (NH >® (3.1

whete subscripts ® and * designate the sun and the star, respectively. [Fe/H] for the sun
is thus defined to be 0.

Once the stellar parameters are known, it is possible to solve the radiative transfer equa-
tions, through a model atmosphere based on the stellar parameters, for the iron abundance
of the star. The iron abundance that best reproduces the measured equivalent width is
then chosen as [Fe/H]. This procedure is often iterated since the iron abundance is one
of the parameters used when calculating the stellar model atmosphere. In Fig. 3.1b we
show an example of a spectrum for an RGB star in the Hercules dSph galaxy. The signal-
to-noise ratio is ~ 39 per pixel with a spectral resolution of R~ 20 000.

The method outlined above requires that it is possible to measure the equivalent width of
the iron lines. However, in some cases, estimating the equivalent width can be difficult due
to a low signal-to-noise ratio for the spectrum. Instead, it is possible to generate synthetic
spectra with different values of [Fe/H]. Next, a x2-fitting routine can indicate which one
of the synthetic spectra that best fits the observed spectrum. Recent applications of this
technique includes Kirby et al. (2008); Adén et al. (2011).

Estimating the etrors in [Fe/H] as detived using iron lines is difficult. One has to con-
sider not only the uncertainties in the measurements of the equivalent widths, but also
the uncertainties for the stellar parameters. However, if the signal-to-noise ratio for the
spectrum is sufficiently high, the errors will be relatively small.

Estimating [Fe/H] for a star based on equivalent width measurements of iron lines is a
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robust method. However, it requires a relatively high amount of photons from the star.

3.2 Using Ca Il IR triplet lines

The Ca TT IR triplet lines at A = 8498, 8542 and 8662 A are among the strongest features
in the near-infrared for a stellar spectrum. Thus, the equivalent widths of these lines can
be measured even for a relatively low-resolution spectrum with a modest signal-to-noise
ratio (e.g,, Rutledge et al. 1997a). Fortunately, the Ca IT IR triplet lines ate sensitive to the
metallicity of a star (see, e.g., Alloin & Bica 1989; Rutledge et al. 1997a). In Fig. 3.1a we
show an example of a spectrum, centred on the wavelength region for the Ca IT IR triplet
lines, for an RGB star in the Hercules dSph galaxy. The signal-to-noise ratio is ~ 30
per pixel with a spectral resolution of R~ 6000. Even at this low resolution, and low
signal-to-noise, the equivalent widths of the Ca II IR triplet lines are easily measurable.

In Adén et al. (2009a), we followed Rutledge et al. (1997b) in defining the line strength of
the Ca I1 IR triplet lines as the weighted sum of the W, with lower weights for the weaker
lines

MW =05-Wy+Wa+0.6-Ws (3.2)

where Wy, Wa and W3 are the widths of the individual Ca II IR triplet lines in the order
of increasing wavelength.

As discussed, e.g., in Rutledge et al. (1997a), the strength of the Ca II IR triplet lines
depend not only on metallicity but also on the surface gravity and effective temperature
of the star. It is possible to remove the effect of gravity and temperature to first order

by taking into account the position of the star on the RGB. This is done by defining the
reduced W as

W' =YW +0.64(+0.02)(V — Vi) (3.3)

where (V' — Vip) is the difference between the V' magnitude of the star and the V
magnitude of the hotizontal branch (Vi ). The final values of [Fe/H] in Adén et al.
(20092) were calculated using the calibration by Rutledge et al. (1997a) onto the metallicity
scale of Carretta & Gratton (1997). The Rutledge et al. (1997a) calibration reads as follows

[Fe/H]q,;; = —2.66(£0.08) 4 0.42(+0.02) W’ (3.4)

and is valid down to at least —2.4 dex. Thus, [Fe/H] for more metal-poor stars as detived
using this calibration is uncertain.
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Estimating [Fe/H], of individual RGB stars, based on the strength of the Ca IT IR triplet
lines has been used extensively in the literature (e.g., Starkenburg et al. 2010; Battaglia et al.
2010). Especially for dSph galaxies since the RGB stars are often faint, and thus difficult
for high-resolution, high signal-to-noise studies. However, even updated calibrations have
difficulties estimating [Fe/H] for very metal-poor stars. The residuals may be as large as
~ 0.5 dex for stars with spectroscopic [Fe/H] below ~—3.5 dex (Starkenburg et al. 2010).
This since the calibrations often are based on RGB stars in globular clusters that are more
metal-rich than the metal-poor stars discovered in dSph galaxies.

The uncertainties in [Fe/H], as derived using the Ca II IR triplet lines, depends not only
on the uncertainties in the measurements of the equivalent widths, but also on the uncer-
tainties in the calibration used to translate the Ca II IR triplet lines to [Fe/H].

3.3 Using photometry

As described in Sect. 2, the Strémgren photometric system provides an excellent index
for the determination of the evolutionary stages of stars. Additionally, the Stromgren
my index provides a robust metallicity ranking for late-type stars (Eggen 1978; Bell &
Gustafsson 1978). The m; index is a measure of the total intensity of the metal lines,
centred on A ~ 4110 A, in a stellar spectrum and is defined as

my=(v—b) = (b—y) (55)

Thus, stars in a plot of my vs. (b— ) will therefore occupy different regions depending
on their [Fe/H]. These regions are well approximated by straight lines. Several authors
have derived calibrations that translates mq and (b—y)g to an estimate of [Fe/H] for giant
stars (e.g., Bond 1980; Grebel & Richtler 1992; Hilker 2000; Ramirez & Meléndez 2004;
Calamida et al. 2007, 2009). None of these are valid down to the very metal-poor stars,
ie, [Fe/H]~ —3, but stops where the globular clustets stops, —2.3 dex, as the globular
clusters are the main calibrators.

In Fig. 3.2 we show my vs. (b — y) for dSph galaxy stars and Milky Way field stars.
Additionally, in Fig. 3.2, we show iso-metallicity lines derived using our revised metallicity
calibration (Adén et al,, in preparation). We note that stars with different values of [Fe/H]
indeed occupy different regions in this diagram, and that the revised calibration describes
these regions well.

Many more calibrations are available for dwarf stars. A recent calibration is provided
by Casagrande et al. (submitted), and a summary of available calibrations is given in
Arnadottir et al. (2010).

Estimating the errors in [Fe/H] as detived using photometty is similar to how the ettors
are determined using the Ca II IR triplet lines. However, instead of an uncertainty in the
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Figure 3.1: a) Portion of a stellar spectrum for an RGB star in the Hercules dSph galaxy. The three
Ca IT IR triplet lines are indicated by vertical lines. Spectral resolution is ~ 6 000. b) Portion of
a stellar spectrum for an RGB star in the Hercules dSph galaxy. Fe I lines used in the analysis in
Adén et al. (2011) are indicated by vertical lines. Spectral resolution is ~ 20 000.

measurement of the equivalent widths, the internal errors originate from the uncertainty
in the photometry. Thus, it is important to have deep photometry, i.e., small photometric
errors, when determining [Fe/H] using photometry.
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(b-y)

Figure 3.2: my vs. (b — y) for dSph galaxy stars and Milky Way field stars. The solid lines are
iso-metallicity lines based on our revised calibration (Adén et al., in preparation) with metallicities
as indicated. e ate stars with spectroscopic [Fe/H]< —3. Solid rectangles indicate stars with
spectroscopic —3 <[Fe/H]< —2. Solid triangles indicate stars with spectroscopic —2 <[Fe/H]<
—1 and times mark stars with spectroscopic —1 <[Fe/H]< 0

3.4 A metallicity calibration for Strémgren photometry

One of the difficulties when deriving a new metallicity calibration is to define the sample
on which the calibration is based on. This sample will not only define the constants in
the calibration, but also define for which range that the calibration is valid. For example,
a calibration based on metal-rich stars only will only be valid for metal-rich stars. In
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Adén etal. (2011) we derived a simple metallicity calibration that translates the Strémgren
my index to an estimate of [Fe/H] for metal-poor RGB stars such as those present in
dSph galaxies. In order to increase the range for which the calibration was valid, we
included spectroscopic [Fe/H] detived from high-tesolution spectra available for stars in
the Draco (Cohen & Huang 2009; Shetrone et al. 2001), Sextans (Shetrone et al. 2001),
UMall (Frebel et al. 2010) and Hercules Adén et al. (2011), and combined these data
with our own Strémgren photometry where available. We found that, for these stars,
the relation between [Fe/H], as detived from high-resolution spectroscopy, and m1 was
sufficiently linear for a calibration used for chemical labeling,

However, given that the metallicity of a stars is also colour dependant we have revised
our calibration to include the Strémgren colour (b — y). We note that the colour (v — y)
is mote metallicity dependant that (b — y) (e.g,, Calamida et al. 2009), but given that it
includes the filter v, which has a much lower transmission than both b and ¥y, we chose
(b — y) for increased accuracy in the derived values.

In Adén et al. (in preparation), we followed Grebel & Richtler (1992) and used the relation
my=a+B-(b—y)+v-[Fe/H +-(b—y)-[Fe/H] (3.6)

to translate the Strémgren m; and (b — y) index to an estimate of [Fe/H] based on
photometry, [M/H]. Thus, the task was to determine the constants «, 3, 7y and 6.

For the calibration, we used the same set of stars for dSph galaxies as in Adén etal. (2011).
In total, this gave us 29 dSph galaxy RGB stars for the calibration. Additionally, in order
to inctease the [Fe/H] calibration range and to inctease the accuracy and precision of the
multi-linear regression, we added 30 Milky Way RGB field stars from Cayrel et al. (2004)
and Gratton et al. (1999) to the sample.

Given that most of the field stars are inside the dust disk of the Milky Way, we reduced
the extinction (e.g,, Beers et al. 2002; Arnadéttir et al. 2010) according to their position in
the galaxy using

E(B-V)= (1 - e—ldsi“bl/h) "E(B-V)10s (3.7)

where E(B — V) 0s is the full extinction along the line of sight (LOS), as determined
from Schlegel et al. (1998), d is the distance to the stat, b is the galactic latitude and h is the
scale height of the Milky Way disk. We adopted a scale height of 125 kpc from Beers et al.
(2002), and the distances from the Hipparcos catalogue (Perryman et al. 1997). Finally,
we used a multilinear regression to solve Eq. 3.6 for , 8,y and 6.

Given the amount of data required for a calibration (photometry, spectroscopy and a
relation) it is difficult to define the error in [Fe/H] as determined using the calibraton. In
Adén et al. (in preparation) we used the residuals from the calibration to define the error.
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The standard deviation for the residuals was o = 0.28 dex. Thus, we adopted this error
as the uncertainty in [Fe/H] as derived using the calibration.

To test if our calibration was valid for an independent sample, and to make sure that our
errors were not underestimated, we applied our calibration on the stars in a recent study by
Lind et al. (2010). They studied the metal-poor globular cluster NGC6397. Using high-
resolution spectta, obtained with the FLAMES/UVES spectrograph, they determined
[Fe/H] based on measurements of the equivalent widths of iron lines for 21 RGB stars.
We found that the agteement, between [Fe/H] determined by their spectroscopy and
our calibration, was very good, with no significant trend in the colours (b — y)o and
(v — y)o. The offset was [Fe/H]ijna — [M/H] = —0.02 with a standard deviation of
about 0.05 dex. This is well within our error-bars for the new metallicity calibration. Thus,
we concluded that our calibration was working as intended and that our errors were not
underestimated.

3.5 Metallicity distribution functions

In Adén et al. (in preparation) we provide a new Strémgren metallicity calibration (see
Sect. 3.4 in this thesis). [Fe/H] as determined using this calibration will henceforth be
denoted [M/H]. This since the Stromgren m;-index measures the total intensity of metal
lines, and not only the intensity from iron lines. This calibration is formally valid for stars
with —3.3 <[Fe/H]< —0.7. In Fig. 3.3 we show the MDFs for the Draco, Sextans
and Hercules dSph galaxies, as derived using our metallicity calibration. We note that a
small fraction of stars have [M/H] below ot above the tegion for which the calibration is
valid. However, these stars are included in the analysis as an extrapolation. In agreement
with the metallicity-luminosity relation (e.g., Mateo 1998; Kirby et al. 2011), Hercules
peaks at a lower [M/H]. The MDF for the Draco and Sextans dSph galaxies are similar
in terms of peak value and the spread for [M/H]. They both appeat to have a much
wider spread in [M/H] than the Hercules dSph galaxy. Howevet, we find that the MDF
for the Draco dSph galaxy appears slightly more symmetric than the MDF for Sextans.
i.e., the MDF for the Draco resembles a normal distribution more than the MDF for
Sextans. The sharp peak, and change in slope on the metal poor end, for the Hercules
dSph galaxy could be associated with a scenario where the Hercules has been able to
access an additional supply of gas during its star formation (see, e.g,, Kirby et al. 2011,
for a discussion on chemical evolution models). On the other hand, the symmetry of
the Draco MDF could be indicative of an association with a leaky box model. The dSph
galaxy, in such a theoretical model, is allowed to lose gas, but never to acquire new gas for
stars formation (see, e.g., Kirby et al. 2009, for a discussion on the leaky box model).
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Figure 3.3: Metallicity distribution functions for the Draco, Sextans and Hercules dSph galaxies,

as indicated.
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Chapter 4

The mass of a dSph galaxy

Knowledge of dSph masses is essential for comparison with cosmological simulations
of galaxy formation. Good mass estimates help us to establish whether the paucity in
the number of observed systems (a few tens) to the number of predicted satellite haloes
(several hundreds) represents a fundamental failure of our cosmological model (e.g. Moore
et al. 1999), or whether it is simply telling us that galaxy formation is inefficient on small
scales (e.g. Read et al. 2006). Recent studies have suggested that the dSph galaxies share a
common mass within a certain radius (Walker et al. 2007; Strigari et al. 2008; Walker et al.
2009). If confirmed, this would be an important clue to the processes which regulate the
formation of the lowest luminosity galaxies.

All mass estimates implicitly assume that contamination of the kinematic sample by fore-
ground stars is negligible, and that the system is in (ot close to) virial equilibrium. Since
the mass of an equilibrium stellar system is proportional to its velocity dispersion squared,
an over-estimate of the velocity dispersion will result in an inflated mass estimate.

Under the assumption that the system is in dynamical equilibrium, is spherically symmet-
ric, has an isotropic velocity distribution, and a flat velocity dispersion profile, the Jeans
equation for the mass distribution (Eq. 4.215 in Binney & Tremaine 2008) becomes:

5 dv(r) v(r)G M(r)

oy p 2 4.1)

where 7 is the three-dimensional distance from the centre of the galaxy, v() is the de-
projected stellar density profile and M (7) is the enclosed mass. Thus, the total mass, as
derived using a stellar density profile that follows a Plummer or an exponential profile,
is proportional to the velocity dispersion squared. In Adén et al. (20092a) we emphasised
the importance of weeding out foreground contaminating dwarf stars when observing
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dSph galaxies such as the Hercules, since its systemic velocity coincides with the bulk
motion of dwarf stars in the Milky Way disk. For comparison, in Adén et al. (2009a), we
derived the velocity dispersion for the Hercules dSph galaxy without the knowledge of
the evolutionary stage for the stars as provided by the Strémgren photometry. Thus, the
membership identification for this comparison was based on the location of the stars in
the colour-magnitude diagram, and their radial velocities only. We found that the velocity
dispersion was twice as large as for the clean sample, since many foreground contaminat-
ing dwarf stars were included in the calculation of the velocity dispersion. Given that the
total mass is proportional to the velocity dispersion squared, this has a significant impact
on the result. In Fig. 4.1 we show the probability distribution for the galaxy mass within
the central 300 pc, based on both the clean and contaminated samples.

Our clean revised velocity dispersion implies a mass within the inner 300 pc (M300) of only
1.9J_r(1):é x 10® M. This indicates that Hercules falls considerably below the “common
mass scale” for dSphs as presented by Strigari et al. (2008). They suggests that all observed
dSph galaxies have masses of about ~ 107 M within a fixed radius of 300 pc.
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Figure 4.1: Probability distribution of the total mass, within the central 300 pc, for the Hercules
dSph galaxy. Solid lines indicate the median and the dashed lines indicate the 1o limits. (a) Based
on a velocity dispersion for a sample of stars contaminated with foreground dwarf stars. (b) Based
on a velocity dispersion for a sample of stars with Hercules RGB stars only.
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Chapter 5

Summary and out-look

Given that the dSph galaxies are believed to play such an important role in the formation
of large galaxies, the study of these galaxies has accelerated during the last decade. New
telescopes and instruments are continuously pushing the boundary for the detection limit,
and thus several new ultra-faint dSph galaxies have been discovered during the past few
years and more will likely follow. The major concern to date regarding the dSph galaxies
are the discrepancies between observations and theoretical predictions. With the advent
of advanced cosmological simulations of galaxy formation, such as the ACDM simula-
tions, the residuals between theory and observations can be studied in greater detail. For
example, the missing satellite problem has been rapidly revised with the discovery of the
ultra-faint dSph galaxies in the Milky Way. However, there are still a lot of missing satel-
lites in the vicinity of the Milky Way. Future surveys that target the southern hemisphere
will most likely detect additional dSph galaxies. Follow-up observations of these objects
will benefit from the studies available to date of the ultra-faint and classical dSph galaxies
in the northern hemisphere.

Knowledge of dSph galaxy masses is essential for comparison with cosmological simula-
tions of galaxy formation. Good mass estimates help us to establish whether the missing
satellite problem represents a fundamental failure of our cosmological model, or whether
it is simply telling us that galaxy formation is inefficient on small scales. Additionally,
given that the dSph galaxies are being considered as test beds for direct studies of dark
matter, accurate determinations of the properties of dSph galaxies are more important
than ever. However, determining the mass for an object that is barely visible is difficult.
For robust mass estimates, several stars with radial velocity measurements are required
and the structural parameters of the dSphs have to be determined. Given the uncertainty
to date on the properties of the ultra-faint dSph galaxies, and the low number of member
stars identified, mass estimates for these objects will most likely be revised as new and
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improved observations are carried out.

Determining the metallicity for stars has improved significantly over the past few decades.
Even though measuring the equivalent widths of the iron lines is the most reliable method,
competing methods are still being developed. The Ca II IR triplet lines are among the
strongest features in a near-infrared spectrum. Thus, estimating [Fe/H] based on these
lines is favourable given that it requires less exposure time than if iron lines are mea-
sured. The Stromgren m; index is a measure of the total intensity of metal lines at about
A ~ 4110 A. Thus, a photometric observation with the Strémgren filters may provide an
estimate of [Fe/H] for thousands of stars. However, as discussed in this thesis. Estimat-
ing [Fe/H] from anything other than the iron lines requires a calibration. Future detailed
elemental abundance analysis of dSph galaxy stars will assist in providing calibrations of
higher accuracy and precisions than the calibrations applied today. Indeed, studies of the
dSph galaxies will most likely yield additional very metal-poor stars that will expand the
metallicity range for which new calibrations are valid.



Chapter 6

The Papers

This chapter provides a brief description of the four papers on which this thesis is based.
In addition to describing the paper content, I describe my contribution to each of the
papers, both in doing the research and the analysis and in writing the papers.
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Paper I: A photometric and spectroscopic study of the
new dwarf spheroidal galaxy in Hercules. Metallicity, ve-
locities, and a clean list of RGB members.

D. Adén, S. Feltzing, A. Koch, M. 1. Wilkinson, E. K. Grebel, I. Lundstrém, G. |
Gilmore, D. B. Zucker, V. Belokurov, N. W. Evans, D. Faria
Astronomy & Astrophysics, 2009, 506, 1147

In Paper I we combine Strémgren photometry and FLAMES multi-fibre spectroscopy to
provide information about the evolutionary stage of the stars and their radial velocities.
Based on this information, we provide a clean sample of RGB stars in the Hercules dSph
galaxy. With this clean sample, we derive the velocity dispersion and the metallicity for
the Hercules. We find that it is of the outmost importance to get rid of the foreground
contamination of Milky Way dwarf stars for the derivation of the velocity dispersion. We
show that it is difficult to achieve this without the knowledge of the evolutionary stage of
the stars.

The photometric observational data, and subsequent analysis, was obtained and per-
formed by me. Mark Wilkinson supplied the spectroscopic data. However, I analysed
it. The interpretation of the analysis was carried out by me in collaboration with the co-
authors. All of the text was written by me with the co-authors as advisors, except for the
introduction that was mainly written by Eva Grebel.
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Paper II: A New Low Mass for the Hercules dSph: The
End of a Common Mass Scale for the Dwatfs.

D. Adén, M. 1. Wilkinson, J. I. Read, S. Feltzing, A. Koch, G. F. Gilmore, E. K. Grebel,
1. Lundstrém
Astrophysical Journal, 2009, 706, 1.150

In Paper I we explored the consequence of the low velocity dispersion determined in
Paper 1. We found that the total mass of the Hercules dSph galaxy, within the central
300 pc, was lower than as determined in a previous study. Our mass estimate calls into
question the recent claim of a “common mass scale” for the dSph galaxies orbiting the
Milky Way.

The bulk of the analysis was carried out by me. However, the mass estimate, in Sect. 4.1,
based on the tidal radius of the Hercules was carried out by Justin Read. The text was
written by me with the co-authors as advisors, except for Sect. 4.1 that was mainly written
by Justin Read.
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Paper III: An abundance study of red-giant-branch stars
in the Hercules dwarf spheroidal galaxy

D. Adén, K. Eriksson, S. Feltzing, E. K. Grebel, A. Koch, M. 1. Wilkinson
Astronomy & Astrophysics, 2011, 525, 153

Given our clean sample of stars discovered in Paper I, and subsequent analysis that gave
interesting results, we were able to obtain additional observation time using the VLT tele-
scope at paranal, Chile. In Paper III we describe the analysis of the follow-up observation.
Using high-resolution spectroscopy of RGB stars in the Hercules dSph galaxy, we are able
to determine [Fe/H] and [Ca/H] based on the iron and calcium lines. This is interesting
since our previous determination of [Fe/H] relied on calibrations that translates Strom-
gren photometry or low-resolution spectroscopy to an estimate of [Fe/H].

We found that the RGB stars of the Hercules dSph galaxy was more metal-poor than
we previously thought. Additionally, we found an abundance trend such that [Ca/H] is
higher for more metal-poor stars, and lower for more metal-rich stars. The [Ca/Fe] trend
suggests an early rapid chemical enrichment through supernovae of type II, followed by
a phase of slow star formation dominated by enrichment through supernovae of type Ia.

The majority of the work was carried out by me and Kjell Eriksson. I measured the
equivalent widths of the spectra and determined the stellar parameters. Kjell Eriksson
handled the model atmospheres and the computation of the radiative transfer equations
using Eqwi/Bsyn. The text was wtitten by me with the co-authors as advisors
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Paper IV: An analysis of classical and ultra-faint dSph
galaxies using Stromgren photometry

D. Adén, S. Feltzing, G. F. Gilmore, M. I. Wilkinson
Astronomy & Astrophysics, in preparation.

In Paper IV we repeat a lot of the analysis from Paper I. However, instead of focusing on
the Hercules dSph galaxy, we include the Draco, Sextans and UMall dSph galaxies. Given
our determination of [Fe/H] from Paper III, and available similar studies in the literature,
we are able to provide a new metallicity calibration for Strémgren photometry. To further
enhance our analysis, we combine our Strémgren photometry with SDSS photometry.
We find evidence for metallicity gradients in all of the dSph galaxies included in the study,
and provide updated metallicity distribution functions. Additionally, although at a much
lower success rate than the Strémgren photometry, we find that the SDSS photometric
system is able to separate RGB stars from dwarf stars.

All of the analysis and text writing for Paper IV have been carried out by me.
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Popular Summary (In Swedish)

Sdrtryck fran Popular Astronomi, nummer 4, December 2010

6.1 Kosmologi

Universums energiférdelning bestar av ungefir 70 procent mork energi, 25 procent moérk
materia och de resterande 5 procent dr det som vi uppfattar som vanlig materia. Mork
energi introducerades i astrofysiken da man upptickte att universums expansion ir accel-
ererande. Idag finns det ingen accepterad modell som beskriver vad mérk energi skulle
kunna vara, men den motverkar gravitationen. Begreppet mérk materia myntades vid
studier av hur stjdrnor r6r sig i galaxers narhet. Man upptickte att galaxerna maste besta
av betydligt mer materia 4n den detekterad med teleskop. Idag tror forskarna att mork
materia bestar av en special typ av partiklar, och man hoppas kunna detektera den inom
en snart framtid. Energiférdelningen i universum dr en del av den moderna kosmolo-
giska modellen, och det ir i ett universum med denna energiférdelning astronomer tror
att galaxerna har utvecklats.

6.2 Galaxer

En galax ir ett gravitationellt bundet system bestdende av gas, mork materia, stoft och
stjdrnor. De stora galaxerna, som tex. Vintergatan, kan dven ett supertungt svart hal i
sina centrum. Vintergatan kan delas upp i komponenter; en central bulb, en skiva dir det
férekommer mycket stjarnbildning och en mycket stor sfirisk halo. Halon har en mycket
lig densitet av stjdrnor och dess radie tros vara flera hundra ginger stérre 4n skivans radie.
En av de stora frigorna i modern astronomi dr hur galaxer bildas. Idag vet forskare att
stora galaxer till viss del bildas genom en sammanslagning av mindre objekt i ett mork-
materia Universum dominerat av mérk energi, men manga frigetecken kvarstar.
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Dvirgsfiroid (dSph)-galaxer 4r den vanligaste typen av galaxer och de dr ofta foljeslagare
till stérre galaxer. I Vintergatans halo har det dn sa linge upptickts ett trettiotal dSph-
galaxer. Med framtida teleskop och instrument kommer med stor sannolikhet fler att
upptickas, inte bara i Vintergatan utan dven i mer avligsna galaxer. En dSph-galax karak-
tiriseras av att den ar mycket ljussvag, extremt gammal, har en liten massa, dr dominerad
av mOrk materia och ir fattig pd tyngre grunddmnen. Dessa galaxer ir till och med de
mest mork-materiadominerade objekten vi kdnner till i universum. En stor galax, likt
Vintergatan, viger ungefir hundra tusen ganger mer dn en typisk dSph-galax. dven om
egenskaperna fér en dSph-galax kan tyckas ointressanta att studera, har de en mycket be-
tydelsefull roll i bildandet av stora galaxer. dSph-galaxer tros vara ett av byggblocken som
slds samman och bildar delar av de stora galaxerna, speciellt deras yttre delar dér rester
av dSph-galaxer kan existera relativt ostorda. For att forstd hur de stora galaxerna har
bildats, méste man i detalj studera egenskaper f6r de minsta galaxerna.

6.3 En kort historik

Historiskt sett har bildandet av galaxer delats in i tvé teotier. Den f6rsta introducerades
i en klassisk artikel av Eggen, Lynden-Bell och Sandage (1962). Den beskriver bildandet
av en galax som en ”proto-galax” som kollapsar frin ett intergalaktiskt gasmoln. Kol-
lapsen bromsas sedan av den rotation som uppstar da materian komprimeras, och kvar
blir en skivliknande eller sfirisk roterande struktur. Denna model ir idag kind som den
monolitiska modellen. Idag vet vi att stora galaxer som Vintergatan inte bildats p4 detta
satt.

Den andra modellen presenterades forst av Seatle & Zinn (1978) och ir kind som den
hierarkiska modellen. Genom att studera mingden tunga grundimnen i sjirnhopar som
en funktion av deras avstind till Vintergatans centrum, fann dessa forskare bevis som ifra-
gasatte den monolitiska modellen. Istillet féreslog de ett betydligt mer kaotiskt ursprung
for galaxerna. I deras sammanfattning skriver de ”Dessa stjarnhopar kan ha bildats i min-
dre objekt som successivt slogs samman for att bilda Vintergatans yttre delar”. Detta
indikerar att de dSph-galaxer och strémmar av stjirnor vi observerar i Vintergatan idag
skulle vara rester av en mycket kaotisk epok i Vintergatans historia.

Den hierarkiska modellen ir idag en del av den moderna kosmologiska modellen som
baseras pd ett universum som ir domineras av mork materia. Denna modell har varit
mycket framgingsrik for att beskriva storskaliga strukturer i universum. Genom att ob-
servera mycket avldgsna galaxer studeras universum frin ett tidsperspektiv. Desto lingre
bort ett observerat objekt befinner sig, desto lingre bak i tiden ser man. Astronomer
har till exempel sett ordnade filament i rymden ddr materia har ansamlats. Dessa fila-
ment syns dven i simuleringar, och det 4r via dessa filament som mindre galaxer faller
pé en central ansamling av materia. Resultatet blir en stor central galax, och i vissa fall
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uppstir spiralgalaxer. Simuleringar har dven indikerat att vi idag ska kunna se signaturer
frin den hierarkiska sammanslagningen i form av dSph-galaxer och strémmar av stjirnor.
Strommar har observerats i manga galaxer, och de kan i Vintergatan studeras i detalj. Ett
bra exempel dr Sagittarius-strémmen som stricker sig som en orm genom Vintergatan.
Denna strém av stjarnor tros ha bildats da dSph-galaxen Sagittaruis kolliderade med Vin-
tergatan. Ytterligare ett exempel dr strémmen av stjarnor kring galaxen NGC 5907 som
uppticktes med hjilp av ett amatérteleskop i New Mexico.

6.4 Problem med modellen

Trots att den moderna kosmologiska modellen 4r mycket framgangsrik for att forklara
bildandet av galaxer, har den 4ven sina problem. Simuleringar av universums utveckling
forutsdger att det i Vintergatans ndrhet ska existera hundratals mérk-materia-dominerade
system, likt dSph-galaxer, som ir reliker frin den era dé galaxen bildades. Tills f6r ndgra
ar sedan var endast en handfull kinda i Vintergatans nirhet. Detta statistiska dilemma har
kommit att bli kint som ”The missing satellite problem”. Under de senaste aren har dock
antalet kinda dSph-galaxer i Vintergatans nirhet mer dn férdubblats. Antalet kinda dSph-
galaxer som tillh6r Vintergatan dr nu uppe i ett trettiotal tack vare utvecklingen av battre
instrument och metoder for att finna mycket ljussvaga objekt i Vintergatans nirhet. Det
ir onekligen fantastiskt att vi 4n idag uppticker galaxer nira var egen galax Vintergatan.
Med dessa nyupptickta ultraljussvaga dSph-galaxer har man bérjat att tinkta om vad giller
”The missing satellite problem”. Flertalet teorier existerar for att forklara problemet, som
trots de senaste upptickterna kvarstir. En av de populdraste forklaringarna baseras pa att
astrofysikaliska processer har hindrat dSph-galaxer frin att ansamla tillrickligt med gas for
att starta en effektiv fédelseplats for stjairnor. Exempelvis skulle energirika fotoner kunna
ha hettat upp de sméd dSph-galaxerna, och gasen som i normal fall bildar stjirnor flyr
galaxen. Om detta scenario ir sant existerar idag de dSph-galaxer vi inte kan se i form av
mork materia, men utan tillrickligt med stjdrnor for att vi ska uppticka dem med hjilp av
optiska instrument. Denna teori stods av att de ultraljussvaga dSph-galaxer man upptickt
de senaste aren dr mycket fattiga pa stjairnor. Metoder for att uppticka dessa extremt
ljusfattiga féremal dr under utveckling. Eftersom de inte kan upptickas med hjilp av
optiskt ljus hoppas de kunna upptickas i granngalaxer med hjilp av sa kallad gravitationell
linsning. Detta eftersom den hoga halten av mork materia bojer ljuset frin bakomliggande
féremal. Gravitationell linsning férutsades av Einstein och har idag bekriftats med hjilp
av storre ljusstarka galaxer.

Eftersom dSph-galaxer tros vara byggstenar till Vintergatan, speciellt dess yttre kom-
ponent halon, dr det av intresse att jimféra mingden tunga grundimnen hos dSph-
galaxer med halterna hos stjarnorna i Vintergatans halo. Om stjarnorna skapades i dSph-
galaxerna innan de slogs samman med Vintergatan, borde andelen stjairnor med ldg re-
spektive hog andel tunga grundimnen stimma Gverens.
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Med hjilp av spektroskopi har man uppskattat miangden tunga grundimnen hos stjirnorna
i méinga av dSph-galaxerna, men de stjarnor med mycket lig halt som observerats i Vinter-
gatans halo fanns det inte manga av i dSph-galaxerna. Problemet formulerades av Amina
Helmi, vid Kapteyn Astronomical Institue i Holland, i en studie fran 2006 och mycket
forskning har sedan dess dgnats at problemet. En vindning kom 2008 di en forskar-
grupp vid University of California, ledd av Evan Kirby, lyckades identifiera en mingd
stjdrnor med lig halt tunga grunddmnen i de nyupptickta ultraljussvaga dSph-galaxerna.
Baserat pd dessa stjirnor visade de att mangden tunga grundimnen f&r dSph-galaxer och
Vintergatan stimmer ganska bra 6verens. Parallellt med studierna av dSph-galaxer forbit-
trades dven uppskattningen av halterna f6r Vintergatans halo. Denna férbittring féreslog
ocks4 att skillnaden kanske inte 4r s stor som man tidigare trott.

6.5 Dvirgsfiroidgalaxer och stjirnhopar

dSph-galaxer och stjirnhopar i Vintergatans nirhet har mycket gemensamt. De har en
jamforbar ljusstyrka och stjairnmassa, och de kan vara mycket gamla och fattiga pa tunga
grundidmnen. D4 man uppticker ett nytt stjdrnsystem kan det darfor vara svart att avgora
om det ir en stjdrnhop eller en dSph-galax. Men, det dr ndgra fa egenskaper som skil-
jer dem at. Stjairnhopar har oftast endast en enda stjarnpopulation, dvs. att stjirnorna
i galaxen skapades ungefir samtidigt, medan dSph-galaxer kan besté av flera stjarnpop-
ulationer. 4ven om de har en total ljusstyrka som 6verlappar, ir ljusstyrkan f6r dSph-
galaxerna férdelad Gver en mycket stérre yta. dSph-galaxerna dr ocksa betydligt storre.
Som ndmnts tidigare, dSph-galaxerna dr de mest mork-materiadominerade objekten man
kinner till. Stjdrnhopar 4 andra sidan visar inga tecken pa att innehélla stora miangder av
mork materia.

6.6 Dvirgsfiroidgalaxer i Lund

Sedan upptickten av de ultraljussvaga dSph-galaxerna har forskningen kring dessa objekt
accelererat. Vid institutionen f6r astronomi och teoretisk fysik i Lund har dSph-galaxer
studerats under en lingre tid. Med hjilp av fotometri tagen med teleskop pa La Palma, Ka-
nariebarna, har astronomer i Lund i ett flertal studier analyserat savil de klassiska som de
nyupptickta ultraljussvaga dSph-galaxerna. Ett av de stora problemen vid vetenskapliga
studier av dessa galaxer dr att exponeringarna ofta lider av mycket kontaminerande stjarnor
fran Vintergatan, men med hjilp av ett smart filtersystem kan stjirnor som tillhér dSph-
galaxerna isoleras. Stjirnorna som tillh6r Vintergatan maste sallas bort f6r att man ska
kunna studera egenskaper hos dSph-galaxerna. Ett fatal kontaminerande stjirnor fran
Vintergatan kan paverka ett resultat mycket. I en nyligen publicerad studie ledd av Daniel
Adén, dir de dven inkluderade observationer tagna med VLT-teleskopet pé Paranal i Chile,
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fann man bland annat att den ultraljussvaga dSph-galaxen Hercules kan vara mycket littare
in tidigare studier foreslagit. En ldttare vikt f6r Hercules har bidragit till teorin om hur
dSph-galaxerna skapades i ett mycket ungt universum. Man har ocksi med hjilp av ytterli-
gare observationer med VLT-teleskopet pa Paranal funnit en mingd stjirnor med mycket
lig mingd tunga grundimnen i Hercules, vilket kan bidra till en 16sning f6r problemet
med de férsvunna tunga-grunddmnesfattiga stjirnorna. Eftersom dSph-galaxerna tros
vara bland de forsta objekten som skapades i universum, dr de ocksa viktiga att studera
for att forstd hur stjarnor har fétts och utvecklats i ett mycket ungt universum. dSph-
galaxen Hercules uppticktes si sent som 2007 av ett forskarlag vid Cambridge University
lett av Vasily Belokurov, och den befinner sig pa ett avstind av ungefir 500 000 ljusar
frin Vintergatans centrum. Trots att detta 4r ett enormt avstind relativt storleken pa
Vintergatans disk av stjarnor befinner den sig fortfarande i Vintergatans halo. Inom de
nirmsta dren kommer med stor sikerhet fler dSph-galaxer att upptickas i Vintergatan.
Detaljerade studier av dessa objekt kommer att 6ka vér fOrstielse om hur galaxer bildas,
och egenskaper fér mork materia.
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ABSTRACT

Context. Dwarf spheroidal (dSph) galaxies are the least luminous, least massive galaxies known. Recently, the number of observed
galaxies in this class has greatly increased thanks to large surveys. Determining their properties, such as mass, luminosity and metal-
licity, provides key information in our understanding of galaxy formation and evolution.

Aims. Our aim is to provide as clean and as complete a sample as possible of red giant branch stars that are members of the Hercules
dSph galaxy. With this sample we explore the velocity dispersion and the metallicity of the system.

Methods. Stromgren photometry and multi-fibre spectroscopy are combined to provide information about the evolutionary state of
the stars (via the Stromgren ¢, index) and their radial velocities. Based on this information we have selected a clean sample of red
giant branch stars, and show that foreground contamination by Milky Way dwarf stars can greatly distort the results.

Results. Our final sample consists of 28 red giant branch stars in the Hercules dSph galaxy. Based on these stars we find a mean
photometric metallicity of —2.35 + 0.31 dex which is consistent with previous studies. We find evidence for an abundance spread.
Using those stars for which we have determined radial velocities we find a systemic velocity of 45.20 + 1.09 kms~! with a disper-
sion of 3.72 kms~!, this is lower than values found in the literature. Furthermore we identify the horizontal branch and estimate the
mear; magnitude of the horizontal branch of the Hercules dSph galaxy to be V, = 21.17 + 0.05, which corresponds to a distance of
147*5 kpc.

Conélusions. When studying sparsely populated and/or heavily foreground contaminated dSph galaxies it is necessary to include
knowledge about the evolutionary stage of the stars. This can be done in several ways. Here we have explored the power of the ¢,
index in Stromgren photometry. This index is able to clearly identify red giant branch stars redder than the horizontal branch, enabling
a separation of red giant branch dSph stars and foreground dwarf stars. Additionally, this index is also capable of correctly identifying
both red and blue horizontal branch stars. We have shown that a proper cleaning of the sample results in a smaller value for the

velocity dispersion of the system. This has implications for galaxy properties derived from such velocity dispersions.

Key words. galaxies: dwarf — galaxies: fundamental parameters — galaxies: individual: Hercules —

galaxies: kinematics and dynamics — galaxies: photometry

1. Introduction

In the past few years the number of known Milky Way satellites
has increased considerably. Our Galaxy has gained at least ten
newly recognized companions, and additional ones await confir-
mation (e.g. Zucker et al. 2006a,b; Walsh et al. 2007; Belokurov
et al. 2006, 2007, 2008, 2009). These recently discovered satel-
lites resemble the previously known dwarf spheroidal (dSph)

* Based on observations made with the INT telescope operated 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.
** Based on spectra obtained with the VLT-U2 telescope ESO Proposal
number 079.B-0447(A).

galaxies in many of their characteristics (see Grebel et al. 2003,
for a detailed discussion of the properties of the classical dSph
galaxies), but most of the new satellites are several magnitudes
fainter than any dwarf galaxy known before. Hence these objects
are now often referred to as “ultra-faint dwarf spheroidal galax-
ies”. Since most of the new discoveries were made using deep
CCD sky surveys such as the Sloan Digital Sky Survey, which
cover primarily the northern hemisphere, it seems highly likely
that additional objects will be added once the southern sky is
scanned in a similar manner (e.g. Keller et al. 2007; Walsh et al.
2009).

One of the new discoveries is the Hercules dwarf spheroidal
galaxy (Belokurov et al. 2007). Hercules lies at a distance of
132 + 12 kpc from us, has an absolute V-band magnitude of

Article published by EDP Sciences
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about —6.6 + 0.3, a V-band surface brightness of only 27.2 +
0.6 mag arcsec™2, and appears highly elongated (Coleman et al.
2007; Martin et al. 2008). Its stellar mass is estimated to be
in the range of several x10* M. The mass of the Hercules
dSph galaxy, as inferred from line-of-sight radial velocity mea-
surements, is of the order of 107 M, within the central 300 pc
(Strigari et al. 2008). This value is in good agreement with the
seemingly ubiquitous, common mass scale of the other Galactic
satellites (e.g. Gilmore et al. 2007; Walker et al. 2007; Strigari
et al. 2008, and references therein).

As would be expected from its low luminosity and low sur-
face brightness, Hercules is a metal-poor dSph galaxy. From
measurements of the Ca II IR triplet lines in red giant stars,
Simon & Geha (2007) inferred a mean metallicity of [Fe/H] =
—2.27 £ 0.07 on the metallicity scale of Carretta & Gratton
(1997). Using spectrum synthesis of Fel lines, Kirby et al.
(2008b) derived a mean metallicity of —2.58 + 0.51 dex. Both
studies found a wide range of metallicities among the red gi-
ant stars in Hercules, confirming the trend known from brighter
dSph galaxies that often exhibit spreads of 1 dex and more (e.g.
Shetrone et al. 2001; Koch et al. 2006, 2007a,b).

A detailed, high-resolution abundance analysis of two red
giants in the Hercules dSph galaxy revealed that the enrichment
in heavy elements proceeded inhomogeneously and that core-
collapse supernovae were the primary contributors to the enrich-
ment of Hercules (Koch et al. 2008b). Evidence for such chem-
ical inhomogeneities on small scales has also been found in the
more luminous dSph galaxies (Koch et al. 2008a) and in more
massive dIrr galaxies (Kniazev et al. 2005).

In our current study we explore the potential of Stromgren
photometry for the study of the stellar content of ultra-faint
dSph galaxies, such as the one in Hercules. In contrast to the
usual broadband photometry, Stromgren photometry offers sev-
eral advantages. It provides us with gravity-sensitive multi-
colour indices useful for distinguishing different evolutionary
stages including giant-dwarf discrimination. This is a very valu-
able option when trying to eliminate foreground dwarfs from a
giant candidate sample to be used for subsequent spectroscopy,
particularly when dealing with sparse, extended, ultra-faint dSph
galaxies that tend to suffer from substantial Galactic foreground
contamination. Moreover, Stromgren indices offer the possibil-
ity to estimate metallicities for red giant stars. This method has
been considerably refined since the early calibration attempts by
Grebel & Richtler (1992). As compared to other photometric es-
timates, it has the added advantage of providing age-independent
metallicity estimates (e.g. Faria et al. 2007). In terms of tele-
scope time, intermediate-band photometry is a lot cheaper than
spectroscopic surveys of faint giants.

We have obtained both Stromgren photometry as well as
spectroscopic observations of the Ca 11 IR triplet lines for stars
in the field of the Hercules dSph galaxy. These observations en-
able a full analysis both of evolutionary stage as well as radial
velocities for these stars. It turns out that knowledge about the
evolutionary stage of the stars is crucial for the construction of
a clean sample of red giant branch (RGB) stars in the Hercules
dSph galaxy.

The paper is organized as follows: in Sect. 2 we describe
the observations and data reductions for both the photometric
and the spectroscopic observations. In Sect. 3 we present the
colour-magnitude diagram as well as the measured radial veloc-
ities. In Sect. 4 we show how the gravity sensitive Stromgren ¢,
index can be used to disentangle the Hercules dSph galaxy mem-
bers from the foreground contamination, and Sect. 5 deals with
membership determination based on radial velocities. Section 6
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Fig. 1. Position on the sky of our observations. The coordinates are
given in decimal degrees, epoch J2000. Central coordinates for the
galaxy are from Martin et al. (2008). The solid ellipse represents the
core radius and the dotted ellipse the King profile limiting radius of the
Hercules dSph galaxy as determined by Coleman et al. (2007). Solid
rectangles outline the four CCD chips in the WFC used for the photo-
metric observations. X marks the fibre positions for the FLAMES ob-
servations. Here we show the fibres positioned on the stars only. The
arrow in the bottom left hand corner indicates the direction to the centre
of the Milky Way.

summarizes how we define a Hercules member star. Section 7
provides a comparison with previous velocity determinations. In
Sect. 8 we derive metallicities for the stars identified as mem-
bers of the Hercules dSph galaxy using the Stromgren m; index
as well as from the measurements of the Ca II IR triplet lines,
and compare the results with previous studies of the metallicity
of the Hercules dSph galaxy. In Sect. 9 our results are discussed
and they are summarized in Sect. 10.

2. Observations and data reductions

In this section we detail the observations as well as the data re-
duction for both photometric and spectroscopic observations.

2.1. Photometry

Intermediate-band Stromgren u, v, b and y photometry was ob-
tained during six nights with the Wide Field Camera (WFC) on
the 2.5-m Isaac Newton Telescope (INT) on La Palma. Of the six
nights only three provided useful data due to bad weather con-
ditions. The WFC consists of 4 2k x 4k CCDs. The CCDs have
a pixel size of 13.5 microns corresponding to 0.33” per pixel.
Figure 1 shows the location and dimensions of the galaxy on the
sky and the positions of the CCD chips of the WFC.

The observations are summarised in Table 1 and all observa-
tions were centered at RA = 16"31™05° and Dec = +12°47'18"”
(Martin et al. 2008). Typical seeing during the three good nights
was about 1.3 arcsec.

Multiple standard and extinction stars were observed each
night. During the observations of the Hercules dSph galaxy, we
observed 12 Stromgren standard stars chosen from the list in
Schuster & Nissen (1988) plus one star from Olsen (1993), see
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Table 1. Summary of the photometric observations obtained with the
Isaac Newton Telescope.

Filter 13 April 2007 14 April 2007 15 April 2007  Total
[min] [min] [min] [min]
y 1x30 1x30 1x30 90
b 1x30 1 %30 1x30 90
v 1x30 1x30 1x30 90
u 1x30 2% 30 2x 30 150

Column 1 lists the filter. Columns 2—4 list the number of 30 min ex-
posures obtained for each filter during each of the three useful nights.
Column 5 lists the total exposure time for each filter.

Table 2. Standard stars from Schuster & Nissen (1988), except
HD107853 (Olsen 1993).

ID Hip Vv b-y) my i

HD 100363 56327  8.648  0.191 0.139 0.760
HD 107853 9.100  0.321 0.157 0472
HD 108754 60956  9.006  0.435 0.217 0.254
HD 120467 67487  8.147  0.728  0.757 0.088
HD 134439 74235 9.058  0.484  0.224 0.165
HD 138648 76203  8.137  0.504 0.358 0.290
HD 149996 81461  8.495 0396  0.164 0.305
HD 158226 85378 8494 0386 0.146 0.316
DM -053063 51127 9.734  0.568 0.461 0.182
DM -08 4501 87062 10.591 0.452 0.032 0.274
DM -122669 43099 10.230 0.229  0.094 0.490
DM -13 3834 69232 10.685 0.415 0.098 0.183
DM -14 4454 81294 10332  0.565 0.469 0.192

Columns 1 and 2 list the star ID and Hipparcos number, respectively.
Column 3 lists the standard values adopted for the magnitude (note y =
V) and Cols. 4 to 6 the standard values adopted for the (b — y), m; and
¢ indices, respectively.

Table 2. Two stars from the list of standard stars were observed
several times during each night in order to sample the extinc-
tion for a large range of airmass. These stars will henceforth be
referred to as extinction stars.

The observations of standard and extinction stars are used to
find the zeropoint, extinction coefficients and colour terms, see
Sect. 2.1.2.

2.1.1. Reduction of the photometric observations

The images for the Hercules dSph galaxy and the standard stars
were reduced with the Wide Field Survey Pipeline provided
by the Cambridge Astronomical Survey Unit (Irwin & Lewis
2001). The processing operations applied to the images were
de-biasing, trimming, flatfielding, astrometry and correction for
non-linearity.

2.1.2. Standard star photometry and establishing
the photometric calibration

We obtained aperture photometry for the standard and extinction
stars using the task PHOT within the IRAF' APPHOT package.
The size of the aperture was determined individually for each
star by plotting the measured flux as a function of increasing

! IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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aperture size. The aperture at which the flux no longer increased
was chosen as the aperture for that star (typically 4-5 xFWHM
of the stellar psf). This curve-of-growth is used in order to max-
imise the signal-to-noise ratio (S/N) while measuring as much
flux as possible from the star (Howell 1989).

The measurements of the standard and extinction stars were
used to establish the transformations needed to put our obser-
vations on the standard system of Olsen (1993). Note that the
Schuster & Nissen (1988) stars are secondary standards in this
system. See Olsen (1995) for a discussion about the Olsen sys-
tem as compared to the system established by Bond (1980) and
Anthony-Twarog & Twarog (1994).

The first night out of the three useful nights did not give us
reliable photometry for the standard stars (i.e. there was no well
defined linear relation for the transformation to the standard sys-
tem for that night), and this night was thus excluded from the
calibration.

First, we derived preliminary extinction coefficients, k;, and
zeropoints, z;, for each filter i by solving the following equation
with a least-square fit

ms=mg+ki-X+z (1

where m is the magnitude of the star and X is the airmass. The
subscripts s, 0 and i designates the standard magnitude, the ob-
served magnitude and the filter, respectively. With preliminary
zeropoints and extinction coefficients we then solved for the
colour term, a;, using a least-square fit

ms=mo+a;- -y +2z 2

where z;” is the residual from the linear fit. Note that here we use
the data for both nights in order to make use of the colours for all
standard stars. With preliminary colour terms we can now solve
the full equation to obtain better estimates of z; and k;

mg=mo+a;-—ys+k"-X+z" 3)

with these better estimates, Eq. (2) is again solved and Egs. (2)
and (3) are then iterated until convergence in a, z and k is
achieved. Typically convergence is reached within 6 to 7 itera-
tions. The final zeropoint is given by 7" in Eq. (3) plus the resid-
ual zeropoint from Eq. (2) from the last iteration. The extinction
coeflicients, colour terms, zeropoints and correlation coefficients
between the uncertainty in z and &, p, for each filter and night
are listed in Table 3. We note that the uncertainty in zeropoint
and extinction coefficient are strongly anti-correlated.

The z, k and a obtained were used to transform our observa-
tions onto the standard system of Olsen (1993). The uncertainty
for z, k and a, and the correlation coefficient p,; were used to
calculate the errors in the magnitudes, Sect. 2.1.4.

In Fig. 2 we show the residuals between our photometry and
the standard values from Schuster & Nissen (1988) and Olsen
(1993) as a function of our calibrated (v — y) colour. We note that
there are no trends with colour.

2.1.3. Photometry of the stars in the science images

Instead of co-adding the science images, we did aperture pho-
tometry on each of the images separately. Co-adding the images
would be difficult since the seeing varied from night to night and
because of the necessity to apply the extinction correction for
each night separately. As described later in this section the final
flux for each star in each filter was calculated using a weighted-
mean of the individual measurements. This enables us to do a
more detailed study of the night to night quality. As a quality
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Table 3. Coefficients for Eq. (3).

Night ky %y a, Pk
14 April 2007  -0.155 £0.021  23.009 £ 0.031  0.016 £ 0.005 -0.92
15 April 2007  -0.142 £ 0.016  22.989 £ 0.023  0.016 = 0.005 -0.96
Night ky 2 ap Pk
14 April 2007  -0.240 £0.031  23.337 £0.043  0.009 + 0.005 -0.97
15 April 2007  -0.210 £ 0.036  23.297 £ 0.050  0.009 = 0.005 -0.96
nght k, 2 a, Pk
14 April 2007  -0.349 £0.023  23.051 £0.034 0.050 £ 0.006 -0.98
15 April 2007  -0.353 £0.023  23.048 £0.032  0.050 = 0.006 -0.96
nght ku Zu ay Pzk
14 April 2007  -0.582 £0.036  23.131 £0.052  0.065 = 0.007 -0.98
15 April 2007 -0.569 +£0.013  23.117 £ 0.021  0.065 + 0.007 -0.96

Columns 2 to 4 list the airmass extinction coefficients, &;, zeropoints, z; and colour coefficients, a;, for each filter as indicated with uncertainties o,
o, and o, respectively. Column 5 lists the correlation coefficient between the uncertainty in extinction coefficient, o, and uncertainty in zeropoint,

o, This coeflicient is denoted by p.
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Fig. 2. The residuals for the standard stars as a function of our final
(v—y) colour. The residuals are given in the sense “our observed value” —
“the standard value”. Mean differences and o as indicated.

check we compared the flux for the brightest targets for each
night with a mean flux, calculated for each object for all nights,
to see if any of the images deviated in flux. None of the images
deviated. From this we draw the conclusion that the calibration
was consistent throughout the entire observing run.

Coordinate lists for the images were created using the task
DAOFIND in the APPHOT package in IRAF. To establish the
coordinate lists we used the best y image, since the stars are
brightest in this filter. We then used this catalogue of coordinates
for all the other images. We used the aperture photometry task
PHOT, within the APPHOT package, to measure the flux for all
objects on the images.

Aperture correction. When doing photometry on the science
images we used a fixed aperture of 5 pixels. Applying a curve-
of-growth we obtained, for each individual image, the aperture
correction out to 4 X FWHM of the psf. The aperture correc-
tions were based on measurements of many bright isolated stars,

Table 4. Aperture corrections.

File name Filter ~CCD chip Aperture correction

1556732 y 1/2/3/4 1.265/1.266/1.278/1.266
1556737 b 1/2/3/4 1.273/1.262/1.274/1.256
1556748 v 1/2/3/4 1.195/1.191/1.164/1.168
1556754 u 1/2/3/4 1.171/1.161/1.135/1.148
1556882 b 1/2/3/4 1.269/1.264/1.259/1.240
556887 y 1/2/3/4 1.162/1.166/1.162/1.155
1556893 v 1/2/3/4 1.268/1.264/1.223/1.238
1556898 u 1/2/3/4 1.378/1.366/1.312/1.343
1556899 u 1/2/3/4 1.384/1.362/1.316/1.352
1556997 y 1/2/3/4 1.254/1.261/1.254/1.244
1557004 b 1/2/3/4 1.212/1.203/1.204/1.188
1557009 v 1/2/3/4 1.382/1.382/1.336/1.356
1557018 u 1/2/3/4 1.209/1.198/1.160/1.185
1557019 u 1/2/3/4 1.335/1.322/1.282/1.308

Column 1 lists the file name for the image as named by the observing
and archiving system on the Isaac Newton Telescope. Column 2 lists
the filter. Column 3 lists the CCD chip number and Col. 4 the aperture
correction for each CCD in the same order as in Col. 3.

Table 5. Summary of the spectroscopic observations with FLAMES.

Date Exp. time [min]
15 April 2007 45
15 April 2007 45
10 May 2007 45
17 May 2007 40
21 June 2007 40
21 June 2007 40
21 June 2007 40

Total Exp. Time 295

Column 1 lists the date of observation and Col. 2 the exposure time.

typically 20 stars per CCD. The aperture corrections were done
in flux-space and are listed in Table 4.

Final magnitudes. Initial magnitudes were calculated for each
object and night for every image and calibrated for the airmass
extinction and zeropoint using Eq. (2), but this time with sub-
script s as our calibrated magnitude and, as before, 0 as the
observed magnitude, with coefficients from Table 3. Since the
first night did not give us reliable standard star photometry, and
we thus have no calibration for that night, we normalized the
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magnitudes from that night to the mean of the magnitudes for
the two following nights.

For all three nights, erroneous measurements returned from
PHOT for the individual exposures were removed from the
data set (i.e. the measurements for which sier, cier and
pier=0, which are the error in sky fitting, centering algorithm
and photometry, respectively). The flux was then calculated for
each star. The final flux, F, was obtained by using a weighted-
mean flux where the photometric errors returned from PHOT
(merr) were used as weights. The expression for the final flux is
thus

X filo]
Xja /o]

where the subscript j is the exposure, n is the total number of
exposures, f; is the flux of the individual exposure and o; the
error (merr). These mean fluxes were then converted back to
magnitudes and the colour terms were applied to get the final
magnitudes. By definition, y = V (e.g. Olsen 1983), and we will
henceforth use V instead of y in figures and discussions.

F= )

2.1.4. Photometric errors

The errors in magnitude for the Stromgren photometry were cal-
culated using a Monte Carlo Simulation, taking into account
merr, the uncertainty in zeropoint, extinction coefficient and
colour term and the strong anti-correlation between the uncer-
tainty in zeropoint and extinction coefficient.

We did this in the following way. For each object, a new
magnitude was calculated

m; = mg,; + Am 5)

where my is the observed magnitude in filter i and Am is a ran-
dom number, drawn from a normal distribution with a mean of O
and a variance of o-fn, where 0, is the error in the magnitude as
returned from the PHOT task (merr). Additionally, for each ob-
ject, a new zeropoint and extinction coefficient were calculated

Zi =20, + Az (6)
ki = ko + Ak 7)

where zo; and ko ; are the zeropoint and extinction coefficient for
filter i used in the calibration (see Sect. 2.1.2) and Az is a ran-
dom number, drawn from a normal distribution with a mean of 0
and a variance of a‘f, see Table 3. Since o, and o are strongly
anti-correlated, we take into account the correlation coeflicient
from the calibration when calculating the random number Ak
(see Sect. 2.1.2 and Table 3). Finally, a new colour term was
calculated

ai =ap; +Aa (8)

where ay; is the calculated colour term for filter i and Aa is a
random number, drawn from a normal distribution with a mean
of 0 and a variance of o2.

This process was then repeated 2000 times, generating a new
set of u, v, b and y magnitudes in each iteration. As the final
error for each magnitude we adopt the standard deviation of the
magnitudes from the Monte Carlo simulation. This is calculated
as follows

— Zl(’”f ) ©)
-

Om =

0.1

0.08

0.06

0.04

0.02

LA T L L L I L L

0.1 T

0.08

0.06

0.04

0.02

LA 7L L L L B

o

18 20 22 18 20 22

Fig. 3. Errors in the photometry for y, b, v and u, as indicated. The cal-
culation of the errors is described in Sect. 2.1.4. The few stars with
anomalously high errors at a given magnitude are also discussed there.

where the subscript j is the Monte Carlo iteration number, and
m the mean magnitude of the distribution.

Figure 3 presents our final photometric errors, €. The base-
level error of ~0.02 mag (0.035 for the b filter) is due mainly
to the errors in the photometric calibration, see Table 3 and the
discussion above. The profile of the errors, i.e. increasing error
with decreasing magnitude, is dominated by merr (i.e. photon
statistics). Some stars show a larger € than the majority of stars
at that magnitude. This is most obvious in the u filter and is a
statistical feature caused by the number of exposures that are
included for that star. The u filter suffers most from this since
stars are generally a lot fainter in this filter, and therefore more
measurements are rejected due to errors in sky fitting, centering
and photometry. For example, the stars in u with a larger € for
a given magnitude have three or fewer individual measurements
while the stars in the main trend all have five measurements.
The higher error in b is caused by the higher uncertainty for the
zeropoint in b (compare Table 3).

2.1.5. Stellar classification using SExtractor

Contamination by background galaxies is a concern for our
observations. As our images are uncrowded we can reach
faint magnitudes with relative ease using aperture photometry.
However, by using aperture photometry we have no information
about the shape of the objects. In order to sort the stars from
background galaxies we used SExtractor v2.5. SExtractor uses
a tunable neural network trained on realistic simulated images
to separate galaxies from stars in moderately crowded images
(Bertin & Arnouts 1996). The SExtractor output, which is of
interest to us, is the stellarity index, sclass; sclass takes on val-
ues between 0 and 1, where O indicates a galaxy and 1 a star.
Following Bertin & Arnouts (1996), objects with a stellarity in-
dex greater than or equal to 0.5 were identified as stars.

As can be seen in Fig. 4, SExtactor clearly removes galax-
ies at bright magnitudes but its ability to distinguish stars from
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Fig. 4. SExtractor stellarity index (sclass) as a function of Vj. A star
takes on values close to 1 and galaxies values close to 0. The rectangle
indicates the area where we investigated each object individually (see
Sect. 2.1.5).

galaxies diminishes at fainter magnitudes where the S/N is
lower. During our membership analysis (see Sect. 4.2) we in-
vestigated objects in a stellarity index range 0.07 < sclass < 0.5
and magnitude range 18 < V{ < 21 in order to make sure that
we did not exclude any objects of interest based on the stellar-
ity index alone. This area is marked with a solid line in Fig. 4.
We found two objects of interest, INT 34489 and INT43290 (see
Sect. 4.2 for a discussion of these two objects).

2.2. Spectroscopy

Our spectroscopy was carried out using the multiobject
spectrograph Fibre Large Array Multi Element Spectrograph
(FLAMES) at the Very Large Telescope (VLT) on Paranal.
Operated in Medusa fibre mode, this instrument allows for the
observation of up to 130 targets at the same time (Pasquini et al.
2002). Figure 1 shows the fibre positions on the sky for the stellar
targets. 21 additional fibres were dedicated to observing blank
sky. We used the GIRAFFE/LS8 grating, which provides a nom-
inal spectral resolution of R ~ 6500 and a wavelength coverage
from 821 nm to 940 nm, centred on the Ca 11 IR triplet lines in
the spectral region around 860 nm.

2.2.1. Reduction of spectroscopic observations

Initially, the FLAMES observations were reduced with the stan-
dard GIRAFFE pipeline version 2.2 (Blecha et al. 2000). This
version of the pipeline, however, was not able to reduce a persis-
tent glow on the CCD (Lind et al. 2008). This glow then created
an extra background that increases towards the red. The effect
was very large and would have affected the equivalent width
measurements. Fortunately, during our work with these spec-
tra a beta-version of the next version of the pipeline became
available. The data were thus re-reduced with the GIRAFFE
pipeline, version 2.5. This pipeline provides bias subtraction, flat
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fielding, dark-current subtraction, and accurate wavelength cal-
ibration from a ThAr lamp. It also solved the issue of the CCD
glow.

2.2.2. Spectroscopic measurements

The 21 sky spectra were combined and subtracted from the ob-
ject spectra with the task SKYSUB in the SPECRED package in
IRAF. Figure 5 gives an example of the sky-subtraction process.

Finally, the object spectra from the individual frames were
Doppler-shifted to the heliocentric rest frame and median-
combined into the final one-dimensional spectrum. When com-
bining the object spectra we used an average sigma clipping
algorithm, rejecting measurements deviating by more than 3o,
in order to remove cosmic rays.

Radial velocities were determined by a Fourier cross-
correlation of the combined spectra against a synthetic template
spectrum using the IRAF task FXCOR. The template consisted
of three Gaussian absorption lines at the positions of the Ca 11 IR
triplet lines, with equivalent widths (W) representative for red gi-
ant stars. The radial velocities were determined from a Gaussian
fit to the strongest correlation peak within a 300 km s~ window.
The uncertainty in the measurement of the radial velocity was
returned by FXCOR and is based on the Tonry-Davis R-value
(Tonry & Davis 1979, see Figs. 7a and b).

During the Fourier cross-correlation process we performed
an ocular inspection of the quality of the spectra. Spectra of ob-
jects fainter than V) ~ 21.3 showed no clearly visible Ca 11 IR
triplet lines and were thus removed from the sample. The S/N
for these spectra was typically ~4 or less.

The equivalent widths, W, for the Ca 11 IR triplet lines were
measured by fitting a Gaussian profile (Cole et al. 2004) to each
of the three lines using the IRAF task SPLOT. From an ocular
inspection of the spectra we found that the Gaussian profile fitted
the Ca II triplet lines better than a Voigt profile.

2.3. Interstellar reddening

We corrected the photometric magnitudes for interstellar extinc-
tion using the dust maps by Schlegel et al. (1998). This gives
E(B—V) =0.062, in agreement with Koch et al. (2008b).

Coleman et al. (2007) used a reddening of E(B—V) = 0.055
with an uncertainty of 0.005 that represents the variation in red-
dening over the Large Binocular Telescope 23’ x 23’ field. In
Sect. 8.1 we investigate how different values of E(B — V) affect
the estimated metallicities for the stars.

We used the Schlegel et al. (1998) relations to translate these
extinction values into the Stromgren system. De-reddened mag-
nitudes, colours and Stromgren indices will henceforth have the
subscript 0.

3. Results

3.1. Colour-magnitude diagram in the direction
of the Hercules dSph galaxy

Figure 6 presents our colour—-magnitude diagrams in the direc-
tion towards the Hercules dSph galaxy. The horizontal branch
(HB) is seen at V) =~ 21.2 in Fig. 6a. A large population of fore-
ground stars can also be seen with a cut-off at (b — y)y = 0.3,
associated with the blue limit of the turnoff stars in the Milky
Way disk and halo. The RGB of the Hercules dSph galaxy can-
not easily be seen due to the heavy contamination by foreground
dwarf stars.
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Arbitary flux

Fig. 5. Example showing the subtraction of sky-
emission lines from the stellar spectra. At the
top we show a raw, one-dimensional, spectrum
for one of the brightest stars in our sample,
V = 18.4. Below that spectrum is the final spec-
trum of the sky constructed through the com-
bination of all 21 sky fibres. At the bottom we
show the stellar spectrum once the sky has been
removed. The S/N for the final stellar spec-

trum is 28. The rms in the sky spectrum is ~1.1
counts and ~9.8 counts in the stellar spectrum.
The three Ca 11 IR triplet lines are indicated

860
Wavelength (nm)

by vertical lines in the bottom spectrum. The
dashed line indicates the position of zero inten-
sity for the final spectrum.

16

= oats

-1 0 1

3.2. Radial velocities

Figure 7a shows the stellarity index as a function of the derived
radial velocity for the objects observed with FLAMES. Objects
with a stellarity index less than 0.5 are excluded from the sam-
ple (see Sect. 2.1.5). We investigated the objects with a stellarity
index less than 0.5 and a velocity close to the systemic veloc-
ity and found that all of these objects are fainter than V) = 21
except three objects, INT 43290, INT 40586 and INT 41659.
INT 43290 lies on top of a background galaxy and is therefore
contaminated. INT 40586 and INT 41659 have a questionable
surface distribution on the CCD. We flag them as blends and
possible double-star systems and identify them in Fig. 7b.

Figure 7b shows the magnitude of the stars vs. the derived
radial velocities. The error-bars on the radial velocities are from
the Tonry-Davis R-value (Tonry & Davis 1979) estimates. As
expected, errors in the velocities correlate with magnitude such
that fainter stars have larger errors.

In Fig. 8 we compare the distribution of our radial velocities
in the direction of the Hercules dSph galaxy with the predictions
of the Besancon model (Robin et al. 2003) with the same area
on the sky as that covered by our observations. The colour and
magnitude range for the distribution of stars from the Besangon
model is the same as spanned by the FLAMES targets. As can be
seen, also in this respect the Hercules dSph galaxy suffers from
heavy foreground contamination. We note that the observed ve-
locity distribution is not centred on the field star distribution
predicted by the model, but is shifted by about —25 kms™!.
Moreover, disregarding the peak created by the Hercules mem-
bers, the observed distribution is narrower than the model predic-
tion. This may point to some problem with the model; however,

Nt ¢ .
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»
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Fig. 6. Colour-magnitude diagram centred on
the Hercules dSph galaxy. a) Vi vs. (b — y)o.
b) Vi vs. (v — y)o. Only objects with a stellarity
index sclass > 0.5 are shown (see Sect. 2.1.5).

a full investigation of the origin of this difference is beyond the
scope of the present study.

4. Finding the giant and horizontal branch stars
in the Hercules dSph galaxy

4.1. The ability of the Strémgren ¢y index to identify RGB
stars

As Figs. 6 and 8 show, the line of sight towards the Hercules
dSph galaxy is heavily contaminated with foreground stars, mak-
ing it impossible to determine membership from the Colour—
magnitude diagram alone. Even when radial velocities are added
the selection remains uncertain, because the mean velocity of the
Hercules dSph galaxy coincides with the velocity of the (thick)
disk.

The ¢; index in the Strdmgren system gives us the ability to
disentangle the RGB and HB stars in a dSph galaxy from the
foreground dwarf stars. The c; index is a measure of the Balmer
discontinuity in a stellar spectrum and is defined as

cr=wWw—-v)—(v->b). (10)

The strength of the Balmer discontinuity depends on the evolu-
tionary stage of the star. Stars in a plot of ¢; o vs. (b — y)o will
therefore occupy different regions depending on their evolution-
ary stage. Figure 9 shows which regions are occupied by stars at
different evolutionary stages. This classification is adopted from
Schuster et al. (2004). We also show the region occupied by the
RGB stars in the Draco dSph galaxy (Faria et al. 2007).
Schuster et al. (2004) were mainly concerned with high ve-
locity dwarf stars and to a lesser extent interested in the redder
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Fig. 7. a) SExtractor stellarity index vs. radial velocity for the objects observed with FLAMES. The error-bars represent the error in V4 as returned
by the task FXCOR. The dotted line indicates stellarity index 0.5. b) V; vs. radial velocity. e indicates objects with a stellarity index greater than
0.5. The error-bars represent the error in V,,q as returned by the task FXCOR. o indicates objects with a stellarity index lower than 0.5. Three stars
are identified with their INT numbers. These stars are discussed in Sects. 3.2 and 4.2.
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Fig. 8. Distributions of radial velocities. The solid histogram shows the
distribution of velocities from a Besancon model in the direction of the
Hercules dSph galaxy. The shaded histogram shows the distribution
of radial velocities for our FLAMES observations. Only objects with
sclass > 0.5 are included (see Sect. 2.1.5). Note that the area of the
histogram based on the Besancon model has been normalized to cover
the same area as the FLAMES histogram.

dwarf and RGB stars. As the high-velocity halo stars that they
studied tend to be fairly blue we will use tracings for dwarf stars
from Arnadéttir et al. (in preparation), and isochrones for RGB
stars by VandenBerg et al. (2006) with colour transformations
by Clem et al. (2004), in the ¢ vs. (b — y)o diagram to define

0.6

0.4

CLO

- RC-

0.2

0.6
(b*Y)o

Fig. 9. c1 vs. (b—y)o diagram with regions occupied by stars at various
evolutionary stages as defined in Schuster et al. (2004). MS: the main
sequence; SG: sub-giant stars; RG: red giant stars; RHB-AGB: the red
horizontal-branch-asymptotic-giant-branch transition; HB: the horizon-
tal branch. The shaded region marked DRACO indicates the region oc-
cupied by the RGB stars in the Draco dSph galaxy (Faria et al. 2007).
The dashed lines indicate dwarf star sequences for different metallici-
ties, [Fe/H] = 0.45, —0.05 and —1 from top to bottom and the dotted
line marks the upper envelope for dwarf stars (all lines from Arnadéttir
et al., in preparation).

the dwarf and giant star regions also in the red. The dwarf se-
quences in Arnadéttir et al. (in preparation) provide an extension
of the preliminary dwarf relation from Olsen (1984). The major
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Fig. 10. ¢, o vs. (b—y), for stars, o, in the direction of the Hercules dSph
galaxy. Only stars in the magnitude range 15 < V, < 18 are shown. e
mark stars that fall within the RGB region as defined by the isochrones
by VandenBerg et al. (2006) with colour transformations by Clem et al.
(2004). Metallicities as indicated. The thin dashed lines indicates dwarf
star sequences for different metallicities, [Fe/H] = 0.45, —0.05 and —1
top to bottom and the dotted line marks the upper envelope for dwarf
stars (all lines from Arnadéttir et al., in preparation). The thick line
marks the empirically determined limit for the foreground contamina-
tion (see Sect. 4.1).

difference between the preliminary relation by Olsen (1984) and
the new relations is that the new relations are functions of metal-
licity. In Fig. 9 we show dwarf sequences for three different
metallicities. These sequences, in accordance with Olsen (1984),
trace the lower envelope for the dwarf stars (for (b —y)g less than
about 0.55). Note that for redder colours ((b — y)o larger than
about 0.55) all dwarf sequences merge and form a single line
that traces the mean values of the colours. By studying dwarf
stars from Olsen (1993, 1994a,b)in a ¢y o vs. (b — y)o diagram it
is possible to define an upper envelope for the region occupied by
foreground dwarf stars. Arnadéttir et al. (in preparation) define
such an upper envelope. We include this in our plots henceforth.

To define the RGB region we use two isochrones with
[Fe/H] = —2.3 and [Fe/H] = 0.0 by VandenBerg et al. (2006)
and colour transformations by Clem et al. (2004), see Fig. 10.

As can be seen from Fig. 10, for giant stars, the ¢; index has
a clear metallicity dependence. This is more prononounced for
the reddest colours (i.e. the tip of the RGB). However, in spite of
this, this index still provides a strong discriminant between giant
and dwarf stars for cooler stars. Note that the dwarf sequence is
not metallicity dependent at these colours.

The blue limit for membership determination. Since in the ¢;
vs. (b —y)o plane the dwarf and RGB stellar sequences converge
around (b — y)g ~ 0.5 we need to identify a blue limit for stars
that we identify as RGB stars. In Fig. 10 we show the ¢ vs.
(b — y)o for stars in the magnitude range 15 < V, < 18. Stars
fainter than V, = 15 are not saturated on the images and, based
on our membership-determination in the next section, this mag-
nitude range is bright enough not to contain any RGB stars in the

T T T T T T T T 7 T

Fig. 11. Errors in the Stromgren colour index ¢; (see Sect. 4.1). The
solid line indicates a spline function fitted to fall just above the trend
with smaller errors. This line is used in Sect. 4.2 and Figs. 12 and 13
where we define the RGB stars.

Hercules dSph galaxy. We define a line that follows the upper en-
velope of observed dwarf stars to separate the RGB stars from
the dwarf stars in order to safely exclude any dwarf stars. This
line is somewhat higher in ¢ at a given (b — y)o than the trac-
ing from Arnadéttir et al. (in preparation). Our selection of RGB
stars thus has a blue limit that is somewhat colour-dependent.
No object bluer than this limit will be considered as an RGB star
since they have a high probability of belonging to the foreground
dwarf contamination.

In Fig. 10 we see 8 stars within the RGB region. A Besangon
model in the direction of the Hercules dSph galaxy gives 15
RGB stars in the given magnitude and colour range. The con-
clusion is therefore that these stars are most likely foreground
RGB stars belonging to the thick disc of the Milky Way.

4.2. Membership based on Strémgren photometry.

We study the ¢; o vs. (b — y)o in magnitude bins rather than the
entire sample of all stars all at once. With this approach the RGB
region is easier to track. Figure 11 shows the errors in ¢; o as a
function of magnitude. We note the large errors in ¢ for fainter
stars. These errors are due to the higher errors in u at any given
magnitude. Note that in terms of errors (see Fig. 3), V = 20 cor-
responds to u ~ 22.5 for our RGB stars. In order to exclude stars
with large errors, we reject all stars with errors higher than the
median error, plus 0.015 mag, at a given magnitude (as indicated
by the solid line in Fig. 11). We will now use this function in our
classification of members and potential members of the Hercules
dSph galaxy.

Figure 12a shows a clear and simple separation between the
foreground dwarf stars and the four stars that fall in the RGB
region. These four RGB stars all have errors in ¢; o less than the
line fitted in Fig. 11. Figures 12b—d show the three remaining
magnitude bins. We also note that 9 stars fall within the RHB-
AGB region, they are discussed in Sect. 4.3.
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Fig.12. ¢, vs. (b — y), for stars in the direc-

tion of the Hercules dSph galaxy. The range
of magnitude is indicated at the top of each
panel. Dots are stars within the given magni-
tude range. e are stars that fall within the RGB
region and have errors less than the line de-
fined in Fig. 11. These are members based on
their evolutionary stage. o are stars that fall
within the RGB and have errors larger than the
line defined in Fig. 11. The star marked with
® in d) is flagged as a non-member due to
its position in the €, vs. (b — y)y plane, see
Fig. 13. The star marked with a O in ¢) is a
foreground RGB star (see Sect. 4.2). The error-
bars in b) represent the error in ¢, and are only
displayed for stars that fall above the line de-
fined in Fig. 11. The thick error-bars to the right

in ¢) and d) represent the mean error in ¢; for
stars that fall above the line defined in Fig. 11
(o). X marks stars that fall in the RHB-AGB
region (see Sect. 4.3). The arrow in the top
right corner in each panel indicates the magni-
tude and direction of the de-reddening applied
to the data (see Sect. 2.3). The solid lines indi-
cate isochrones for RGB stars by VandenBerg
et al. (2006) with colour transformations by
Clem et al. (2004). Their metallicities are indi-
cated in a). The dashed lines indicate dwarf star
sequences for different metallicities, [Fe/H] =
0.45, —0.05 and —1 from top to bottom and the
dotted line marks the upper envelope for dwarf
stars (all lines from Arnadéttir et al., in prepa-
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ration). The thick line marks the empirically
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tion (see Sect. 4.1).
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Fig.13. €., vs. V and (b — y), for the stars in the RGB region identified

in Fig. 12. Symbols are the same as in Fig. 12 and the line in a) is the
same as in Fig. 11.

In Fig. 13 we show ¢, vs. V and (b — y)o for all the stars
falling in the RGB region.

In total we find 29 member stars in the RGB region, and 9 in
the RHB-AGB region. They are listed in Table 9.

Table 6. Objects with a stellarity index lower than 0.5, a radial velocity
much lower than the mean velocity of the galaxy or V > 21.

ID RA(2000)
34489  247.66907
43290*  247.63172
42668  247.69964

Dec(2000) Vo
13.07061  20.27 £ 0.02
12.77969  19.79 +£0.02
12.85175  19.62 +0.02

de

449 +3.1
28413

“ On top of a galaxy.

Column 1 lists the INT ID. Columns 2 and 3 list the coordinates.
Column 4 lists the V;, magnitude and its associated error. Column 5
lists the radial velocity and its associated error, both in km s7!.

Objects with a stellarity index lower than 0.5. As mentioned
in Sect. 2.1.5 we found two objects of interest, based on their
position in the ¢; o vs. (b — y)o diagram, with a stellarity index
lower than 0.5. INT 34489 at V;, = 20.27 has sclass = 0.3 and is
located right at the edge of the blue limit. An ocular inspection
of the object indicates that it may be a star, but it is slightly elon-
gated on the CCD. INT 43290 at V, = 19.79 has sclass = 0.35.
In Sect. 3.2 we found that this object lies on top of a galaxy and
is therefore contaminated. Given the higher uncertainty of these
two objects we do not include them in further analysis. The stars
are listed in Table 6.

A possible foreground RGB star. In Fig. 12b we found one star,
INT 42668, that fall within the RGB region but it has a radial
velocity of Vi,q = —2.8km s7! (see Sect. 5) and [Fe/H]cy =
—0.5 (see Sect. 8.1). Since it has a radial velocity much lower
than the mean velocity of the Hercules dSph galaxy, we identify
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Fig.14. a) ¢, vs. (b — y)o for the stars in the direction of the Hercules dSph galaxy. BHB: the blue horizontal branch; HB: the remainder of the
horizontal branch; BS: the blue stragglers (Schuster et al. 2004). The dotted line marks the upper envelope for dwarf stars. e are stars identified as
RGB members and X are stars identified as RHB-AGB stars based on their evolutionary stage (compare Figs. 9 and 12). A are stars that fall on or
are near the HB region but with a large offset to the expected HB magnitude. Filled triangles are stars that fall on or near the HB region and with
the expected HB magnitude, they are thus identified as HB member stars. Error-bars in the top right corner are the mean €, and €, for the
stars identified as HB stars. b) Colour—magnitude diagram in the Stromgren system for the stars identified in a). ¢) Colour—-magnitude diagram in
the Johson-Cousin UBVRI system for the stars identified in a). The solid ellipse outlines the distribution of variable stars in the Draco dSph galaxy
from Bonanos et al. (2004), normalized in Vj to fit our HB and - marks variable stars from Bonanos et al. (2004) that fall outside the ellipse. The
error bar on the ellipse corresponds to the mean amplitude of the variable stars used to define the ellipse.

this star as a likely foreground RGB star, thus removing it from
the sample of member RGB stars. The star is listed in Table 6.

4.3. Finding the HB and AGB of the Hercules dSph galaxy

In Fig. 12 we identified RGB members of the Hercules dSph
galaxy. Additionally, we found 9 RHB-AGB stars. However, it
is possible to use the Stromgren photometry to further explore
the RHB-AGB and blue HB stars (BHB). Figure 14a shows the
BHB, HB and blue straggler (BS) regions in the c¢; vs. (b — y)
plane using the areas defined in Schuster et al. (2004).

In Fig. 14a and b we show the previously identified RGB
and RHB-AGB stars. In addition we show all stars bluewards
of (b — y)o = 0.5 with an ¢, less than the function in Fig. 11.
We further divide these stars into two sets according to their V
magnitude. The HB of the Hercules dSph galaxy is roughly at
Vo = 21.2 (compare Fig. 6 and Coleman et al. 2007). We there-
fore define a box with 21 < V) < 21.4and -0.2 < (b —y)9 < 0.5
for the potential BHB stars. The second region is given by the
magnitude range above and below the first box, i.e. 15 < V < 21
and 21.4 < Vy <22 with -0.2 < (b —y)p < 0.5.

Figure 14a and b then show these stars both in the ¢ vs.
(b —y) and in the Colour—-magnitude diagram. The stars selected
in the magnitude range of the HB are all narrowly spaced in
magnitude and they all fall close to the BHB-RHB sequences.
Hence we take all 10 of these stars to represent the HB of the
Hercules dSph galaxy. We find a mean magnitude for the HB of
Vo =21.17 £0.05 and V = 21.36 + 0.05.

4.4. A new distance determination to the Hercules dSph
galaxy

We used the relation between the absolute magnitude of the HB
and metallicity (—2.35 dex as derived in Sect. 8), based on glob-
ular clusters, as defined in Carretta et al. (2000) to determine
the absolute magnitude for the HB, Myg, in the Hercules dSph

galaxy. Using an apparent magnitude for the Hercules HB of
mup = 21.17 £ 0.05 we solve for the distance, d
myp — Muyg = -5+5- IOg(d) (11)
The errors in the distance determination were calculated using
a Monte Carlo simulation. For each parameter with an associ-
ated error (apparent HB magnitude, metallicity and constants in
the relation between the absolute magnitude and HB and metal-
licity), a new random apparent HB magnitude, metallicity and
constants were calculated, and a new distance based on these
parameters was found. This process was repeated 100 000 times.
In Fig. 15 we show the distribution of the Monte Carlo simula-
tion. As the final errors for the distance, we adopt the lower and
the upper sextile of the distribution of simulated distances; the
lower sextile cuts off the lowest 16.67 per cent of the data and
the upper sextile cuts off the highest 16.67 per cent of the data.
We find that Hercules is at a distance of 147f§ kpc from us.

4.5. Variable stars in the Hercules dSph galaxy

In Fig. 14b we see some scatter in the Colour—-magnitude dia-
gram above the HB. In agreement with a Besangon model, some
of these objects are likely HB stars that belong to the Milky
Way. However, the Besangon model can not explain the over-
abundance of stars seen at V ~ 20.4 and (b—y)y ~ 0.35. We now
investigate if these stars are variable stars that, due to variation
in magnitude, position themselves above the HB. Since we do
not have more than 3 exposures in the bright filters, y and b, it is
difficult to determine the variability of these stars as a function
of time.

We investigated the variance between the individual expo-
sures in the y,b,v and u filter, but given the small number of
exposures we found no strong indication of variability for these
stars.

Siegel (2006) report the finding of 15 RR Lyrae variable stars
in the Bootes dSph galaxy with periods from ~0.3 to ~0.9 days.
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Fig. 15. Determination of the distance to the Hercules dSph galaxy, see
Sect. 4.4. Solid line indicates the median distance to the Hercules dSph
galaxy. Dashed vertical lines indicate the upper and lower sextile.

Since Bodtes, with My = —5.8 (Belokurov et al. 2006), is fainter
than the Hercules dSph galaxy, finding a similar number of RR
Lyrae stars in our sample is a plausible scenario.

To further investigate the possible presence of variable stars
we cross-correlated our photometry with the SDSS photometry
in order to obtain ugriz photometry for our stars. We then trans-
formed the ugriz magnitudes on to the Johnson-Cousins UBVRI
system using the colour transformations in Jordi et al. (2006).
Bonanos et al. (2004) found 163 variable stars in the Draco dSph
galaxy. Mean magnitudes in V, I and B and amplitudes in V for
these stars are available on-line. We de-reddened the Draco pho-
tometry using E(B — V) = 0.027 (Bonanos et al. 2004) and
constructed an ellipse encircling the distribution of the variable
stars from Bonanos et al. (2004) in the Vj vs. (B — V)¢ Colour—
magnitude diagram (see Fig. 14c).

Using isochrones by Marigo et al. (2008) we find that the
HB for two metal-poor, old populations (—2.3 and —2.0 dex) co-
incide in V. We therefore normalized the positions of the Draco
variable stars in Vj so that the ellipse is aligned with the mean
magnitude of our HB in the Hercules dSph galaxy, Fig. l4c.
We also include the variable stars in Draco from Bonanos et al.
(2004) that fall outside the ellipse. We see that the positions of
the variable stars in the Colour—magnitude diagram for the Draco
dSph galaxy are similar to the positions of our open triangles: 1)
they have a similar colour range; 2) they are more likely to fall
above the HB than below; 3) the spread in V at (B — V)y ~ 0.5
is similar for both data sets.

Our conclusion from this analysis is that the 8 stars, fainter
than Vy = 19, likely are variable stars in the Hercules dSph
galaxy. These stars are listed in Table 7.

5. Determining the systemic velocity
of the Hercules dSph galaxy

Using radial velocity measurements to separate the stars belong-
ing to a dSph galaxy from foreground stars has proven to be
an efficient method for membership determination. However, for

D. Adén et al.: A photometric and spectroscopic study of the new dwarf spheroidal galaxy in Hercules

Table 7. Possible variable stars in the Hercules dSph galaxy identified
in Sect. 4.5.

ID RA(2000)  Dec(2000) Vo (b -1y
11718 247.84445  12.60114  20.44 £0.02  0.44 £ 0.04
22960  247.45022  12.59089  20.19+0.02 0.33 £0.04
33388  247.74828  12.96788  20.38 £0.04 0.13 +0.06
41701  247.78819  12.78892  20.74 +0.03  0.36 +0.04
41807  247.77753  12.76208  20.34+0.02  0.14 £ 0.04
42113 247.74934  12.76745 2041 +0.02 0.25+0.04
42503 247.71592  12.77974  21.78 +0.04  0.05 +0.06
43193 247.64148  12.79060  20.54 +0.03  0.39 +0.04

Column 1 lists the INT ID. Columns 2 and 3 list their coordinates.
Columns 4 and 5 list the Stromgren magnitude V, and colour (b — y),
and their associated errors, respectively.

the Hercules dSph galaxy this method is complicated since this
galaxy has a systemic velocity that falls within the velocity dis-
tribution of the foreground dwarf stars in the Milky Way.

In Fig. 8 we show the velocity distribution for our obser-
vations together with a Besancon model in the direction of the
Hercules dSph galaxy. As can be seen, the velocity peak of
the Hercules dSph galaxy lies within the velocity distribution
of the Milky Way galaxy. A sample of member stars, identified
as members based only on radial velocity will therefore contain
a non-negligible number of foreground stars. However, adding
knowledge about the evolutionary stage of the stars means that
we can eliminate the foreground dwarf stars (compare Sect. 4.2)
and obtain a clean sample which can be used to determine the
systemic velocity and velocity dispersion for the dSph galaxy.

In order to illustrate the importance of knowing the evolu-
tionary stage of the star we will first consider only the radial
velocities as a means to define a sample of stars belonging to the
dSph galaxy. After that we will add knowledge about the evolu-
tionary stage to clean the sample further.

5.1. Using only radial velocities to select RGB members

We used the maximum likelihood method described in Walker
et al. (2006) to determine the mean heliocentric velocity and
internal velocity dispersion for stars in the direction of the
Hercules dSph galaxy.

The natural logarithm of the probability function defined in
Walker et al. (2006) was maximized

1 15 (- u)?
In = —— In(o? + o2) — = -
») 22 (0% +02) 3 2 7w 0D

_N In(27). (12)

2
In each iteration we rejected stars deviating by more than 30 as
they are likely not members. As can be seen in Fig. 8, the objects
targeted with FLAMES span a broad range of velocities. For the
first pass through the maximum likelihood iteration we selected
stars with 10kms™! < V,,q < 70km s~!. The maximization con-
verged after 1 iteration. This method gives us a mean velocity of
40.87 +1.42 km s~! with a dispersion of 7.33+1.08 km s, Stars
deviating by less than 30 from the velocity could be considered
as possible Hercules dSph galaxy members. We find 32 stars in
this velocity range.

5.2. Weeding out foreground dwarf stars with the same
velocity as the Hercules dSph galaxy

One of the 32 stars found in Sect. 5.1 (excluding the three stars
with sclass < 0.5), INT 42568, lies on the edge of the WFC
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Fig.16. ¢, vs. (b — y)o diagram for stars considered as members from
the radial velocity measurement alone (see Sect. 5.1). The thin solid
lines indicate the isochrones for RGB stars by VandenBerg et al. (2006)
with colour transformations by Clem et al. (2004). The thin dashed lines
indicate dwarf star sequences for different metallicities, [Fe/H] = 0.45,
—0.05 and —1 top to bottom and the dotted line marks the upper en-
velope for dwarf stars (all lines from Arnaddttir et al., in preparation).
The thick solid line is our lower limit for identification of RGB stars
(see Sect. 4). The arrow in the top right corner indicates the magnitude
and direction of the de-reddening applied to the data (see Sect. 2.3).

CCD #4 and does not have any photometry available and is
hence excluded from the following discussions. In Fig. 16 we
plot ¢y o vs. (b —y)o for the 31 stars considered as possible mem-
bers based on the radial velocities. We find the following

— out of the 31 stars 10 fall on or below the dwarf sequences
and are therefore excluded;

— of the remaining 21 stars, 18 are RGB members, 2 fall in the
RHB-AGB region;

— the last star falls below the RGB solar isochrone but is redder
than the blue limit (compare Figs. 12 and 16). This star is
marked in Fig. 16 (INT 14012). We consider this star as a
member (but see discussion below).

Hence, we find about 30 per cent contamination by foreground
stars in our sample. For the 19 RGB stars with the right evo-
lutionary stage, we re-derive the mean velocity and dispersion
using the maxiumum likelihood method. We note that star INT
14012 was rejected during the iteration due to the 3¢ limit. This
star is not included in the final sample of RGB stars. We note that
one of the remaining 18 stars, INT 42170, has a velocity just out-
side the re-derived more narrow 3¢ limit. Since it falls short of
this limit by only 1.32 km s~! and the error in the velocity for the
staris 4.77kms™!, we keep it in the final sample. This star could
also be a binary, which would explain its deviating velocity. We
found no stars that are likely members based on the Stromgren
photometry, but non-members based on the radial velocity mea-
surement.

We find a mean final systemic velocity of 45.20+1.09 km s~
with a dispersion of 3.72 + 0.91 kms~!. Our conclusion is that
all stars, except INT 14012, with the right evolutionary stage fall
within 30 of the systemic velocity.
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Fig.17. Colour-magnitude diagrams. a) Objects targeted with
FLAMES are shown as large e. Small dots indicate stars from Fig. 6a.
b) Stars that have radial velocities within 30 of the systemic velocity. ¢)
Stars that are members based on the evolutionary stage and have mea-
sured velocities within 3¢~ of the systemic velocity (see Sect. 5.2).

Figures 17a to ¢ show the Colour-magnitude diagrams for
objects targeted with FLAMES, stars identified as members
from the radial velocity measurement only and, finally, stars
identified as members from the radial velocity measurement and
using photometry to weed out foreground dwarf stars.

6. Final sample

Our final sample of RGB, AGB and HB Hercules member stars
was defined as follows: 1) first we select the RGB stars with the
right evolutionary stage and a radial velocity within ~30 of the
systemic velocity (compare Sect. 5.2 and Fig. 17¢); 2) to these
stars we add stars without spectroscopic measurements, which
were selected as RGB, AGB, or HB stars as determined from
photometry (compare Sect. 4.2). These stars are listed in Table 9.
Figures 18a and b show the Colour-magnitude diagrams for the
final sample.

7. A comparison with previous velocity
determinations

Simon & Geha (2007) have obtained radial velocities for 86 stars
in the direction of the Hercules dSph galaxy. In order to avoid
including foreground dwarf stars they used measurements of the
strength of the NaT lines at 818.3 and 819.5 nm to distinguish
between dwarf and giant stars. As discussed in Schiavon et al.
(1997) the strength of these lines depend on the gravity of the
star. Hence, it enables a distinction between dwarf and giant
stars. Out of the 86 stars 29 were identified as members based
on the measurements of the strength of the NaT lines.

There are 21 stars in common, including field dwarf stars,
between our spectroscopic study and Simon & Geha (2007)7.
In Fig. 19 we show the difference, in units of Gaussian o, in
stellar velocity for these stars (see Kleyna et al. 2002, for a sim-
ilar study of the Draco dSph galaxy). We note that the velocity
measurements are in agreement, and that there are no obvious
outliers, hence there is no evidence for binaries in this sample.

2 J. Simon and M. Geha have kindly provided the relevant data so that
we could do this analysis.
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Fig.18. Final Colour-magnitude diagrams for the Hercules dSph
galaxy. a) Vi vs. (b — y)o. b) V vs. (v — y)o. ® are members based on
the evolutionary stage and have measured velocities within 30 of the
systemic velocity (see Sect. 5.2). o are stars that do not have radial ve-
locity measurements but are members according to their evolutionary
stage (see Sect. 4.2). The filled triangles are stars identified as HB stars
(see Sect. 4.3). Her-2 and Her-3 are discussed in Sect. 8.3. Note that
there are two stars in a) at V, ~ 18.5 that split in b).
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Fig. 19. Difference, in units of Gaussian o (see Sect. 7), between our
measured stellar velocities and the velocities from Simon & Geha
(2007). Note that this histogram includes both members and non-
members. The solid line indicates a Gaussian with o~ = 1.

However, given the limited time sampling of the combined spec-
troscopy, and the fact that there are stars in our spectroscopic
study for which there are no velocity measurement in Simon &
Geha (2007), we cannot rule out the presence of binaries in our
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Fig. 20. Stromgren ¢, o vs. (b — y)o diagram for the stars from Simon &
Geha (2007). e are stars considered as RGB members and o are stars
identified as non-RGB members based on our Stromgren photometry
(see Sect. 4.2). X are stars that have V, > 21, hence we have not consid-
ered their evolutionary stage as they are too faint. The thin solid lines
indicates the isochrones for RGB stars by VandenBerg et al. (2006) with
colour transformations by Clem et al. (2004). The thin dashed lines in-
dicates dwarf star sequences for different metallicities, [Fe/H] = 0.45,
—0.05 and -1 top to bottom and the dotted line marks the upper enve-
lope for dwarf stars (all lines from Arnadéttir et al., in preparation). The
thick solid line is our lower limit for identification of RGB stars. The
arrow in the top right corner indicates the magnitude and direction of
the de-reddening applied to the data (see Sect. 2.3).

study. The presence of binaries could inflate the observed veloc-
ity dispersion by a small amount (e.g. Olszewski et al. 1996).

For the stars in common between our photometric study and
Simon & Geha (2007) we show a ¢, vs. (b—y) diagram in Fig. 20.
From this comparison we find the following

— out of the 29 stars considered as members in Simon & Geha
(2007), 2 fall in the RHB-AGB region and are therefore ex-
cluded as RGB members;

— of the remaining 27 stars, 12 have V; > 21, hence we have
not considered their evolutionary stage as they are too faint.
4 out of the 12 stars with V; > 21 fall outside the limits of
Fig. 20;

— 2 of the remaining stars fall on or below the dwarf sequences
and are therefor excluded as members of the Hercules dSph
galaxy;

— thus 13 stars remain that are considered as RGB members
based on Stromgren photometry.

For the 13 RGB members in common between us and Simon &
Geha (2007), using the velocities from Simon & Geha (2007),
we find a mean systemic velocity of 46.10 + 1.30kms~! with a
dispersion of 4.01 + 1.08 kms™'.

For 10 of the 13 RGB members we have determined radial
velocities (see Sect. 2.2.2). Given the small offset in velocity de-
termination between our study and Simon & Geha (2007), see
Fig. 19, it is possible to include the velocities of the 3 stars for
which we have not obtained a velocity measurement into our cal-
culation of the mean velocity. We find a mean systemic velocity
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Fig.21. m;y vs. (v — y)o for the Hercules dSph galaxy. e are mem-
bers based on the evolutionary stage as derived from photometry and
they have radial velocities within 30 of the systemic velocity for the
Hercules dSph galaxy (see Sect. 5.2). The o are stars that do not have
radial velocity measurements but are members according to our pho-
tometric criteria as developed in Sect. 4.2. The solid lines are iso-
metallicity lines based on Eq. (14) with metallicities as indicated. The
shaded area indicates the distribution of RGB stars from Faria et al.
(2007) for the Draco dSph galaxy, adopted from their Fig. 19.

of 44.95 + 1.02km ™! with a dispersion of 3.84 + 0.85km s~
which is in agreement with our result from Sect. 5.2.

There are 15 stars in our final sample of RGB members
(based on the evolutionary stage) that do not have radial veloci-
ties measured in Simon & Geha (2007).

Measuring the strength of the Nal to exclude foreground
dwarf stars is valid for (V — I) > 1 (Gilbert et al. 2006; Koch
et al. 2008c). This corresponds to (b — y) > 0.55 and is con-
firmed by our comparison where the 16 stars that are bluer than
this limit are identified as either foreground dwarf stars or HB
stars by the Stromgren c; index.

8. Metallicities
8.1. Metallicities based on Strémgren photometry
8.1.1. Determination of metallicities

The Stromgren filters have proven useful to estimate stellar
metallicities for RGB stars via the m; index (e.g. Richtler 1989),

my = @—=>b)=(b-y). (13)

A review of the Stromgren metallicity calibrations for RGB
stars, available at the time, is provided by Faria et al. (2007).
They adopt the Hilker (2000) calibration for their RGB stars in
the Draco dSph galaxy. Since the Hilker (2000) calibration is
not valid for [Fe/H] < —2.0 dex and the newly found ultra-
faint dSph galaxies such as Hercules are metal-poor, we adopt
the semi-empirical calibration by Calamida et al. (2007) onto
the metallicity scale of Zinn & West (1984) as this calibration is
valid at least down to —2.4 dex.

Figure 21 shows the m o vs. (v — y)o plane for the stars iden-
tified as RGB stars in the Hercules dSph galaxy.
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Equation (14), adopted from Calamida et al. (2007), is used
to convert m; o and (v — y)o to [Fe/H]cy for the RGB stars.

_(my+b1(v—y)+by)
(Fe/Hlca = (b3(v—y) + by)

(14)

where by = —0.521 £ 0.001, b, = 0.309, b3 = 0.159 + 0.001 and
by = —0.09 £ 0.002 (note that b, does not have an error estimate
in Calamida et al. 2007).

For comparison we re-calculated the stellar metallicities for
the Draco RGB sample from Faria et al. (2007) using the cali-
bration by Calamida et al. (2007, see Fig. 21). We found that the
Draco dSph galaxy has a mean metallicity of —2.0 dex instead
of —1.74 dex as calculated by Faria et al. (2007). A comparison
between the metallicities derived using the older Hilker (2000)
calibration and [Fe/H]ca shows an offset of ~0.3 dex, where
[Fe/H]cy is more metal-poor.

In Sect. 2.3 we described how we correct the photometric
magnitudes for interstellar extinction using E(B — V) = 0.062.
As a test we re-calculated [Fe/H]c, using E(B — V) = 0.032
and E(B — V) = 0.092, which correspond to an uncertainty of
+0.03 mag. We found that E(B—V) = 0.032 increased and E(B—
V) = 0.092 decreased the metallicity by ~0.1 dex and ~0.12 dex,
respectively.

8.1.2. Error estimates

Following Faria et al. (2007), the errors in [Fe/H]c, were calcu-
lated using a Monte Carlo simulation.

The simplest version of this approach would be to calcu-
late the errors in metallicities taking into account only the mea-
surement errors from PHOT (merr) and propagate those errors
through Eq. (14) (this is the approach used in Faria et al. 2007).
A more involved approach would be to include also the uncer-
tainties in zeropoints, extinction coefficients and colour terms.
For comparison we have calculated the errors using both ap-
proaches.

In both cases we used the following approach to calculate
the errors. For every star identified as an RGB member of the
Hercules dSph galaxy, new random magnitudes (v, b and y) were
calculated from Gaussian probability distributions with standard
deviations equal to that of the photometric error for each filter
using a Box-Muller transformation. m; and (v — y)o were re-
calculated from these new magnitudes and used to derive a new
metallicity for the star. This process was then repeated 103 times
for each star and since the distributions of the new metallicities
are not Gaussian around the original [Fe/H], a standard deviation
based on the sextiles (which is equivalent to 1o in the case of
a Gaussian distribution) was calculated for each star from the
distribution of simulated [Fe/H]. This sextile standard deviation
is our error in [Fe/H]cy (compare Faria et al. 2007).

In Fig. 22a we show the errors in [Fe/H]c, as a function
of V. Note that the five faintest stars have significantly larger
errors. Also note that the errors are much larger when the uncer-
tainties in zeropoints, extinction coefficients and colour terms
are taken into account. We find that it is the errors in the b fil-
ter that is the largest contributor to the error in [Fe/H]c, when
the uncertainties in zeropoints, extinction coefficients and colour
terms are taken into account (compare Table 3). The errors in the
b filter account for almost 50 per cent of the total error.
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Fig. 22. a) Errors in the [Fe/H]c, for all stars identified as RGB members of the Hercules dSph galaxy in Sect. 8.1.2. e indicates the errors if only
merr and the uncertainties in the coefficients of Eq. (14) are included. o indicates the errors if merr, the uncertainties in the coefficients of Eq. (14),
and the uncertainties in zeropoints, extinction coefficients and colour terms are included. b) Errors in the [Fe/H]c,y; as derived in Sect. 8.2.2 for

stars identified as RGB members.

8.2. Metallicities based on Ca 11 IR triplet lines
8.2.1. Determination of metallicities

For those RGB stars for which we have FLAMES observa-
tions we also determined metallicities ([Fe/H]c,1) from mea-
surements of the equivalent width of the Ca 11 IR triplet lines
at 1 = 849.8, 854.2 and 866.2 nm. We follow Rutledge et al.
(1997b) in defining the line strength of the Ca 11 IR triplet lines
as the weighted sum of the W, with lower weights for the weaker
lines

DIW=05-Wi+ W+ 0.6 Ws (15)
where W, W, and W3 are the widths of the individual Ca II IR
triplet lines in the order of increasing wavelength.

As discussed e.g. in Rutledge et al. (1997a), the strength of
the Ca 11 IR triplet lines depend not only on metallicity but also
on the surface gravity and effective temperature of the star. It is
possible to remove the effect of gravity and temperature to first
order by taking into account the position of the star on the RGB.
This is done by defining the reduced W as
W= )" W+ 0.64(£0.02)(V = Virp) (16)
where (V—Vyp) is the difference between the V magnitude of the
star and the V magnitude of the horizontal branch (Vyg). The fi-
nal [Fe/H]canr were calculated using the calibration by Rutledge
et al. (1997a) onto the metallicity scale of Carretta & Gratton
(1997). The Rutledge et al. (1997a) calibration reads as follows

[Fe/H]c,y = —2.66(£0.08) + 0.42(0.02) W". (17)

Of the 18 RGB stars considered as members based on the evolu-
tionary stage and which have measured velocities within 30~ of
the systemic velocity, 3 have too low S/N for measurements of
the W and are therefore excluded from this metallicity determi-
nation.
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Fig. 23. A comparison between metallicities derived from the m; index
and those derived from Ca II IR triplet line measurements. A[Fe/H] =
[Fe/H]ca — [Fe/H]can. The offset is 0.06 dex with a scatter of 0.18 dex.

Figure 23 shows a comparison between our two metallicity
estimates. We find that [Fe/H]c, is on average 0.06 dex larger
than [Fe/H]c,yr with a scatter of 0.18 dex. This scatter is con-
sistent with the typical measurement uncertainty of [Fe/H]c,n
(see below). In conclusion, the agreement between the photo-
metric and spectroscopic metallicities is very good. Since the
calibration by Calamida et al. (2007) is valid to at least [Fe/H] =
—2.4, we conclude that the extrapolation for the [Fe/H]carr to
[Fe/H] ~ —2.4 is valid (compare Battaglia et al. 2008). We
note that the abundance scale of Zinn & West (1984), as used
by Calamida et al. (2007), in general has ~0.2 dex lower metal-
licities at around —2.0 dex than the abundance scale of Carretta
& Gratton (1997) as used by Rutledge et al. (1997a).

8.2.2. Error estimates

Following Battaglia et al. (2008), we define the error due to ran-
dom noise in the measurement of the W as

V1.5- FWHM

AW =
S/N

(18)
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where FWHM is the Gaussian full-width-half maximum. The
S /N varies from ~24 for the brightest star to ~5 for the faintest
star. The errors in [Fe/H]c, 11 were calculated following a Monte
Carlo simulation procedure similar to the one used in Sect. 8.1.2.
The process was repeated 100 000 times. As the final error for
[Fe/H]ca1, we adopt the standard deviation calculated from the
distribution of simulated [Fe/H]c,yr. In Fig. 22b we show the
errors in [Fe/H]can as a function of V.

8.3. A comparison with metallicities determined in other
studies

Koch et al. (2008b) obtained high resolution spectroscopy of
two stars in the Hercules dSph galaxy, Her-2 and Her-3. These
stars correspond to our stars INT 42241 (Vy = 18.53) and INT
41082 (Vy = 18.86). The stars are marked in Fig. 18. Koch et al.
(2008b) find [Fe/H] = —2.02 and —2.04 for Her-2 and Her-3, re-
spectively.

In Sect. 4.2 we identify both of these stars as RGB stars
and members of the Hercules dSph galaxy. We only have a ra-
dial velocity for one of the stars, INT 41082 (Her-3). The ve-
locity of this star falls within 30~ of our final systemic veloc-
ity (see Sect. 5.2). For this star we find [Fe/H]cyq = —1.93
and [Fe/H]can = —1.88. For INT 42241 (Her-2) we derive
[Fe/H]ca = —1.96.

Hence, there is a difference of 0.11 and 0.06 dex, respec-
tively, when high resolution spectroscopy Fe abundances and
metallicities derived from Stromgren photometry are compared.
This must be regarded as excellent agreement given the com-
plexities in analysing spectra of such cool, evolved giant stars
and the general simplifications made when using calibrations of
photometric measurements to obtain estimates of stellar metal-
licities. It should also be noted that an overestimate in the red-
dening of a few hundredths would easily account for this differ-
ence (compare Sect. 8.1).

Kirby et al. (2008b) studied 20 stars in the direction of the
Hercules dSph galaxy. Their metallicities are based on a recently
developed automated spectrum synthesis method that takes the
information in the whole spectrum into account (Kirby et al.
2008a). The method was originally developed for globular clus-
ters in the Milky Way and was then applied to ultra-faint dSph
galaxies in Kirby et al. (2008b). [Fe/H] from Kirby et al. (2008b)
will henceforth be referred to as [Fe/Hlxiwy. We have cross-
correlated our photometry with their 20 stars and found the fol-
lowing (see Fig. 24)°

— out of the 20 stars considered as members by Kirby et al.
(2008b), 2 fall in the RHB-AGB region and are therefore
excluded as RGB members;

— of the remaining 18 stars, 4 have V;, > 21, hence we have
not considered their evolutionary stage but all indications are
that at least three of them are foreground dwarf stars, com-
pare Fig. 24;

— 2 of the 14 remaining stars fall on or below the dwarf se-
quences and are therefore foreground dwarf stars.

For the remaining 12 stars we find a mean metallicity of
[Fe/H]ca = —2.25 + 0.20 dex (Sect. 8.1) and a mean metallic-
ity based on the values from Kirby et al. (2008b) [Fe/H]ki: =
—2.70 £ 0.47 dex. Figure 25 shows the difference between
[Fe/H]ca and [Fe/H]kiwy. We find that the median offset is

3 E. Kirby has kindly provided the relevant data so that we could do
this analysis.
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Fig.24. Stromgren ¢, vs. (b — y)o diagram for the stars from Kirby
et al. (2008b). e are stars considered as RGB members and o are stars
identified as non-RGB members based on our Stromgren photometry
(see Sect. 4.2). X are stars that have V; > 21, hence we have not consid-
ered their evolutionary stage as they are too faint for our membership
determination based on Stromgren photometry. The thin solid lines indi-
cates isochrones for RGB stars by VandenBerg et al. (2006) with colour
transformations by Clem et al. (2004). The thin dashed lines indicates
dwarf star sequences for different metallicities, [Fe/H] = 0.45, —0.05
and —1 top to bottom and the dotted line marks the upper envelope for
dwarf stars (all lines from Arnadéttir et al., in preparation). The thick
solid line is our lower limit for the identification of RGB stars. The ar-
row in the top right corner indicates the magnitude and direction of the
de-reddening applied to the data (see Sect. 2.3).
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Fig.25. A comparison between our metallicities derived from m;
and metallicities from Kirby et al. (2008b). A[Fe/H] = [Fe/H]ca —
[Fe/Hlkirby-

0.67 dex, where [Fe/H]ca is more metal-rich. We have inves-
tigated A[Fe/H] as a function of both magnitude and radial ve-
locity but found no trend.

Simon & Geha (2007) obtained metallicities from the Call
IR triplet lines and found a mean metallicity of [Fe/H] =
—2.27 dex. Finally, Coleman et al. (2007) report a metallicity
of [Fe/H] = —2.26 dex based on fitting an isochrone to a Colour—
magnitude diagram.

In summary, we have five different determinations of the
mean metallicity for the Hercules dSph galaxy. These deter-
minations range from about —2.25 dex (Simon & Geha 2007,
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Table 8. Summary of determination of systemic velocities, velocity dispersions and metallicities for the Hercules dSph galaxy.

Number of stars Usys o {[Fe/H]) [Fe/H]luedian
[kms™'] [kms™!] dex dex

This study 28 [RGB stars, ¢; sel.] -2.35+0.31 -2.25701%
This study 32 [Only Vi sel.] 4087 + 142 7.33 +1.08
This study 18 [RGB stars with V,q] 45.20+1.09 3.72 +0.91 -2.34 +£0.30 —2.25f8:£3
S&G 29 [Their calculation] 45.0° £ 1.1 5.14+0.9
S&G+cy 13 [c; sel. sample] 46.10 £ 1.30 4.01 £ 1.08

Kirby et al. 20 [Their sample] -2.58° +0.51
Kirby et al.+c; 12 [¢; sel. sample] -2.70 £ 0.47 -2.72:0%

@ Value from Simon & Geha (2007). * Value from Kirby et al. (2008b).

Columns 1 and 2 list the number of stars for each study and a short description of how the stars were selected. Note: S&G indicates the sample
of 29 stars from Simon & Geha (2007). Columns 3 and 4 list the systemic velocities and velocity dispersions and their errors. Column 5 lists the
mean metallicities. Column 6 lists the median metallicities. Errors for the median metallicity are the upper and lower quartile. For the calculations
we use our metallicites based on Stromgren photometry, but for the Kirby et al. (2008b) sample we use their metallicities.

Coleman et al. 2007, this study) to —2.7 dex (Kirby et al.
2008b). All determinations based on measurements of the Ca
11 IR triplet lines and the m-index agree on a mean metallic-
ity of about —2.3 dex. These determinations also agree with the
high-resolution analysis by Koch et al. (2008b). The determi-
nations by Kirby et al. (2008b) are ~0.5 dex more metal-poor
(Table 8). This discrepancy is not-negligible. However, future
high-resolution studies of additional Hercules stars (as in Koch
et al. 2008b, which essentially is in agreement with our method)
will determine which methods tend to over- or underestimate the
[Fe/H]. This has important implications for our understanding of
the origin of the metal poor halo stars (e.g. Helmi et al. 2006;
Koch 2009).

8.4. Metallicity for the Hercules dSph galaxy

We find a metallicity range of —2.99 < [Fe/H]c,n < —1.88
with a mean metallicity of ([Fe/H]c,) = —2.35 dex with o =
0.31 dex, and a median [Fe/H] of —2.25 dex with an upper and
lower quartile of —2.11 dex and —2.56 dex, respectively. If we
exclude stars fainter than Vy = 20.5 (compare Fig. 22a) we find a
mean metallicity of ([Fe/H]ca) = —2.26 dex with o = 0.24 dex.
We do not detect any significant spatial metallicity gradient in
our data.

9. Discussion
9.1. Spatial distribution

The new, faint dSph galaxies are in general found to be quite
elongated (Martin et al. 2008). The dSph galaxy in Hercules is
no exception, in fact it is one of the new galaxies with the largest
ellipticity (e = 0.68). The large ellipticity of these objects might
be attributable to tidal distortions but could also be due to poor
sampling statistics. Each galaxy is only represented by a limited
number of RGB stars in most of the cases (Martin et al. 2008).
Martin et al. (2008) and Ural & Wilkinson (2008) conclude that
it is entirely possible that the shape determinations for these the
faintest of galaxies are entirely dominated by shot-noise. This
does not exclude tidal disruption as an explanation for their, in
general, very elongated shapes.

With our Stromgren observations we have searched about
2/3 of the area on the sky inside the King profile limiting radius,
as defined by Coleman et al. (2007), for members of the Hercules
dSph galaxy. Additionally, we have searched about the same area
on the sky outside the King profile limiting radius (see Figs. |

and 26). Through this search we have found in total 28 stars that
are RGB members of the Hercules dSph galaxy. These stars are
spatially confined to a fairly small, elongated area falling inside
the core radius from Coleman et al. (2007; see Fig. 26a). The
RGB members show a slight distortion such that there appear to
be a few stars trailing the ellipsoid in the direction of the Milky
Way. These stars are few and none have had their radial veloci-
ties measured.

The distribution of the HB, RHB, and potential variable stars
are shown in Fig. 26b. These stars confirm the central concentra-
tion and general shape of the Hercules dSph galaxy. There are
some HB, RHB and variable stars scattered outside the ellipsoid
defining the King profile limiting radius. It can not be excluded
that some of these stars are foreground contaminators. The pres-
ence of such stars might distort the determination of the shape
parameters for the galaxy. Measurements of radial velocities for
these stars would confirm their membership. To our knowledge
the HB of the Hercules dSph galaxy has not yet been targeted
for such observations.

In conclusion we find that for a well-defined sample of
RGB stars (free from contaminating foreground dwarf stars) the
Hercules dSph galaxy appears to still have a fairly elongated
structure, confirming previous studies.

9.2. Measured velocity dispersion

As discussed in Sect. 5, the velocity peak of the Hercules dSph
galaxy lies within the bulk of the velocity distribution of the
Milky Way galaxy, thus contaminating it. We have shown that
relying on radial velocites for membership determination yields
a velocity dispersion of 7.33+1.08 km s~!, whilst excluding stars
that are not members (i.e. they are foreground dwarf stars) yields
a velocity dispersion of 3.72 + 0.91 kms™!.

It is clear that the velocity dispersion is over-estimated when
only considering the radial velocity for membership identifica-
tion. This is expected since the foreground contaminating stars in
the direction of the Hercules dSph galaxy have a much broader
velocity distribution than that for the dSph galaxy (compare
Fig. 8).

In Fig. 27 we show the velocity distribution for our observa-
tions in the velocity range 0 < Vy,q < 100kms~!, highlighting
the objects that are members based on the evolutionary stage as
derived in Sect. 4.2. As can be seen, objects with a lower veloc-
ity than the systemic velocity of the Hercules dSph galaxy are
more likely to be excluded as foreground contaminating dwarf
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Fig. 26. Spatial distribution of the stars identified as members from both spectroscopy and photometry. a) e are members based on the evolutionary
stage as derived from photometry and they have radial velocities within 3¢~ of the systemic velocity for the Hercules dSph galaxy (see Sect. 5.2).
The o are stars that do not have radial velocity measurements but are members according to our photometric criteria (see Sect. 4.2). b) Filled
triangles are HB members. A are probable variable stars and X are stars identified as RHB-AGB based on the evolutionary stage as derived from
photometry (see Sects. 4.5 and 4.3, respectively). The solid ellipse represents the core radius and the dotted ellipse the King profile limiting radius
of the Hercules dSph galaxy as determined by Coleman et al. (2007). Solid lines outline the footprint of the WFC. Central coordinates for the

galaxy are from Martin et al. (2008).
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Fig. 27. Distributions of radial velocities. The solid histogram shows
the distribution of velocities for objects in the direction of the Hercules
dSph galaxy. The shaded histogram shows the distribution of radial ve-
locities for stars identified as RGB members based on the evolutionary
stage as derived from photometry. The solid-vertical line indicates the
systemic velocity as derived from the RGB members.

stars. Comparing with Fig. 8 verifies that the majority of the ve-
locities from a Besangon model in the direction of the Hercules

dSph galaxy have a velocity lower than the systemic velocity for
dSph galaxy.

In conclusion we find that when deriving the velocity dis-
persion for dSph galaxies it is important to have a well defined
sample of member stars representing the velocity distribution of
the dSph galaxy.

9.3. Kinematic sub-structure in Hercules.

Simon & Geha (2007) detected possible evidence of kinematic
sub-structure in the Hercules dSph galaxy. They found nine stars
clumped together between 41 and 43 kms~! in a sample of 30
stars distributed between 30 and 60 kms~!.

However, for our final sample of RGB stars in the Hercules
dSph galaxy a one-sample Kolmogorov-Smirnov test yields a
significance level of 74% for the null hypothesis that the radial
velocity distribution is drawn from a Gaussian distribution. The
conclusion is therefore that we do not see any kinematic sub-
structure in our sample.

9.4. Metallicity

Figure 28a shows the metallicity distribution for the Hercules
dSph galaxy based on the m;-index for our final sample of RGB
members (see Sects. 6 and 8.1). Figure 28b shows the corre-
sponding normal probability function. The data points only de-
viate slightly from a linear fit which suggests that the metallic-
ity distribution is drawn from a single normal distribution. The
slight deviation from the linear fit is noticeable at low metal-
licities where the cut-off is less sharp than at high metallicities.
These features is predicted by models and indicate the occur-
rence of strong galactic winds (Lanfranchi & Matteucci 2007).
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Fig. 28. a) Metallicity histogram for RGB stars in the Hercules dSph
galaxy. The solid histogram shows the distribution for all stars in our
final sample. The shaded histogram shows the distribution for stars in
our final sample with V; < 20.5 (compare Fig. 22a). b) Corresponding
normal probability plot, for stars in our final sample with V, < 20.5,
assuming a normal distribution. The solid line indicates a linear fit to the
data with a mean metallicity of [Fe/H] = —2.26 dex and o = 0.24 dex.

In Sect. 8.1.2 we calculated the errors in [Fe/H]ca. When
we take into account the uncertainties in zeropoints, extinction
coefficients and colour terms we note that the errors are in gen-
eral much larger than the o of the metallicity distribution (com-
pare Fig. 22a where we show the error in [Fe/H]c,). However,
since the uncertainties in zeropoints, extinction coefficients and
colour terms propagate as a magnitude offset, equal for all stars,
we re-calculate the errors in metallicities excluding the uncer-
tainties in zeropoints, extinction coefficients and colour terms
(see Fig. 22a). We find that these errors in metallicity, for stars
brighter than V) = 20.5, are smaller than the metallicity spread
of 0.24 dex. This enables us to study the star-to-star scatter in
[Fe/H]ca, making the profile of the distribution in Fig. 28 sig-
nificant. We conclude that there is an abundance spread in the
metallicity distribution for the RGB members of up to 1 dex.

10. Summary

We have, for the first time, presented a list of Hercules dSph
galaxy members based on an analysis of radial velocity, evolu-
tionary stage obtained from photometry, and stellar classification
using SExtractor. In detail we provide the following inventory of
the Hercules dSph galaxy

28 stars as RGB members based on their evolutionary stage,
see Sect. 4.2. Of these, 19 have measured radial velocities
(see Sect. 5.2).

9 stars as RHB-AGB members based on their evolutionary
stage (see Sect. 4.2). Of these, 2 have radial velocities (see
Sect. 5.2).

10 stars as BHB members based on their evolutionary stage,
see Sect. 4.2.

8 stars that are possible variable stars based on their evolu-
tionary stage, see Sect. 4.5.

1167

Our best determination of the systemic velocity is 45.20 +
1.09 kms~! with a dispersion of 3.72 + 0.91 kms~!. We have
shown that membership based on radial velocity alone is not a
good method for the Hercules dSph galaxy, since it has a sys-
temic velocity that falls well within the velocity distribution of
the foreground dwarf stars belonging to the Milky Way.

Stellar metallicities have been determined using the
Stromgren m; index with a calibration that translates m;
to [Fe/H] for RGB stars. We found a mean metallicity of
—2.35 dex. We also derived metallicities for our stars observed
with FLAMES from measurements of the equivalent width of
the Ca 11 IR triplet lines. The agreement between the two deter-
minations was very good, with an offset of only 0.06 dex.

Finally, we have estimated the mean magnitude of the HB
of the Hercules dSph galaxy to Vy = 21.17 + 0.05 based on the
10 stars identified as BHB members. This gives a distance of
147+ kpc.
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ABSTRACT

We present a new mass estimate for the Hercules dwarf spheroidal (dSph) galaxy, based on the revised ve-
locity dispersion obtained by Adén et al. The removal of a significant foreground contamination using newly
acquired Stromgren photometry has resulted in a reduced velocity dispersion. Using this new velocity dispersion
of 3.72 £ 0.91 km s~!, we find a mass of M3p) = 1.97;;% x 10% M, within the central 300 pc, which is also the
half-light radius, and a mass of My33 = 3.7’:21'.26 x 10% M, within the reach of our data to 433 pc, significantly lower
than previous estimates. We derive an overall mass-to-light ratio of My33/L = 1031§3S[M@ /Lo]. Our mass estimate
calls into question recent claims of a common mass scale for dSph galaxies. Additionally, we find tentative evidence
for a velocity gradient in our kinematic data of 16 & 3 km s~! kpc™!, and evidence of an asymmetric extension in
the light distribution at ~0.5 kpc. We explore the possibility that these features are due to tidal interactions with
the Milky Way. We show that there is a self-consistent model in which Hercules has an assumed tidal radius of
r, = 485 pc, an orbital pericenter of r, = 18.5 & 5 kpc, and a mass within r, of Myq,, = 5.2%37 x 10° M. Proper
motions are required to test this model. Although we cannot exclude models in which Hercules contains no dark
matter, we argue that Hercules is more likely to be a dark-matter-dominated system that is currently experiencing

some tidal disturbance of its outer parts.

Key words: galaxies: dwarf — galaxies: formation — galaxies: fundamental parameters — galaxies: individual

(Hercules) — galaxies: kinematics and dynamics

1. INTRODUCTION

Dwarf spheroidal (dSph) galaxies are believed to play an
important role in the formation and evolution of much more lu-
minous galaxies (e.g., Gallagher & Wyse 1994). dSphs are char-
acterized by their low surface brightness, low total luminosity,
and spheroidal shapes that are consistent with their pressure-
supported stellar kinematics (e.g., Grebel et al. 2003).

Knowledge of dSph masses is essential for comparison with
cosmological simulations of galaxy formation. Good mass
estimates help us to establish whether the paucity in the number
of observed systems (a few tens) to the number of predicted
satellite halos (several thousands) represents a fundamental
failure of our cosmological model (e.g., Moore et al. 1999), or
whether it is simply telling us that galaxy formation is inefficient
on small scales (e.g., Read et al. 2006a). Recent studies have
suggested that the dSph galaxies share a common mass within
a certain radius (Walker et al. 2007, 2009; Strigari et al. 2008).
If confirmed, this would be an important clue to the processes
that regulate the formation of the lowest luminosity galaxies.

All mass estimates implicitly assume that contamination of
the kinematic sample by foreground stars or unbound tidal
tails is negligible, and that the system is in (or close to) virial
equilibrium. Since the mass of an equilibrium stellar system is
proportional to its velocity dispersion squared, an overestimate
of the velocity dispersion will result in an inflated mass estimate.
The assumption of virial equilibrium may be called into question
if the system is tidally disrupting (Oh et al. 1995; Kroupa 1997;
Klimentowski et al. 2007; Muiioz et al. 2008).

The recently discovered Hercules dSph (Belokurov et al.
2007), with an ellipticity of e ~ 0.5 (Coleman et al. 2007),
is an example of a galaxy in which assumptions of equilibrium
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may be incorrect. In Adén et al. (2009), we showed that the mean
velocity of the Hercules dSph is embedded in the foreground
dwarf star velocity distribution. We used the Stromgren c;
index to weed out the foreground dwarf stars. This index is
able to clearly identify red giant branch (RGB) stars redder
than the horizontal branch, enabling a separation of RGB stars
in the dSph galaxy and foreground dwarf stars. By weeding
out the foreground contaminants, we found that the dispersion
for Hercules is reduced from 7.33 + 1.08 km s~! to 3.72 &
0.91 km s~!. In this Letter, we explore the consequences of this
finding.

In Section 2, we derive a new mass for Hercules and show
that it is not consistent with a common mass scale for the dSphs.
In Section 3, we investigate the possibility of a velocity gradient
in the kinematic data of Hercules. In Section 4, we discuss
the relative importance of tides and dark matter in Hercules.
Section 5 summarizes our conclusions.

2. MASS ESTIMATE FROM THE SPHERICAL JEANS
EQUATIONS

We use the velocity dispersion, o, = 3.72 £ 0.91 km s~!
(Adén et al. 2009), to constrain the mass of the Hercules dSph.
We assume that the system is in dynamical equilibrium, is
spherically symmetric, has an isotropic velocity distribution,
and a flat velocity dispersion profile.® With these assumptions,
the Jeans equation for the mass distribution (Equation (4.215)

6 Note that Wolf et al. (2009) and Walker et al. (2009) find that their mass
estimates at the half-light radius are insensitive to a wide range of mass models
and velocity anisotropy parameterizations, so our results should not be
sensitive to these assumptions.
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Table 1
Summary of Determination of Systemic Velocities, Velocity Dispersions, Masses, and Metallicities for the Hercules dSph
Study Number of Stars Vsys o MFurthest star M300pc ([Fe/H])*
(kms™) (kms™h (Mg) (Mg) dex
Adén et al. (2009) 28 [RGB stars, ¢ sel.] cee e e e —2.354+0.31
This study 32 [Only Vg sel.] 40.874+142  7.33£1.08 1479 x 107 7.4%37 x 10°
This study 18 [RGB stars with V]~ 45.20£1.09  3.72£091 3722 x 106 1.9*LL x 106
Notes. Columns: (1,2) number of stars in each study and a short description of how the stars were selected; (3,4) systemic velocities and velocity
dispersions; (5) mass within the radius defined by the outermost RGB star in our study; (6) mass within the inner 300 pc; (7) mean metallicity.
See Adén et al. (2009) for a full discussion of metallicities.
4 See Adén et al. (2009).
in Binney & Tremaine 2008) becomes F A E A R
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Using a half-light radius of 330j7552 pc (Martin et al. 2008) we Mass [M,]

solve Equation (3) for r = 433 pc, which corresponds to the
outermost member in our kinematic sample (Table 1).

We estimate the error in the mass using 10° Monte Carlo
realizations of the half-light radius, distance, and velocity
dispersion of Hercules drawn from within the individual error
bars on each parameter. In this way, we obtain My3; =
3.7le'_26 x 10% Mg, (Figure 1). The quoted errors are 1o limits
from the Monte Carlo sampling. Assuming a total luminosity
of L =3.6+1.1) x 10* Lo (Martin et al. 2008), we find a
median mass-to-light ratio of Mus3/L = 10383 [M/Lo].

Adén et al. (2009) emphasize the importance of weeding
out foreground contaminating dwarf stars. This is particularly
vital for the Hercules dSph as its systemic velocity coincides
with the bulk motion of dwarf stars in the Milky Way disk
in the direction of Hercules. Using the contaminated’ velocity
dispersion (Table 1), we would obtain a mass of 1.4%95 x

107 M, almost a factor of 4 larger than the uncontaminated
estimate.

2.1. Hercules and the “Common Mass Scale”

Strigari et al. (2008) speculate that the mass within a fixed
radius, 300 pc, is approximately the same (~107 M) in all the

7 Note that this “contaminated” dispersion has had its 30 velocity outliers
removed. Also, the initial candidate selection for the velocities was chosen
using color—magnitude diagram cuts. Even so, a significant fraction of
foreground stars remain in this sample and are detected only through the use of
the Stromgren photometry.

Figure 1. Distribution of Monte Carlo mass estimates for Hercules. Solid line
indicates the median from the Monte Carlo sampling. Dashed lines indicate the
1o limits from the Monte Carlo sampling. (a) Mass within the radius defined by
the outermost RGB star in the kinematic sample, r = 433 pc. (b) Mass within
the inner 300 pc.

observed dSphs. Our revised velocity dispersion implies a mass
within the inner 300 pe (Msg9) of only 1.9*5% x 10° M. This
indicates that Hercules falls considerably below this “common
mass scale” for dSphs. Since 300 pc is also approximately the
half-light radius, this implies that Hercules also lies significantly
off the Walker et al. (2009) enclosed half-light mass scaling
relation.

To confirm that our result is not sensitive to our choice
of surface brightness profile, we have repeated our calcula-
tion using a Plummer profile with scale radius r, = 321pc
(as used by Strigari et al. 2008). In this case, we find
Msp = 2.3 x 10° Mg in agreement with the mass calcu-
lated above. If instead we use our contaminated velocity dis-
persion and the exponential surface density profile, we obtain
Mzpo = 7.4122'71 x 10% M, which agrees with the value presented
in Strigari et al. (2008).

However, we note that Strigari et al. (2008) used a dispersion
of 5.1+0.9 km s~! (taken from Simon & Geha 2007) to obtain
their mass estimate. This is smaller than our contaminated value
of 7.33 & 1.08 km s~ !, yet they obtain a similar median mass
to us. If we use a dispersion of 5.1 4 0.9 km s~! as they do, we
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The solid line indicates the least-squares fit. “@” indicate members based on the
Stromgren photometry (see Adén et al. 2009).

obtain a mass M3 = 3.6"% x 10° M. This is just consistent
with their determination within our mutual error bars. We note
that the median M3o will depend on the details of the mass
modeling procedure and so can be expected to differ between
their study and ours (M. Walker 2009, private communication).

Additionally, we have repeated our calculation of the mass
within 300 pc using a more recent estimate of the half-light
radius, r;, = 230 pc, by Sand et al. (2009). This half-light radius
is smaller and gives a mass that is ~1.5 times more massive
than the mass calculated using the half-light radius from Martin
et al. (2008).

3. A VELOCITY GRADIENT IN HERCULES

The presence of a velocity gradient in a dSph could either be
indicative of an intrinsic rotation, or a sign of tidal interaction
with the Milky Way. In this section, we test for possible velocity
gradients in Hercules.

Assuming that the rotation around the semiminor axis (in the
ellipse that describes the orientation of the dSph) is more likely
than around the semimajor axis, we can define the “semiminor
axis distance” dni(0) as the distance, perpendicular to the
semiminor axis, between the axis and the star. For each of the
18 RGB stars with radial velocities, we calculate this distance
for different position angles 6. We then derive the gradient, ko,
and zeropoint, m,, by solving the following equation with a
least-squares fit for each position angle,

Viad = krot X dmi(0) + m,, 4

where Vi,4 is the radial velocity measurement for each star. The
least-squares fit to this function yields a x> value for each 6
(Figure 2(a)).

The distribution enclosed by x2;, + 1 corresponds to lo for
a normal distribution (Press et al. 1992). We use this to obtain
the error in the position angle which minimizes x .

We find a position angle of —35*'% degrees with a velocity
gradient of 16 & 3 km s~! kpc~!, and a zeropoint of 45.11 =+

Ra

Figure 3. Spatial distribution on the sky of the stars identified as Hercules
members from both spectroscopy and photometry. “o” indicate members based

[Tl

on the Stromgren photometry. “e” indicate members based on the Stromgren
photometry for which there are radial velocity measurements. The dashed line
indicates the semiminor axis for the position angle of our detected rotation
axis. The solid ellipse represents the core radius and the dotted ellipse the inner
border of the field region of the Hercules dSph (Coleman et al. 2007). Solid
lines outline the footprint of the WFC used to obtain the Stromgren photometry.

0.38 km s~!. We obtain a reduced x? of 3.89 for our 18 stars
with 2 degrees of freedom.

Following Walker et al. (2008), we estimate the significance
of the velocity gradient using 10° Monte Carlo realizations. In
each realization, we sample the velocity and spatial distributions
independently. Thus, we scramble the correlation between
velocity and position, while maintaining the original velocity
distribution and spatial positions. This is valid as long as the
phase space distribution function of the stars is separable (which
implies that the velocity dispersion is independent of radius). We
determine the significance of the velocity gradient by computing
the fraction of realizations that fail to produce a x? as low as
the one calculated from the real data. We find a significance
of the velocity gradient of 78% (1.230).

4. DISCUSSION
4.1. Galactic Tides in Hercules?

In the previous section, we found tentative evidence for
a velocity gradient in the Hercules dSph. The peak-to-peak
difference of ~10 km s~! within a radius of less than 1 kpc
could be interpreted as the effect of Galactic tides (Read et al.
2006b). Interestingly, Martin (2009) recently estimated the orbit
of Hercules based on the assumption that its elongation is
tidally induced and predicted a velocity gradient of at least
7 km s~! kpc™! which is consistent with our observed gradient.
Additionally, in Adén et al. (2009) we found that the spatial
distribution of the Hercules stars is asymmetric at ~0.5 kpc.
There are three significant outlier stars to the south, but no
corresponding members at this distance in either the northern or
western fields (Figure 3). These three stars are unambiguously
identified as RGB stars from the Stromgren photometry. We
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Figure 4. Tidally determined mass for Hercules as a function of orbital pericenter
rp. We assume a retrograde tidal radius of r, = 1 kpc for this calculation. The
horizontal gray band marks our mass estimate from the spherical Jeans equation
Ms;j 433 (see Section 2). The dark gray band marks our tidally determined mass
within 433 pc Mi;q 433 for Hercules. The medium gray band shows Mg, , our
tidally determined mass within r,. The vertical solid and dashed lines mark the
pericenters at which Miiq 433 = Msj 433 (see Equation (6) for a formula giving
the scaling of Myq ,, with r;).

now consider the possibility that the velocity gradient and the
positional outliers are evidence that Hercules is being tidally
disrupted, and use this information to obtain a second mass
estimate for the system.

The tidal radius of a dSph depends on the potential of the host
galaxy, the potential of the dSph, the orbit of the dSph within
the host galaxy and the orbit of the stars within the dSph (e.g.,
Read et al. 2006¢c). We parameterize the Milky Way potential
using the default model in Johnston et al. (2005), analyzed in the
Galactic plane; and the Hercules potential using a generalized
Hernquist profile (Hernquist 1990),

_ -y y—4
p(r) = w (_) (1 ; L) , 5)
T g g

where M is the total mass, ry is the scale length, and y is
the central logarithmic cusp slope. We consider the ranges
0.3 <ry <3kpcand 0 < y < 1. Our results are not sensitive
to these choices.

The orbit of the Hercules dSph is unknown but currently
lies at a distance of 132 kpc from the galactic center and has
a heliocentric velocity of 45.2 £ 1.09 km s~!, which implies
a galactocentric radial velocity of 145 4 1.09 km s~! (see
Equation (5) in Courteau & van den Bergh 1999). Using the
above potential model for the Milky Way and setting the
tangential velocity component for Hercules to zero, this gives
us a minimum apocenter for Hercules of r, min = 188.5 kpc.
Thus, we consider apocenter and pericenter ranges of 188.5 <
rq < 600kpcand 5 < r, < 132 kpc, respectively.

Read et al. (2006¢) find that photometric features are typically
seen beyond the retrograde tidal radius. To proceed, we make
the assumption that the outliers in Figure 3 indicate the location
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of the retrograde tidal radius of Hercules, i.e., r; ~ 485 pc. If
we assume further that the tidal radius of Hercules is set at the
pericenter of its orbit, we can solve Equation (7) of Read et al.
(2006¢) to calculate the mass, M4, of Hercules as a function of
its orbital pericenter, 7, for our assumed ranges of 7, y, and r,.
We calculate both its mass within r; (Mygq.,) and its mass within
433 pc (Myig.433) which can then be compared with our mass
estimate based on the spherical Jeans equation (Ms;j 433). The
results of this calculation are given in Figure 4. The horizontal
light gray band marks Mg;j 433, the dark gray band marks Miig 433
and the medium gray band marks Mg ,,. The vertical solid and
dashed lines mark the pericenters at which Mi;q 433 = My 433.
The width of the tidal mass bands is due to the unknowns: 7y, y,
and r,. However, to lowest order r, depends only on the mean
density enclosed within it, and so these bands are narrow. For
this reason, we obtain an estimate of both the orbital pericenter
of Hercules (r, = 18.5 &= 5 kpc) and its mass within the tidal
radius (Mg, = 5.2t22‘_77 x 100 Mg). The primary source of
error on both of these quantities is our assumed tidal radius r;.
Empirically, we derive scalings of

32 ’ K (6)
r, = C,
r 1 kpc P
with 8 = 0.76 over the range r, = [0.4, 2] kpc, and
Mias, =24 x 10° [ —— ) Mo, ™
’ 1 kpe

with o = 2.1 over the same range.
If we assume ry = 485 pc, we obtain a similar estimate of the
pericentric distance as that obtained by Martin (2009).

4.2. Is Hercules a Dark-Matter-Free System?

We have shown that our Hercules data are consistent with
the presence of dark matter. We now consider whether models
without dark matter could also reproduce the data.

The most extreme scenario is that Hercules is disintegrating
and its velocity dispersion arises solely due to the motion
of its unbound member stars. If so, it will rapidly become
unobservable (i.e., reach a lower surface brightness than the
detection limit of the Sloan Digital Sky Survey (SDSS)).
Hercules has a surface brightness of 27.2 & 0.6 mag arcsec >
(Martin et al. 2008). If the unbound stars are moving away
from Hercules at a velocity equal to the velocity dispersion
(3.72 £ 0.91 km s~ 1), it would require only ~200 x 10 years
for the Hercules dSph to fall below the detection limit of SDSS
(~30 mag arcsec™?; Koposov et al. 2008). Given this short
timescale, it is very unlikely that we would observe Hercules at
this phase of its evolution.

Fellhauer et al. (2007) simulated the disruption of the UMa II
dSph. Using a model that does not distinguish between luminous
and dark matter they simulate the surface brightness, velocity
dispersion, and the mean radial velocity for UMa II after 9 Gyr,
10 Gyr, and 11 Gyr (their Figure 9).

In the absence of dark matter, the equilibrium velocity
dispersion (i.e., o> = G M/r) for the Hercules dSph would be
~1 km s~!, assuming a stellar mass of 5 x 10* M, and a radius
equal to the observed half-light radius (300 pc; Martin et al.
2008). This is much lower than the measured velocity dispersion
0f3.72 £ 0.91 km s~!. We conclude that the Hercules dSph can
only be a dark-matter-free system if its velocity dispersion has
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been inflated significantly, i.e., if it is in the advanced stages of
tidal disruption.

However, in the simulations of Fellhauer et al. (2007), the
evolutionary phase in which a tidal remnant exhibits both an
inflated velocity dispersion and a velocity gradient, and remains
centrally concentrated is very short. Within ~1 Gyr the system
goes from bound, with almost no signs of tidal disturbance, to
complete disruption.

We note that Kroupa (1997) performed simulations of dSph
galaxies without dark matter, and found that it is possible to
obtain long-lived remnants whose properties are remarkably
similar to those of Hercules in terms of velocity dispersion and
velocity gradient (see his Figure 9). However, the remnants
simulated by Kroupa (1997) are significantly more luminous
than the Hercules dSph. Based on the simulations of Fellhauer
et al. (2007), it seems unlikely that lower luminosity, purely
stellar remnants with the correct properties could survive for a
significant time.

It seems difficult to understand Hercules without dark matter.
However, it could be dark matter dominated and experiencing
significant tidal disturbance. In this case, our simple Jeans
analysis may have overestimated its mass and Hercules might
lie even further away from a possible common mass scale for
the dSph galaxies.

5. CONCLUSIONS

We have calculated the mass of the Hercules dSph using the
new velocity dispersion for the system obtained by Adén et al.
(2009). We find that the mass within the volume enclosed by our
observed stars is 3.7t21'?6 x 10° M, leading to a mass-to-light

ratio of 103ﬁ38[M@/ L]. Interestingly, the mass within 300 pc
is significantly lower than the “common mass scale” found by
Strigari et al. (2008), suggesting that Hercules does not share
the halo properties seen in other dSphs.

We found tentative evidence for a velocity gradient of
16 £3 km s~! kpc™!, and evidence of an asymmetric extension
in the light distribution at ~0.5 kpc. We explored the hypothesis
that these features are due to tidal interactions with the Milky
Way. Assuming a tidal radius of 485 pc, we show that a self-
consistent model requires Hercules to be on an orbit with
pericenter ¥, = 18.5 £ 5 kpc, and with a mass within 7, of
M, = 5.2%%57 x 10° M.
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ABSTRACT

Context. Dwarf spheroidal galaxies are some of the most metal-poor, and least luminous objects known. Detailed elemental abundance
analysis of stars in these faint objects is key to our understanding of star formation and chemical enrichment in the early universe, and
may provide useful information on how larger galaxies form.

Aims. Our aim is to provide a determination of [Fe/H] and [Ca/H] for confirmed red-giant branch member stars of the Hercules dwarf
spheroidal galaxy. Based on this we explore the ages of the prevailing stellar populations in Hercules, and the enrichment history from
supernovae. Additionally, we aim to provide a new simple metallicity calibration for Stromgren photometry for metal-poor, red giant
branch stars.

Methods. High-resolution, multi-fibre spectroscopy and Stromgren photometry are combined to provide as much information on the
stars as possible. From this we derive abundances by solving the radiative transfer equations through MARCS model atmospheres.
Results. We find that the red-giant branch stars of the Hercules dSph galaxy are more metal-poor than estimated in our previous study
that was based on photometry alone. From this, we derive a new metallicity calibration for the Stromgren photometry. Additionally,
we find an abundance trend such that [Ca/Fe] is higher for more metal-poor stars, and lower for more metal-rich stars, with a spread
of about 0.8 dex. The [Ca/Fe] trend suggests an early rapid chemical enrichment through supernovae of type II, followed by a phase
of slow star formation dominated by enrichment through supernovae of type la. A comparison with isochrones indicates that the red

giants in Hercules are older than 10 Gyr.

Key words. galaxies: dwarf — galaxies: evolution — galaxies: individual: Hercules — stars: abundances

1. Introduction

Over the past few years, the number of known dwarf spheroidal
(dSph) galaxies orbiting the Milky Way has more than doubled
through systematic searches in large photometric surveys such as
the Sloan Digital Sky Survey (e.g., Zucker et al. 2006; Belokurov
et al. 2007). These recently discovered dSph galaxies have much
lower surface brightness than the previously known dSph galax-
ies. Typically, these systems have total luminosities My > —6
(e.g., Martin et al. 2008), so they are named ultra-faint (e.g.,
Koch 2009). Additionally, they are so faint that thus far they
have only been detected around the Milky Way, but more sen-
sitive surveys in the future may yield additional detections also
at larger distances (Tollerud et al. 2008). These galaxies are also
more metal-poor than the classical, more luminous dSph galax-
ies (e.g., Simon & Geha 2007; Kirby et al. 2008b)

Very metal-poor stars have been found in the Galactic halo
(e.g., Schorck et al. 2009). However, studies of the more lumi-
nous dSph galaxies (e.g., Koch et al. 2006; Helmi et al. 2006)
have found a significant lack of stars with [Fe/H] < —3 when
compared to the stars of the Milky Way halo. Since dSph galax-
ies may be the building blocks of parts of the Galactic halo
(see Grebel & Gallagher 2004, for a discussion of the ages of
stellar populations in the Galactic dSphs and halo), this result
was considered a problem for our current understanding of the

Article published by EDP Sciences

formation of large galaxies (Schorck et al. 2009). However, re-
cent studies of the ultra-faint (e.g., Kirby et al. 2008b; Frebel
et al. 2010b; Norris et al. 2010; Simon et al. 2010) and the clas-
sical (e.g., Starkenburg et al. 2010; Frebel et al. 2010a) dSph
galaxies have discovered stars with [Fe/H] < -3, thus reignit-
ing the discussion of the origin of the Galactic halo. Whether
the metallicity distribution functions of the halo and of the dSph
galaxies agree still remain to be determined. Additional abun-
dance studies are needed for both halo and dSph stars, in order
to rule out selection biases due to low number statistics.

Studies of [a/Fe] in the stars in the more luminous dSph
galaxies suggest that stars more metal-rich than [Fe/H] > -2
have lower [a/Fe] ratios, whilst more metal-poor stars (from
now taken to be stars with [Fe/H] < —2) have about the same
enhancement in the a-elements relative to iron as the stars in the
halo and disk of the Milky Way (see, e.g., Shetrone et al. 2001;
Geisler et al. 2007; Tolstoy et al. 2009). This could be interpreted
as support for an early accretion of dSphs. The discrepancy is
poorly constrained for the recently discovered ultra-faint dSph
galaxies, with notable exceptions for a few stars in these ultra-
faint objects (Feltzing et al. 2009; Frebel et al. 2010b).

The Hercules dSph galaxy lies at a distance of ~150 kpc
from us (Adén et al. 2009a) and it has a V-band surface
brightness of only 27.2 + 0.6 mag arcsec™> (Martin et al. 2008).
Previous studies, based on photometry and the measurements of
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Table 1. Properties of the Hercules dSph galaxy.

Parameter Footnote
o2 J2000 1631052 £2.5 a
0o J2000 + 124718 = 17 @
T arcmin 8.63:? a
My -6.6+0.3 “
D kpc 147j§ b
EB-YV) 0.062 b
M M 191])2'; x 10° ¢

Notes.  The centroid, o and &, half-light radius, 7;,, and absolute
magnitude are taken from Martin et al. (2008). ®’ The distance, D, and
reddening, E(B — V), are taken from Adén et al. (2009a). © The mass
within the central 300 pc is taken from Adén et al. (2009b).

the near-infrared CalI triplet lines in red giant branch (RGB)
stars, have found a mean metallicity of [Fe/H] ~ —2.3 (Simon
& Geha 2007; Adén et al. 2009a). In Table 1 we provide a list
with additional properties of the Hercules dSph galaxy.

A study using spectrum synthesis of FeI lines (Kirby et al.
2008b) found a lower mean metallicity of —2.58 + 0.51 dex.
Koch et al. (2008b) found, using high-resolution spectroscopy of
two Hercules RGB stars, that the hydrostatic burning a@-elements
(e.g., Mg, O) are strongly enhanced, while the heavy (mainly)
s-process elements (e.g., Y, Sr, Ba, La) are largely depleted.
The low [Fe/H] observed for the Hercules dSph galaxy suggests
that star formation ceased relatively early after the formation of
this galaxy. Thus, detailed elemental abundances for stars in the
ultra-faint dSph galaxies are key to our understanding of star for-
mation and chemical enrichment in the early universe.

In this study we will determine some of the elemental abun-
dance trends in the ultra-faint Hercules dSph galaxy.

This paper is organised as follows: in Sect. 2 we describe the
observations and the reduction of our spectra. In Sect. 3 we de-
scribe the determination of the stellar parameters for each star.
Section 4 deals with the abundance analysis. In Sect. 5 we pro-
vide a comparison with abundances determined in other studies,
in Sect. 6 we show and discuss our results and Sect. 7 concludes
the article.

2. Observations, data reduction, and measurement
of equivalent widths

2.1. Selection of targets

Some of the new ultra-faint dSph galaxies are seen through a
significant portion of the Milky Way disk. Moreover, sometimes
they have systemic velocities very similar to the bulk motion of
the stars in the Milky Way disk. This is the case for the Hercules
dSph galaxy (Adén et al. 2009a). Thus, when studying systems
like Hercules it is very important that the stars are confirmed
members of the galaxy, and not foreground contaminating stars
that belong to the Milky Way. In Adén et al. (2009a) we showed
that the mean velocity of the Hercules dSph is very similar to
the velocity distribution of the foreground dwarf stars, making it
difficult to disentangle the dSph galaxy stars from the foreground
dwarf stars using radial velocity measurements alone. We used
the Stromgren c; index to identify the RGB stars that belong
to the dSph galaxy and showed that a proper cleaning of the
sample results in a smaller value for the velocity dispersion of
the system. This has implications for galaxy properties derived
from such velocity dispersions, e.g., resulting in a lower mass
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Table 2. Data for the RGB stars in the Hercules dSph galaxy observed
with FLAMES.

ID RA Dec \% (b-y) S/N Used
J2000.0 J2000.
12175 247.81591 12.58238 18.72  0.83 35 *
42241 24773849 12.78898 18.72  0.82 36
41082 247.84564 12.74666 19.05 0.78 23
42149 24774718 12.79045 19.21  0.70 25 *
41743 247.78386 12.80170 19.44  0.70 24 *
42795 247.68541 12.82996 19.51 0.67 23 *
40789 247.87404 1274030 19.52  0.67 20 *
41460 247.80860 12.75741 19.60  0.69 21 *
42096 247.75261 12.82550 19.59  0.66 20 *
40993 247.85432 12.75811 19.73  0.67 20 *
42324 247.73111 1276968 19.72  0.62 13 *
12729 24778123 1252606 19.84  0.67 12 *
40222 24793108 12.78307 20.01 0.62 11
42692 247.69607 12.75570 20.02 0.63 12
43688 247.59341 12.86022 20.04 0.61 8
43428 247.61721 12.75078 20.09 0.60 11
11239 247.87333 12.58958 20.11 0.61 9
41912 247.76877 12.77069 20.15 0.64 8
42008 247.76005 12.80071 20.21 0.61 9
41371 247.81831 12.83070 20.23 0.63 10

Notes. Column 1 lists the RGB star ID (Adén et al. 2009a). Columns 2
and 3 list the coordinates. Column 4 lists the V magnitude and column
5 lists the (b —y) colour. Column 6 lists estimates of the S /N in the final
spectra and Col. 7 indicates whether the star was analysed in this work,
compare Sect. 4.

(Adén et al. 2009b; Walker et al. 2009). In this study, we revisit
the previously identified RGB stars of the Hercules dSph galaxy
with high-resolution spectroscopy.

The RGB stars for this study were taken from the list of
Hercules dSph galaxy members in Adén et al. (2009a). We se-
lected RGB stars brighter than Vy ~ 20 (see Fig. 1). Stars fainter
than V;, ~ 20 were not considered since the signal-to-noise ratio,
per pixel, (S/N) would be too low for equivalent width measure-
ments. In total, 20 RGB stars were selected (see Table 2).

2.2. Observations

Our spectroscopy was carried out using the multiobject
spectrograph Fibre Large Array Multi Element Spectrograph
(FLAMES) at the Very Large Telescope (VLT) on Paranal. The
observations, 18 observing blocks of 60 min each made in ser-
vice mode, are summarised in Table 3. Operated in Medusa fibre
mode, this instrument allows for the observation of up to 130 tar-
gets at the same time (Pasquini et al. 2002). 23 fibres were dedi-
cated to observing blank sky. We used the GIRAFFE/HR13 grat-
ing, which provides a nominal spectral resolution of R ~ 20000
and a wavelength coverage from 6100 A to 6400 A. We verified
the spectral resolution by measuring the full-width-half maxi-
mum of telluric emission lines in the combined sky spectrum.

2.3. Data reduction and measurement of equivalent widths

The FLAMES observations were reduced with the standard
GIRAFFE pipeline, version 2.8.1 (Blecha et al. 2000). This
pipeline provides bias subtraction, flat fielding, dark-current sub-
traction, and accurate wavelength calibration from a ThAr lamp.
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Table 3. Summary of the spectroscopic observations with FLAMES.

Date Exp. time [min]
17 May 2009 180
20 May 2009 120
22 May 2009 120
23 May 2009 120
24 May 2009 60
25 May 2009 180
26 May 2009 60
13 June 2009 180
18 June 2009 60
Total Exp. Time 1080

Notes. Column 1 lists the date of observation and Col. 2 the exposure
time.

The 23 sky spectra were combined and subtracted from the
object spectra with the task SKYSUB in the SPECRED package
in IRAF'.

Next, the object spectra from the individual frames were
Doppler-shifted to the heliocentric rest frame and median-
combined into the final one-dimensional spectrum. When com-
bining the object spectra we used an average sigma clipping al-
gorithm, rejecting measurements deviating by more than 30, in
order to remove cosmic rays.

Finally, we normalised the spectra with the task
CONTINUUM in the ONEDSPEC package in IRAF. We
used a Splinel function of the 1st order. We note that the
nomalisation was not optimal over the entire wavelength range.
To accomodate for this, we set the continuum for each line
individually when measuring the equivalent widths, W,.

The W, for the absorption lines were measured by fitting a
Gaussian profile to each of the lines using the IRAF task SPLOT.
However, for some of the weak lines with low S /N it was better
to determine the W, by integration of the pixel values using the
“e” option in SPLOT. The W)s are listed in Table 4.

We were not able to identify any absorption lines in the con-
tinuum for stars fainter than Vy = 19.80. The S/N for the spectra
for these stars are about 10. Thus, 8 stars were discarded from the
abundance analysis (compare Table 2). Additionally, we were
not able to remove the sky emission for RGB star 41082 to a sat-
isfying level, and the S /N was lower than expected from the stars
magnitude, indicating that something may have gone wrong with
the positioning of the fibre. Therefore, the spectrum for this star
was discarded also, leaving us with spectra for 11 usable RGB
targets.

3. Stellar parameters

The effective temperature (7.r) is often determined by requiring
that the abundances derived from individual Fe lines are inde-
pendent of the excitation potential for the lines. This was not
an option for us due to the small number of Fe I lines for each
star. Instead, we calculated T.g from Stromgren photometry us-
ing the calibration in Alonso et al. (1999). The photometry is
from Adén et al. (2009a) and has been corrected for interstellar
extinction using the dust maps by (Schlegel et al. 1998). These
maps give a reddening of E(B — V) = 0.062. We estimated the

"' IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.

errors in Teg using the uncertainties for the Strémgren photome-
try. Since we are using deep photometry, and are only using stars
at the brighter end of the luminosity function, the errors are es-
sentially the same for the stars in the sample. We find a typical
error of about 100 K for all stars.

Surface gravities, log g, were estimated using an isochrone
by VandenBerg et al. (2006) with [Fe/H] = —2.31 (most metal-
poor isochrone available), an age of 12 Gyr, colour transforma-
tions by Clem et al. (2004), and no a-enhancement. Figure 1
shows the colour-magnitude diagram for the Hercules dSph
galaxy with logg values indicated. The isochrone was shifted
using the distance modulus derived in Adén et al. (2009a),
(m—M)=20.85+0.11.

To estimate how sensitive our value of log g is to the choice
of the age for the isochrone, we repeated the above derivation for
isochrones with an age of 8 and 18 Gyr, and [Fe/H] = —2.31. We
find that the estimated value of logg deviated by a maximum
of ~0.1 dex from the initial logg when the age was changed.
Additionally, for comparison with an isochrone based on a dif-
ferent stellar evolutionary model, we compared with values of
logg derived using the Darthmouth isochrones (Dotter et al.
2008) with colour transformations by Clem et al. (2004), and
similar age and metallicity as for the isochrone by VandenBerg
et al. (2006). We find that the values of log g estimated using the
two sets of isochrones differ by about 0.1 dex.

Finally, we estimated the contribution to the error in logg
from the uncertainty in the distance modulus and magnitude us-
ing 10° Monte Carlo realisations of the distance modulus and
magnitude drawn from within the individual error bars on each
parameter. We find that the values of log g deviated by ~0.1 dex
from the initial logg. Based on these three error estimates, we
define an upper limit to the error in logg of 0.35 dex to make
sure that the error is not under-estimated.

In Sect. 4 we investigate how different values of log g affect
the abundance analysis.

We estimated the microturbulence, &, using the & and logg
for metal-poor halo stars from Andrievsky et al. (2010). These
stars have about the same metallicity and log g as our Hercules
RGB stars. A least-square fit to their data, in & vs. log g space
(Fig. 2), of 35 giant stars yields

= —0.38(x0.06) log g + 2.47(=0.1). )

We estimated the errors in & using the uncertainties for the least-
square fit (Eq. (1)) and an uncertainty in log g of 0.3 dex. We find
a typical error in & of ~ 0.2 kms™'.

The final stellar parameters used in the abundance analysis
are summarised in Table 5.

4. Abundance analysis

Model atmospheres were calculated for the programme stars
with the code MARCS according to the procedures described in
Gustafsson et al. (2008), and using the fundamental parameters
in Table 5. Next, a line list was compiled in the wavelength re-
gion 61206400 A with spectral lines from neutral and singly
ionised atoms from the VALD database (Piskunov et al. 1995;
Ryabchikova et al. 1997; Kupka et al. 1999, 2000). Equivalent
widths or synthetic spectra were then computed from radiative
transfer calculations in spherical geometry in the model atmo-
spheres using the Eqwi/Bsyn codes that share many subrou-
tines and data files with MARCS making the analysis largely self-
consistent.

For stars with at least two lines measurable, we adopt the
mean of the abundances derived from the individual W, for each
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Table 4. Equivalent width measurements.

RGB 12175 42241 42149 41743 42795 40789 41460 42096 40993 42324 12729
Ion P loggf  EP W, W, W, W) W) W) W) W) W) W) W)
A) (dex) eV  (mA) @A) @@A) (mA) @A) @A) @A) @A) @mA) @mA) (mA)
Car 612222 -0.386 1.886 46 89 44 66 24 49 89 52 57
Car 6162.17 -0.167 1.899 72 122 35 96 43 70 61 69
Fer 6137.69 -1.403 2.588 41 148 48 65 43 66 86
Fer 6151.62 -3.299 2.176 62
Fer 617334 -2.880 2.223 96 52 65
Fer 6180.20 -2.586 2.727 38 13 30
Fer 620031 -2.437 2.608 75 14
Fer 6213.43 -2.482 2223 92 25 35 49 65
Fer 6219.28 -2.433 2.198 111 58 40
Fer 6232.64 -1.223 3.654 59
Fer 624632 -0.733 3.602 87
Fer 625256 -1.687 2.404 50 149 81 71 98
Fer 6265.13 -2.550 2.176 124 83 43
Fer 6270.23 -2.464 2.858 42
Fer 6301.50 -0.718 3.654 119 42
Fer 630249 -0.973 3.686 57
Fer 6322.69 -2.426 2.588 97 40
Fer 633533 -2.177 2.198 36 121 91 27 58 51 50
Fer 6336.82 -0.856 3.686 83 33
Fer 6355.03 -2.350 2.845 55
Fer 6393.60 -1.432 2433 69 138 109 35 39 65 68 85
Ferm 6149.26 -2.841 3.899 30
Felmr 6247.56 -2.435 3.892 40
Table 5. Photometry and model parameters used in the abundance analysis of the stars.
ID Other ID Vo (b-y)y [FeH] T logg & S/N
dex K dex  kms™!

12175 18.53 0.78 -3.17 4370 0.78 2.17 35

42241 Her-2 18.53 0.78 -2.03 4270 0.78 2.17 36

41082  Her-3 18.86 0.74 4340 097 2.10 23

42149 19.01 0.66 -2.95 4540 1.06 2.07 25

41743 19.25 0.66 -242 4520 1.19 2.02 24

42795 19.32 0.63 -3.17 4620 1.22 2.01 23

40789 19.33 0.63 -2.88 4600 1.24 2.00 20

41460 19.40 0.64 -3.10 4590 1.27 1.99 21

42096 19.40 0.62 -2.60 4620 1.27 1.99 20

40993 19.53 0.63 -2.38 4600 1.33 1.97 20

42324 19.53 0.57 -2.70 4740 1.33 1.97 13

12729 19.65 0.63 -2.35 4640 1.40 1.94 12

Notes. Column 1 lists the RGB star ID (Adén et al. 2009a). Column 2 lists the ID from Koch et al. (2008b). Column 3 lists the V, magnitude and

Col. 4 lists the (b — y)o colour. Column 5 lists the metallicity as determin
in Sect. 3. Column 9 lists an estimate of the S/N.

element as the final elemental abundances. For stars more diffi-
cult, in terms of identifying absorption lines, the final elemental
abundances are determined using a y2-test (see Sect. 4.2.3)

4.1. Elemental abundance errors

For elements with more than four lines measured, the random
errors in the elemental abundance ratios were calculated as

ox

VN
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©))

€rand,[X/H] =

ed in Sect. 4.2. Columns 6 to 8 list the stellar parameters as determined

where X is the element, o is the standard deviation of the abun-
dances derived from the individual W,, and N the number of
lines for that element. For elements with two to four lines mea-
sured, the uncertainty in the measurement of W,, ey,, was esti-
mated using the relation in Cayrel (1988). The random errors in
the elemental abundances were then estimated using 10° Monte
Carlo realisations of W,, drawn from within the probability dis-
tribution of W, given €y,. For each value of W,, we recalcu-
late an elemental abundance using the relation log(A) o log(W;)
where A is the elemental abundance. We note that the probability
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Fig. 1. Colour—magnitude diagram for the Hercules dSph galaxy (Adén
et al. 2009a). e are RGB stars selected for this study. o indicate RGB
stars too faint for this study and open triangles are horizontal-branch
stars. The solid line indicates the isochrone by VandenBerg et al.
(2006) with colour transformations by Clem et al. (2004). logg val-
ues for different magnitudes as indicated. Note that there are two stars
at Vy ~ 18.5 superimposed on each other.
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Fig. 2. & vs. logg for metal-poor giant stars from Andrievsky et al.
(2010). The solid line indicates a least-square fit to the data.

distribution of log(A) is asymmetric. Thus, we adopt the stan-
dard deviation based on the sextiles (which is equivalent to 1o
in the case of a Gaussian distribution) as our final random error.
For elements with less than two lines measured we performed a
x>-test between the stellar spectrum and a grid of synthetic spec-
tra, to estimate the random errors in the elemental abundances
(see Sects. 4.2 and 4.3). Note that none of the Ca abundances are
estimated using more than two lines. Thus, the errors in [Ca/H]
are derived using either a y*-test or by propagating ey, as de-
rived using the relation in Cayrel (1988).

The systematic errors, €ysx/u), Were estimated from the
errors in the stellar parameters (Sect. 3) as follows: two stars
were selected randomly, RGB star 40 789 and 42 241. For these
two stars, we study the final elemental abundances for several
model atmospheres. The model atmospheres were chosen so that
we had two values of logg, separated by 0.5 dex, three values
of T.g, separated by 100 K, and three values of &, separated
by 0.2 kms~'. The separation between the Ter and & values

corresponds to the estimated errors in the parameters (see
Sect. 3). The centre value for T and & corresponds to the values
as determined in Sect. 3. Since the error in log g was more dif-
ficult to determine (see Sect. 3), we chose a separation in logg
of 0.5 dex to make sure that we got an upper limit of the con-
tribution from this stellar parameter. The elemental abundances
varies with less than 0.05 dex when the value of logg is sep-
arated by 0.5 dex. However, we note that this is based on FeT
lines. Fe 11 lines are more sensitive to changes in log g.

Thus, we have 18 model atmospheres for which we deter-
mine the final elemental abundances of iron and calcium. The
standard deviation of the 18 final elemental abundances, for
iron and calcium, is then adopted as €y, x/m)- We find a typi-
cal Esys,[X/H] of ~0.12 dex.

The total errors in the elemental abundance ratios were cal-
culated as

S 2
€X/H) = \/erand,[X/H] + Eysx/HY” &)

The final total errors are summarised in Table 6.

4.2. Iron

The mean [Fe/H] is determined on the scale where logey =
12.00. The solar iron abundance of 7.45 is adopted from
Grevesse et al. (2007).

Due to the variation in the S/N, and the number of mea-
surable lines in the spectra, we analyse these stars individually
or as groups with spectra of similar quality (Sects. 4.2.1, 4.2.2
and 4.2.3). The result from the analysis is summarised in Table 6.

4.2.1. Highest S /N spectra

RGB star 12175, with Vy = 18.5, is one of the two brightest
RGB stars discovered in the Hercules dSph galaxy. However,
due to its low metallicity, only 4 FeTI lines were distinguish-
able from the continuum in the spectral range covered by our
observation. These four iron lines give [Fe/H] = -3.17 £ 0.14.
Figure 3b shows the spectrum of 12 175 around two of the four
FeT lines. Close to these two lines there are two additional Fe1
lines that we could not measure quantitatively, but that we were
able to identify with the help of a synthetic spectrum. The syn-
thetic spectrum shown in Fig. 3b supports the result that this is a
very metal-poor star with [Fe/H] = —3.2.

RGB star 42 241 has about the same magnitude and S/N as
12 175. However, due to its higher iron abundance, about four
times as many lines were measurable in this spectrum (compare
Table 4). We find an [Fe/H] of —2.03 + 0.14 dex. Additionally,
for this star, we were able to measure two Fe II lines. These lines
give an iron abundance of —1.40 + 0.20 dex. Thus, the [Fe/H]
as derived from FeTI lines do not agree within the error bars
with [Fe/H] as derived from FeII lines. This discrepancy in the
determination of the iron abundance could partially be caused
by over-ionisation in Fel. Ivans et al. (2001) argue that over-
ionisation could cause an under-estimate of about 0.1 dex for
RGB stars if FeI lines are used.

Figure 3d shows the stellar spectrum of 42241 around four
of the measured FeT lines. As can be seen, [Fe/H] derived from
the W, agrees well with a synthetic spectrum with an iron abun-
dance close to the -2 dex value derived from the W;s.
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Fig. 3. Left panels: portions of stellar spectra around four Fe 1 b) and two CaT a) lines for RGB star 12175. e indicate the observed spectrum. The

solid line indicates a synthetic spectrum with [Fe/H] = —3.1 and [Ca/H] =

—2.8. The dotted lines in a) indicate synthetic spectra with [Ca/H] + 0.3

relative to the solid-line-synthetic spectrum. Right panels: Portions of stellar spectra around four FeI d) and two Cal ¢) lines for star 42241. o
indicate the observed spectrum. The solid line indicates a synthetic spectrum with [Fe/H] = —2.0 and [Ca/H] = -2.6.

4.2.2. Low S/N spectra

RGB stars 42149, 41743, 42795, 40789, 42096, 40993 and
12729 have a lower S/N than 12175 and 42241. However, at
least two FeT lines were measurable for each of the stars.

Since the S/N is much lower for these stars, we did the fol-
lowing test to ensure that the [Fe/H] derived from the equivalent
widths are reasonable. For each of the stars, we generated a set
of synthetic spectra with five different [Fe/H] values, separated
by 0.2 dex, centred on the [Fe/H] derived from the equivalent
widths. A plot of the stellar spectrum, with the synthetic spectra
over-plotted, enabled us to verify that the [Fe/H] derived from
the W;s is a good estimate of the iron abundance of the star. We
found that none of the stellar spectra deviated significantly from
a synthetic spectrum with a similar [Fe/H] abundance.

Figure 4 shows an example, for 41 743. As can be seen, an
[Fe/H] of ~—2.4 dex is a reasonable estimate of the iron abun-
dance for this star.

4.2.3. Difficult spectra

RGB stars 41460 and 42 324 have low S/N (21 and 13, respec-
tively) and are very metal-poor. Thus, it was difficult to iden-
tify the Fe I absorption lines in the spectra. However, we did see
faint absorption signatures but the low S /N made it virtually im-
possible to measure the lines. Instead, we performed a y’-test
between the observed spectrum and a grid of synthetic spectra
with 17 different [Fe/H] values, separated by 0.05 dex. Each syn-
thetic spectrum yields a y? value, and the best fit is found when
x* is minimised (sznin)- We used a width of 30, which covers
about 99.7 per cent of the absorption feature, for each iron line
in the line list (see Table 4). We investigated the sensitivity of
the y?-test region by varying it between 20~ and 40~ and found
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that it had negligible impact on the result. The continuum for
each line was adjusted, as the average of the signal on each side
of the absorption feature over 0.6 A, to accommodate for the
local deviations from the continuum normalisation in Sect. 2.3.
The error for each pixel in the observed spectrum was approxi-
mated by the variance in the spectrum. The distribution enclosed
by ,\(fmn + 1 corresponds to 1o for a normal distribution (Press
et al. 1992). We used this as the measurement error.

4.3. Calcium

The mean [Ca/H] is determined on the scale where logey =
12.00 The solar calcium abundance of 6.34 is adopted from
Asplund et al. (2009). There are two Cal lines, at 6122.22 A

and 6162.17 A in the wavelength region covered by our spectra,
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that were possible to measure in the majority of the stars. The
results from the analysis are summarised in Table 6. Individual
stars are, in similar manner as done for Fe, discussed in the fol-
lowing sections.

4.3.1. Highest S /N spectra

For RGB star 12 175 both CaT lines were measured and they
give [Ca/H] = —2.9 = 0.1. Figure 3a shows the stellar spectrum
around the CaT lines. As can be seen, [Ca/H] as measured from
the W, agree well with a synthetic spectrum with similar [Ca/H].
Additionally, Fig. 3a shows an example of two synthetic spectra
with [Ca/H] £0.3.

For RGB star 42 241 we find a [Ca/H] of —2.5 = 0.2. This is
significantly higher than [Ca/H] for RGB star 12 175. Figure 3c
shows the stellar spectrum of 42241 around the two CaT lines.
As can be seen, [Ca/H] as derived from the W, agree well with
a synthetic spectrum with a similar abundance.

4.3.2. Low S/N spectra

RGB stars 42149, 41743, 40789, 42096 and 42324 have a
lower S/N than RGB stars 12 175 and 42241. However, both
of the CaT1 lines were measurable in all four stars.

Since the S/N is lower we repeated the same test done for
the iron abundance analysis (compare Sect. 4.2.2), generating a
grid of synthetic spectra for each star, to see if the [Ca/H] as de-
rived from the W, were reasonable. We found that the synthetic
spectrum of RGB star 40789, in comparison with the observed
spectrum, indicates that the [Ca/H] determined from the mea-
surements of the W, was slightly, about 0.1 dex, over-estimated.
Thus, we estimated the Cal abundance for RGB star 40 789 us-
ing the same method as for the spectra identified as difficult for
the measurement of the FeI lines (see Sect. 4.2.3). For all other
stars in this category, the abundances from the measured W, and
those from the y?-comparison of synthetic spectra showed good
agreement.

4.3.3. Difficult spectra

For RGB star 42795, 41460, and 40993 only one or none of
the CaT lines were measurable. However we did see a general
decrease in the continuum at the wavelengths for the Cal lines
indicating the presence of Ca in the atmospheres of these metal-
poor stars. Thus, we estimated the CaTabundance using the same
method as for the spectra identified as difficult for the measure-
ment of the FeT lines (see Sect. 4.2.3). The results from the anal-
ysis are summarised in Table 6.

We were not able to identify any Cal absorption features for
RGB star 12729. Thus, [Ca/H] remains unknown for this star.

5. A comparison with abundances determined
in other studies

5.1. A comparison with a high S/N RGB star

Lind et al. (2009) obtained high S/N spectroscopy of several
bright RGB stars in the Milky Way. They used the same instru-
ment and grating (GIRAFFE/HR13) as in this study. Through
private communication they provided us with a spectrum of one
of their bright targets, star 17691, that has a S /N of about 300.
We measured the W, for the lines in Table 4 and performed an
abundance analysis for this star as described in Sects. 2.3 and 4.

Table 6. Derived elemental abundances for the RGB stars in the
Hercules dSph galaxy.

Star [Fe/H] N [Ca/H] N [Ca/Fe]
12175 -3.17+0.14 4 -2.89+0.15 2 0.28 £ 0.21
42241 -2.03+0.14 20 -254+0.15 2 -0.51+0.21
42149 -295+0.15 2 -3.08+0.16 2 -0.13+£0.22
41743 -242+0.15 11 -251+0.16 2 -0.09+0.22
42795 -3.17+0.15 2 =3.11+0.17 »? 0.06 +£0.23
40789 -2.88+0.17 3 -3.06+0.16 x* -0.18+0.23
41460 -3.10+£0.16 x> -278+0.15 4?2 0.32 +£0.22
4209 -2.60+0.17 4 -240+0.18 2 0.20 £ 0.25
40993 -238+0.19 8 -2.68+0.15 4? -03+0.24
42324 -270+0.14 > -2.60+028 2 0.10 £ 0.31
12729 -235+0.17 5

Notes. Column 1 lists the RGB star ID. Columns 2 and 4 list the [Fe/H]
and [Ca/H], respectively, with total errors in the abundances as indi-
cated. N indicates the number of lines measured for the determination
of [Fe/H] and [Ca/H], as indicated. x? indicates that the corresponding
abundance was determined through a y2-test using a grid of synthetic
spectra (see Sects. 4.2.3 and 4.3.3). Column 6 lists [Ca/Fe].

The stellar parameters was adopted from Lind et al. (2009). We
find an Fe abundance that is 0.01 dex more metal poor, and a Ca
abundance 0.04 dex lower than given in Lind et al. (2009). Thus,
our determinations of the abundances of Ca and Fe in star 17691
are in agreement with Lind et al. (2009). Additionally, we find
that none of the elemental abundances as derived from individ-
ual measurements of the W, deviate significantly. This suggests
that the effect of atomic parameters should not contribute to our
elemental abundance errors.

5.2. A comparison with earlier spectroscopic results

Koch et al. (2008b) obtained high resolution spectroscopy (R ~
20000), with similar S/N and resolution as in this study,
of two stars in the Hercules dSph galaxy, Her-2 and Her-3.
These stars correspond to our RGB stars 42241 and 41 082.
However, RGB star 41 082 was discarded from our sample (see
Sect. 4). Koch et al. (2008b) find [Fe/H] = —2.02 +0.20 and
[Ca/Fe] = —0.13 £ 0.05 for RGB star 42241. Note, however,
that Koch et al. (2008b) measured W, values of lines over a
broader wavelength range from 5500-8900 A. Our estimates of
[Fe/H] are in very good agreement, but [Ca/Fe] as derived by
Koch et al. (2008b) is 0.4 dex higher.

Figure 5 shows our spectrum and the spectrum from Koch
et al. (2008b) for RGB star 42 241. In Table 7 we provide a com-
parison between W,s as measured from our observed spectrum,
and W,s as measured by us from the spectrum obtained by Koch
et al. (2008b). We note that, for the CaT lines, the spectrum from
Koch et al. (2008b) has deeper absorption. However, the overall
absorption for the Fe I and blended lines are in good agreement,
except for one weak Fel line at 1 = 6200.31 A that is more
prominent in our observed spectrum. We note that the S/N at
this line in the spectrum from Koch et al. (2008b) is low, mak-
ing it difficult to distinguish such a weak line in the spectrum.
There is a much brighter star, SDSS J163056.63+124737.5, lo-
cated only ~12 arcsec from 42241. Thus, we investigate the
possibility that the fibre allocated for 42241 has collected a
significant amount of flux from SDSS J163056.63+124737.5.
SDSS J163056.63+124737.5 is 6.7 mag brighter in the SDDS
r-filter, which is centred on our wavelength region of interest.
The seeing for our observations was ~1 arcsec. Based on this,
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Table 7. Equivalent width measurements for RGB star 42 241/Her-2.

Waia
Ion /1 VVA;A W{,OK Wik
(A) (mA)  (mA)

Carl 6122.22 89 124 0.72
Cal 6162.17 122 153 0.79
Fel 6137.69 148 141 1.05
Fel 6151.62 62 49 1.26
Fel 6173.34 96 98 0.98
Fel 6180.20 38 40 0.94
Fel 6200.31 75 40 1.87
Fel 6213.43 92 111 0.83
Blend 6128.96 35 33 1.06
Blend ~6136.6 239 241 0.99
Blend 6163.54 36 33 1.10
Blend ~6191.5 265 262 1.01

Notes. Columns 1 and 2 list the Ion and wavelength, respectively.
Columns 3 and 4 list W, as measured from our observed spectrum and
the spectrum obtained by Koch et al. (2008b), respectively. Column 5
lists the ratio between the measurements.

we constructed a model of two Gaussian flux distributions with
a full-width half-maximum of 1.5 arcsec and magnitudes that
represent the brightness of the stars. We found that the amount
of flux from SDSS J163056.63+124737.5 at the position of the
fibre is negligible. A similar investigation was carried out for
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Koch et al. (2008b) , in the region
where they overlap, for RGB star
42241. e indicate our stellar spec-
trum. The solid line indicates the
spectrum from Koch et al. (2008b).

the spectrum obtained by Koch et al. (2008b), yielding the same
conclusion. Thus, the origin of this discrepancy can not be due
to a contamination by light from this nearby star. A more thor-
ough investigation than this goes beyond the scope of this study.
However, one could speculate that there is an unresolved binary
present that was overlapped in one observation and out of phase
in the other observation, or that it may be due to some differences
in the reduction procedure.

Kirby et al. (2008b) studied 20 stars in the direction of the
Hercules dSph galaxy. Their metallicities are based on a recently
developed automated spectrum synthesis method that takes the
information in the whole spectrum into account (Kirby et al.
2008a). The method was originally developed for globular clus-
ters in the Milky Way and was then applied to ultra-faint dSph
galaxies in Kirby et al. (2008b). We have 7 stars in common be-
tween our samples. Figure 6b shows the difference between our
respective determinations of [Fe/H]. We find that our [Fe/H] is
on average 0.07 dex more metal-rich, with a scatter of 0.09 dex.
In conclusion, the agreement between the [Fe/H] determinations
is very good.

5.3. A comparison with earlier photometric results

In a previous study of the Hercules dSph galaxy (Adén et al.
2009a) we estimated [Fe/H] using the Stromgren m; index us-
ing the calibration from Calamida et al. (2007). Figure 6a shows
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Fig.6. a) A comparison between our [Fe/H] and [M/H] from Adén
et al. (2009a) ([M/Hlppo). The error-bars represent the error in
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our [Fe/H] and [Fe/H] from Kirby et al. (2008b) ([Fe/Hlkiry). The
error-bars represent the error in [Fe/H] — [Fe/H]kiwy and [Fe/H], re-
spectively.

a comparison between the photometric [Fe/H] as estimated in
Adén et al. (2009a), [M/H]pno, and [Fe/H] as determined from
high-resolution spectroscopy in this study. We note that there is
a strong trend such that [M/H] appears to be over-estimated in
Adén et al. (2009a) for metal-poor stars.

5.4. A new metallicity calibration for Strémgren photometry
for metal-poor red giant stars

Given the excellent agreement between all three spectroscopic
studies it must be concluded that the metallicity calibration by
Calamida et al. (2007) over-estimates the metallicity for very
metal-poor stars. This result is expected, since the calibration by
Calamida et al. (2007) is valid only for [Fe/H] > —2.4 This is an
unfortunate situation since the photometry allows us in principle
to determine the metallicity of RGB stars with good accuracy
also for the fainter stars (compare errors in Adén et al. 2009a)
and thus allowing the study of much more complete stellar sam-
ples in the ultra-faint dSph galaxies.

Here we present an attempt to deal with the situation. So
far this is a very simplistic relation and only formally valid for
stars with 0.02 < m;o < 0.40, -=3.29 < [Fe/H] < 1.58 and
1.15 < (v—y)o < 2.18.

We have collected all spectroscopic [Fe/H] derived from
high-resolution spectra available for stars in Draco (Cohen &
Huang 2009; Shetrone et al. 2001), Sextans (Shetrone et al.
2001), UMall (Frebel et al. 2010b) and Hercules (this study),
and combined these data with our own Stromgren photometry
where available. Figure 7a shows the spectroscopic [Fe/H] as a
function of m  for the stars. A least-squares fit yields

[M/Hlphot new = 4.51(0.41) m; o — 3.38(=0.10). @)
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Fig.7. a) Spectroscopic [Fe/H] vs. m; for Draco (e and o), Sextans
(open stars), UMall (filled triangles) and Hercules (filled squares).
b), [M/H]phot, new — [Fe/H] vs. m; o using Eq. (4) to derive [M/H]. ¢),
[M/H]phot, new — [Fe/H] vs. (v — y)o using Eq. (4) to derive [M/H]. d)
[M/H]cao7 — [Fe/H] vs. (v—1y)o using the calibration by Calamida et al.
(2007) to derive [M/H].

Figures 7b,c show [M/H]phot,new — [Fe/H] as a function of m g
and (v — y)o, respectively. No strong trends are seen. For com-
parison Fig. 7d shows [M/H]cao7 — [Fe/H] vs. (v — y)o, where
[M/H]cao7 is [Fe/H] as determined using the calibration in
Calamida et al. (2007). Here we can note a significant difference
of both metallicity scales such that [M/H]cao7 > [Fe/H]spec.
Taking into account the uncertainties of the least-squares fit and
the correlation between the fitting parameters (Eq. (4)), and the
error in m; o from Adén et al. (2009a) we find a typical error in
[M/H]phot, new of 0.17 dex.

6. Results and discussion
6.1. Iron abundance and ages for the RGB stars in Hercules

The RGB stars analysed in this paper span a large range of iron
abundances, from about —3.2dex to —2dex, indicating an ex-
tended period of chemical enrichment. It is somewhat fortuitous
that the two brightest stars in our sample, RGB stars 12 175 and
42241, bracket the full range of metallicities. Thus, there is no
doubt that the range of metallicities derived from high-resolution
spectroscopy is real.

In Sect. 5.4 we provide a new Stromgren metallicity calibra-
tion. This calibration is valid for stars with 0.02 < m; < 0.40
and —3.29 < [Fe/H] < 1.58. Two of the 28 RGB stars from
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For comparison, the dashed histogram shows the distribution of
[M/H]phot (Adén et al. 2009a). b) Corresponding error-weighted metal-
licity distribution.

Adén et al. (2009a) have an m; ¢ less than the range for which
the new metallicity calibration is valid. However, with an m, o of
0.01, these stars are included in the sample as a slight extrapola-
tion. In Fig. 8a we show the resulting histogram of [M/H]not, new
for all the 28 RGB stars identified in (Adén et al. 2009a). The bin
size of 0.2 dex represents the typical error in [M/H]pho, new (S€€
Sect. 5.4). Figure 8b shows the corresponding error-weighted
metallicity distribution. For this plot, each stars was assigned
a Gaussian distribution with a mean of [M/H]phot, new and a dis-
persion equal to the typical error in [M/H]phot, new (0.17 dex).
The Gaussians, one for each star, were then added to create
the metallicity distribution function. We note that the distribu-
tion of [M/H]phot, new 1S shifted towards lower metallicities when
the new calibration is applied, and that there is an abundance
spread in the metallicity distribution for the RGB stars of at least
1.0 dex. Additionally, we note a more concentrated distribution.

Figure 9a,b show Vj vs. (v — y)o for the stars with [Fe/H] de-
rived from high resolution spectroscopy. Additionally, in these
plots, we show two isochrones with [Fe/H] = -2.31 (most
metal-poor isochrone available) and —2.14 dex. As can be seen,
the isochrones of a given metallicity become redder with increas-
ing age. Since the isochrone with [Fe/H] = —2.31 is too metal-
rich, compared to [Fe/H] as derived from the spectroscopy, an
even more metal-poor isochrone at the age of 8 Gyr would be
even bluer, excluding an age of about 10 Gyr or younger. At an
age of 14 Gyr, the isochrone with [Fe/H] = —2.31 is slightly red-
der than most of the stars more metal-poor than [Fe/H] = -2.7.
Hence a more metal-poor isochrone would presumably represent
the locus of these stars very well, arguing for an age older than
about 10 Gyr for the Hercules dSph galaxy.

Figure 9¢ shows Vj vs. (v — y)o for all the 28 RGB stars
identified in (Adén et al. 2009a).
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Fig. 9. a) and b) Colour—-magnitude diagrams for RGB stars with high—
resolution spectroscopy of the Hercules dSph galaxy. e indicate RGB
stars more metal-poor than [Fe/H] = —2.7. o represents RGB stars
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indicates the most metal-rich RGB star at [Fe/H] = —2.0. The solid and
dashed lines represent isochrones with [Fe/H] = —2.31 and —2.14 dex,
respectively, by VandenBerg et al. (2006) with colour transformations
by Clem et al. (2004). ¢) Colour-magnitude diagram for the RGB stars
in Adén et al. (2009a) with [M/H]phoynew as determined in Sect. 5.4.
e indicate RGB stars more metal-poor than [M/H] = —2.8. o indicate
RGB stars more metal-rich than [M/H] = -2.8. Isochrones as in b).
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square indicate our two brightest RGB stars, RGB stars 12175 and
42241, respectively. The error-bars represent the error in [Ca/Fe] and
[Fe/H], respectively. b) Same as a) but with a compilation of the Milky
Way disk and halo stars abundances from Venn et al. (2004), as indi-
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6.2. [Ca/Fe]

Figure 10 shows [Ca/Fe] as a function of [Fe/H]. We find a
trend such that [Ca/Fe] is higher for more metal-poor stars, and
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Simon et al. 2010). Open squares represent the classical dSph galaxies Draco, Sextans, Ursa Minor, Fornax, Carina and Sculptor (Shetrone et al.
2001, 2003; Sadakane et al. 2004; Koch et al. 2008a; Cohen & Huang 2009; Aoki et al. 2009; Frebel et al. 2010a). The solid ellipses outline RGB

stars in the classical dSph galaxy Fornax from Letarte et al. (2007).

lower for more metal-rich stars. Fortuitously, the most metal-rich
and the most metal-poor star in the sample are both bright and
have spectra with high S/N (see discussion in Sect.4 and also
Table 2). Thus we can be certain that the trend actually has this
shape and we are not misinterpreting spectra of lower quality.

The production of alpha (a)-elements, such as Ca, Si, Ti, Mg,
and O, is correlated with the end stage of massive stars. Mg and
O are created during the hydrostatic He burning in massive stars,
and Si, Ca, and Ti are primarily produced during core-collapse
supernovae (Woosley & Weaver 1995). On the other hand, less
massive stars are able to produce significant amounts of Fe in
SNe Ia. Thus, the ratio of a-elements to iron is used to trace the
time scale of the star formation in a stellar system. If the star
formation rate is high, then the gas will be able to reach a higher
[Fe/H] before the first SNe Ia occur. This can be observed in a
plot of [Ca/Fe] vs. [Fe/H] as a “knee”, where [Ca/Fe] decrease
as [Fe/H] increase (McWilliam 1997). The fraction of stars at
[Fe/H] less than the “knee” gives information on the star forma-
tion timescale.

The observed continuous downward trend, without a “knee”,
for [Ca/Fe] vs. [Fe/H] in Hercules can thus be interpreted as a
brief initial burst of short-lived SNe II that enhanced the produc-
tion of a-elements. Since there are no stars at [Fe/H] less than
the “knee”, the star formation rate was very low. The subsequent
continuous decline would be expected if contributions from
long-lived SNe Ia were the dominant factor, decreasing [a/Fe]
while increasing [Fe/H]. This means that essentially no massive
stars formed after the initial burst. Additionally, we interpret the
relatively short range in [Fe/H] (no stars with [Fe/H] > -2 are
seen in our sample) as a tentative evidence for a short duration
of this low-efficiency star formation (for a discussion of contin-
uous and bursty star formation histories and the role of SNe Ia
see, e.g., Gilmore & Wyse 1991; Matteucci 2009). The clas-
sical dSph galaxies, such as Carina, Sculptor and Fornax, also
show these types of trends for the a-elements (e.g., Venn et al.
2004; Koch et al. 2008a; Tolstoy et al. 2009; Kirby et al. 2009).

However, these dSph galaxies are more metal-rich and more
massive than, e.g., Hercules. Only a few other ultra-faint dSphs
have chemical element abundances published for only a handful
of stars each.

Frebel et al. (2010b), Feltzing et al. (2009), Norris et al.
(2010) and Simon et al. (2010) studied Coma Berenices, Ursa
MajorII, Bodtes I, and Leo IV, all recently discovered ultra-faint
and metal-poor systems. Figure 11 summarises our data and
their data. Additionally, recent studies have analysed very metal-
poor stars in the classical systems Draco, Sextans and Sculptor
(Cohen & Huang 2009; Aoki et al. 2009; Frebel et al. 2010a).
We add these new data to the plot in addition to the abundances
from other studies of Fornax, Carina, Sculptor, Sextans, Ursa
Minor and Draco (Shetrone et al. 2001, 2003; Sadakane et al.
2004; Letarte et al. 2007; Koch et al. 2008a).

Overall, there is a faster declining [Ca/Fe] with [Fe/H] for the
dSph galaxies as compared with the halo stars in the solar neigh-
bourhood (from the compilation by Venn et al. 2004, includ-
ing data from Fulbright (2002, 2000); Stephens & Boesgaard
(2002); Bensby et al. (2003); Nissen & Schuster (1997); Hanson
et al. (1998); Prochaska et al. (2000); Reddy et al. (2003);
Edvardsson et al. (1993); McWilliam (1998); McWilliam et al.
(1995); Johnson (2002); Burris et al. (2000); Ivans et al. (2003);
Ryan et al. (1996); Gratton & Sneden (1991, 1994, 1988)). Thus,
for example, the trend seen from our data in Hercules is the same
as the overall trend seen for Draco. This is interesting and could
be interpreted as that the Fe contribution from SNe Ia were the
dominant factor for both Hercules and Draco. However, since
Draco has many more stars with [Fe/H] > —2 it must have had
a more integrated star formation than the Hercules dSph galaxy,
as may be expected given its higher baryon content.

7. Conclusions

We have studied confirmed RGB stars in the ultra-faint Hercules
dSph galaxy with FLAMES high-resolution spectroscopy.
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Abundances were determined by solving the radiative transfer
calculations using the codes Eqwi/Bsyn in MARCS model atmo-
spheres.

We find that the RGB stars of the Hercules dSph galaxy in-
cluded in this study are more metal-poor than estimated in Adén
et al. (2009a), however in good agreement with Kirby et al.
(2008b), with a metallicity spread of at least 1 dex. Based on
the position of the RGB stars in colour—-magnitude diagrams, in
comparison with isochrones, we conclude that there is no clear
indication of a population younger than about 10 Gyr.

Additionally, we provide a first attempt at a new metallicity
calibration for Stromgren photometry based on high-resolution
spectroscopy for several dSph galaxies. With this new calibra-
tion, we find several RGB stars in the Hercules dSph galaxy that
are more metal-poor than [Fe/H] = —3.0 dex.

Finally, we have determined the [Ca/Fe] for the RGB stars
in this study. We found a trend such that [Ca/Fe] is higher for
more metal-poor stars, and lower for more metal-rich stars. This
trend is supported by our two brightest stars in the sample and is
interpreted as a brief initial burst of SNe II during a very low star
formation rate, followed by the enrichment of [Fe/H] by SNe Ia.
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ABSTRACT

Context. Dwarf spheroidal (dSph) galaxies are believed to be the remnants of a chaotic merging era in which large galaxies, such as
the Milky Way and Andromeda galaxies, formed by the accretion of dwarf galaxies. Thus, determining the properties of the dSph
galaxies, especially the recently discovered ultra-faint ones, is key to our understanding of galaxy formation and evolution, and may
provide a window into the conditions during the star formation in the early universe.

Aims. To provide an inventory of bona fide member stars in the Draco, Sextans, Hercules and UMa Il dSph galaxies and study the
properties of these galaxies based on these member stars. A particular aim is to study the metallicity distribution function and the
spatial distributions of the member stars as a function of metallicity.

Methods. We use Stromgren photometry towards the Draco, Sextans, Hercules and UMall dSph galaxies to identify RGB and HB
stars that belong to the dSph galaxies and thus weed out any contaminating foreground dwarf stars that belong to the Milky Way. This
enables us to create a clean sample of member stars for each dSph galaxy. For Ursa Major Il it is also possible to identify the turn-off
region. To further enhance our analysis, we combine our Stromgren photometry with SDSS photometry. Additionally, we search the
literature for [Fe/H] estimates based on high-resolution spectroscopy for dSph galaxy stars. These stars are included in our sample
from which we determine a new metallicity calibration which turns the Stromgren photometry into metallicities.

Results. We provide an inventory of member stars on the RGB for the Draco and Sextans dSph galaxies that supersedes previous
catalogues of stars. Additionally, we find new UMa Il members. Furthermore we are able to establish a new metallicity calibration,
based on [Fe/H] determined from high-resolution spectroscopy, from which we derive metallicity distribution functions for the Draco,
Sextans and Hercules dSph galaxies. Additionally, we find evidence for metallicity gradients, ~ —1.5 [M/H]/kpc, for the Draco and
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Sextans dSph galaxies.

Key words. Galaxies:dwarf — Galaxies: evolution —

1. Introduction

Parts of large spiral galaxies, such as the Milky Way and
Andromeda, are believed to have formed from the accretion of
several smaller galaxies (as initially suggested by Searle & Zinn
1978). This is known as the hierarchical merging scenario, and
large-scale simulations, based on the cold dark matter model,
supports this theory for galaxy formation (Springel et al. 2005).
Remnants of this chaotic merging era, such as dwarf-spheroidal
(dSph) galaxies and stellar streams, are visible in the outskirts of
large galaxies, since the dynamical timescale is long enough to
allow for the remnants to remain gravitationally bound. To date,
about 20 dSph galaxies have been discovered in the Local Group
(e.g. Zucker et al. 2006a,b; Walsh et al. 2007; Belokurov et al.
2006,2007,2008,2009), and additional ones will most likely be
detected within the next few years (Tollerud et al. 2008). dSph
galaxies, as compared to larger galaxies, are characterised by
their low total luminosity, low surface brightness, and low abun-
dance of heavy elements (see Grebel et al. 2003, for a discus-
sion of the properties of dSph galaxies in general). Given this,

Send offprint requests to: D. Adén daniel.aden@astro.lu.se

they have more in common with globular clusters than the typi-
cal large galaxy. However, they separate in one significant aspect
from globular clusters since the dSph galaxies are the most dark
matter dominated objects known (e.g., Mateo 1998).

Given that many of the dSph galaxies span a large area on
the sky, observations in the direction to these objects are often
contaminated with a large fraction of dwarf stars the belong to
the Milky Way disk, many of which may have luminosities that
coincide with the luminosity of the red-giant branch (RGB) stars
in the dSph galaxies (e.g., Adén et al. 2009). Thus, it is often dif-
ficult to identify stars that belong to the dSph galaxy, and not the
Milky Way. A common method is to use radial velocity measure-
ments to determine if the stars have the same velocity as the sys-
temic velocity as the dSph galaxy (see, e.g., Walker et al. 2006;
Adén et al. 2009). dSph galaxies have typical velocity disper-
sions of about 5 km/s. However, this requires a spectroscopic ob-
servation for each star in the study. Additionally, in some cases,
the systemic velocity of the dSph galaxy may overlap with the
velocity distribution of the Milky Way disk, making it difficult to
separate the RGB stars in the dSph galaxy from the Milky Way
dwarf stars. Indeed, in Adén et al. (2009) we showed that radial
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velocity measurements were not enough to identify members in
the Hercules dSph galaxy. Instead, we relied on Stromgren pho-
tometry to provide information on the evolutionary stage of the
stars. This enabled us to separate the Hercules RGB stars from
the Milky Way dwarf stars, which gave us a clean sample of
Hercules RGB member stars. In fact, ~ 30 per cent of radial ve-
locity selected stars were foreground dwarf stars. In this study,
we apply the same method for membership determination on the
Draco, Sextans and UMall dSph galaxies.

The metallicity distribution function (MDF) for dSph galax-
ies reflect their star formation histories. The mean metallicity
for a dSph galaxy increases with increasing galaxy mass, since a
deeper gravitational potential is able to sustain a larger amount
of gas for star formation, as predicted by theory (e.g., Ferrara
& Tolstoy 2000). Estimating [Fe/H] for stars in dSph galaxies
has improved significantly during the past few years. With the
advent of multi-fibre spectrographs, it is now possible to cover
hundreds of stars for detailed elemental abundance analysis in
a reasonably short time span. The most reliable method to esti-
mate [Fe/H] for stars is to measure the equivalent width of iron
absorption lines. However, given that the Ca II triplet lines are
among the strongest features in the near-infrared spectra of most
late-type stars, the use of the Ca II triplet lines as an indicator
for the metallicity is widely used (see, e.g., Rutledge et al. 1997,
Adén et al. 2009; Starkenburg et al. 2010; Battaglia et al. 2010).
However, given that wide-field photometry covers a large area of
the sky, and therefore many stars, it is still beneficial to rely on
a calibration that translates photometric magnitudes and colours
to an estimate of [Fe/H]. The Stromgren uvby filter system has
proven to be very suited for this.

The paper is organised as follows: in Sect. 2 we show how
the gravity sensitive Stromgren c; index can be used to disentan-
gle the dSph galaxy member stars from the foreground contam-
ination. In Sect. 3 we describe the observations and data reduc-
tions for the photometric observations. In Sect. 4 we present our
results. Section 5 shows our selection of RGB and HB stars for
the Draco, Sextans, Hercules and UMa Il dSph galaxies. In Sect.
6 we explore the ability of SDSS photometry to distinguish be-
tween RGB and dwarf stars. Section 7 deals with metallicity and
our new metallicity calibration based on Stromgren photometry.

2. Finding the evolutionary stages of stars using
Stromgren photometry

It is possible for RGB stars that belong to a dSph galaxy to have
the same colours and magnitudes as foreground dwarf stars that
belongs to the Milky Way disks. As Fig. 5 shows, the line of
sight towards all of the dSph galaxies is heavily contaminated
with foreground stars, making it impossible to identify the RGB
stars in dSph galaxies from the colour-magnitude diagram alone.
Thus, knowledge of the evolutionary stage of the stars is needed
to disentangle the RGB member stars from the foreground con-
taminating dwarf stars that belong to the Milky Way disk and
halo. The ¢; index in the Stromgren system gives us the ability
to disentangle the RGB and HB stars in a dSph galaxy from the
foreground dwarf stars. The ¢ index is a measure of the Balmer
discontinuity in a stellar spectrum (Stromgren 1963) and is de-
fined as

cr=u-v)-(v->b) H

The strength of the Balmer discontinuity depends on the evolu-
tionary stage of the star. Stars in a plot of ¢ vs. (b — y)o will
therefore occupy different regions depending on their evolution-
ary stage.

150 v
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Fig.1. c;p vs. (b — y) diagram with evolutionary regions as defined by
Schuster et al. (2004). 1: the sub-luminous-blue-horizontal branch tran-
sition; 2: blue horizontal branch; 3: horizontal branch; 4: red-horizontal-
branch-asymptotic-giant-branch transition; 5: blue stragglers; 6: blue-
straggler-turnoff transition; 7: turnoff stars; 8: subgiant stars. The up-
per and lower thick solid lines indicate isochrones for RGB stars by
VandenBerg et al. (2006) with colour transformations by Clem et al.
(2004). Their metallicities are —2.3 and 0.0 dex, respectively, and the
age is 12 Gyr. The dotted line indicates a stellar isochrone with a metal-
licity of —2.3 dex and an age of 12 Gyr. The dashed line indicates a dwarf
star sequence with [Fe/H]=0.0 (Amad()ttir et al. 2010).

Figure 1 shows which regions are occupied by stars at dif-
ferent evolutionary stages. This classification is adopted from
Schuster et al. (2004) and is based on metal-poor stars.

Schuster et al. (2004) were mainly concerned with high ve-
locity dwarf stars and to a lesser extent interested in the redder
dwarf and RGB stars. As the high-velocity halo stars that they
studied tend to be fairly blue we will use a tracing for dwarf
stars from Arnadéttir et al. (2010), and isochrones for RGB
stars by VandenBerg et al. (2006) with colour transformations
by Clem et al. (2004), in the ¢ vs. (b — y)o diagram to define
part of the dwarf and all of giant star regions also in the red. The
dwarf sequences in Arnadéttir et al. (2010) provide an extension
of the preliminary dwarf relation from Olsen (1984). The ma-
jor difference between the preliminary relation by Olsen (1984)
and the new relations is that the new relations are functions of
metallicity. In Fig. 1 we show a dwarf sequence for stars with
[Fe/H]=0.0. This sequence, in accordance with Olsen (1984),
traces the lower envelope for the dwarf stars for (b — y)o less
than about 0.55. Beyond (b — y)o = 0.55 dwarf sequences for all
metallicities are degenerate (Arnaddttir et al. 2010).

To define the RGB region we use two isochrones, for a
12 Gyr old system, with [Fe/H]= -2.3 and [Fe/H]= 0.0 by
VandenBerg et al. (2006) and colour transformations by Clem
et al. (2004), see Fig. 1. For comparison, we also show an 8 Gyr
old isochrone with [Fe/H]= —2.3. We note that it separates from
the 12 Gyr old isochrone at the turn-off.

As can be seen from Fig. 1, for giant stars, the ¢; index has
a clear metallicity dependence. This is more pronounced for the
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Table 1. Summary of the photometric observations obtained with the
Isaac Newton Telescope.

dSph y b v u Run
[Min] [Min] [Min] [Min]

Draco field 0 120 120 120 200 2001

Draco field B 120 120 100 180 2006

Sextans 140 160 100 40 2001

Hercules 90 90 90 150 2007

UMall 90 90 60 60 2007

Column 1 lists the dSph galaxy. Columns 2 to 5 list the exposure
time for each filter. Column 6 lists the year of observation.

reddest colours (i.e. the tip of the RGB). However, in spite of
this, this index still provides a strong discriminant between giant
and dwarf stars for cooler stars. Additionally, we note that the
isochrone with [Fe/H]= 0.0 and dwarf sequence with [Fe/H]=
0.0 are in agreement.

3. Photometric observations, data reduction, SDSS
cross-correlation and de-reddening

The photometry was obtained using the Wide Field Camera
(WFC) on the 2.5m Isaac Newton Telescope (INT) on La Palma.
The WEFC consists of 4 CCDs that cover about 0.5 x 0.5 degrees
on the sky. We used the intermediate-band Stromgren u, v, b
and y filters. Draco field 0 and Sextans were observed in March
2001, Draco field B in May 2006, and Hercules and UMall in
April 2007. During the run in 2006, an additional field towards
the Draco dSph galaxy was observed (Draco field A). However,
due to bad weather, it was not possible to obtain photometric
data for this field. Table 1 summarises our observations of scien-
tific targets, and Fig. 2 shows the positions of the CCD chips of
the WFC for each observation.

During all our observing runs, multiple Stromgren standard
stars from Schuster & Nissen (1988) and Olsen (1993) were ob-
served. A few of these stars, typically two or three, were ob-
served several times during each night in order to sample a wide
range in airmass. The observations of these standard stars are
used to calibrate the observations on to the standard system of
Olsen (1993) (see Sect. 3.1).

The images for all fields were reduced with the Wide
Field Survey Pipeline provided by the Cambridge Astronomical
Survey Unit (Irwin & Lewis 2001). The processing operations
applied to the images were de-biasing, trimming, flatfielding, as-
trometry and correction for non-linearity.

3.1. Photometric calibration

We obtained aperture photometry for the standard stars using the
task PHOT within the IRAF ! APPHOT package. The size of the
aperture was determined individually for each star by plotting
the measured flux as a function of increasing aperture size. The
aperture at which the flux no longer increased was chosen as the
aperture for that star (typically 4 —5 X FWHM of the stellar psf).
This curve-of-growth is used in order to maximise the signal-
to-noise ratio (S/N) while measuring as much flux as possible

' IRAF is distributed by the National Optical Astronomy
Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under cooperative agreement with the
National Science Foundation.
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Fig.2. Positions on the sky of our observations. The coordinates are
given in A decimal degrees, relative to the centre of the dSph galaxy,
epoch J2000. Central coordinates for the galaxies and the half-light ra-
dius (solid circles) are listed in Table 1. Solid rectangles outline the four
CCD chips in the WFC used for the photometric observations. Grey dots
marks the objects observed. Note the different scale for Draco for which
we obtained data in two fields.

from the star (Howell 1989). The measurements of the standard
and extinction stars were used to establish the transformations
needed to put our observations on the standard system of Olsen
(1993). See Olsen (1995) for a discussion about the Olsen sys-
tem as compared to the system established by Bond (1980) and
Anthony-Twarog & Twarog (1994).

We derived the parameters needed for the transformation, ex-
tinction coefficients (k) zeropoints (z) and the colour terms (a)
for each of the observations following the iterative method ap-
plied in Adén et al. (2009). In short, we solved the equation
mg=my+a;-(vV-ys+ki-X+z (2)
for a;, k; and z;, where m is the magnitude of the star and X is the
airmass. The subscripts s, o and i designates the standard mag-
nitude, the observed magnitude and the filter, respectively. The
extinction coeflicients, colour terms and zeropoints for each fil-
ter, night and observing run are listed in Table 3. The z, k and a
obtained were used to transform our observations onto the stan-
dard system of Olsen (1993). The uncertainty for z, k and a were
used to calculate the typical zero point error in the magnitudes,
Sect. 3.3.

3.2. Photometry of the science images

Instead of co-adding the science images, we did aperture pho-
tometry on each of the images separately. Co-adding the images
would be difficult since the seeing varied from night to night and
because of the necessity to apply the extinction correction for
each night separately. Coordinate lists for the images were cre-
ated using the task DAOFIND in the APPHOT package in IRAF.
To establish the coordinate lists we used the best y image towards
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Table 2. Properties of the dSph galaxies in this study.

Draco0 DracoB Sextans Hercules UMall
a (J2000) 1720 14 17 14 30 10 1302 16 3105 08 51 30
9o (J2000) +57 57 54 +57 4525 -013653 +1247 18 +63 08 18
D (kpc) 76 +5 86 132 +12 30+5
Ly(Ly) 27+04-10° 437+1.69-10° 3.6+1.1-10* 4.0f{:§ <103
E(B-YV) 0.027 0.043 0.048 0.063 0.094
ry, (arcmin) 10 11.7 8.6 16

For Draco, Hercules and UMall, the centroid, @ and 9y, distance, D, half-light radius, r,, and Luminosity, Ly, are adopted from Martin et al.
(2008). For Sextans, these values are adopted from Walker et al. (2009); Battaglia et al. (2010). The reddening, E(B — V), is given as estimated

in Sect. 3.5.

each dSph galaxy, since the stars are brightest in this filter. We
then used this catalogue of coordinates for all the other images.
We did not put any constraints on sharpness or roundness for the
detected objects. Instead, we utilised the SDSS cross-correlation,
described in Sect. 3.4, to disentangle the stars from background
galaxies and artefacts in the images.

We used the aperture photometry task PHOT, within the
APPHOT package, to measure the flux for all objects on the im-
ages.

As a quality check we compared the flux for the brightest
targets for each night with a mean flux, calculated for each object
for all nights, to see if any of the images deviated in flux. None
of the images deviated. From this we draw the conclusion that
the calibration was consistent for each observing run.

Aperture correction. When doing photometry on the science
images we used a fixed aperture of 5 pixels. Applying a curve-
of-growth we obtained, for each individual image, the aperture
correction out to 4 X FWHM of the psf. The aperture correc-
tions were based on measurements of many bright isolated stars,
typically 20 stars per CCD. The aperture corrections were done
in flux-space.

Final magnitudes. Initial magnitudes were calculated for each
object and night for every image and calibrated for the airmass
extinction and zeropoint using Eq. (2), but this time with sub-
script s as our calibrated magnitude and, as before, 0 as the ob-
served magnitude, with coefficients from Table 3.

Since the first night for the run in 2007 (Hercules and UMall
dSph galaxies) did not give us reliable standard star photometry,
and we thus have no calibration for that night, we normalized
the magnitudes from that night to the mean of the magnitudes
for the two following nights.

For all exposures, erroneous measurements returned from
PHOT for the individual exposures were removed from the
data set (i.e. the measurements for which sier, cier and
pier#0, which are the error in sky fitting, centering algorithm
and photometry, respectively). The flux was then calculated for
each star. The final flux, F, was obtained by using a weighted-
mean flux where the photometric errors returned from PHOT
(merr) were used as weights. The expression for the final flux is
thus

X fil o]
ST

where the subscript j is the exposure, n is the total number of
exposures, f; is the flux of the individual exposure and o; the

F= 3

error (merr). These mean fluxes were then converted back to
magnitudes and the colour terms were applied to get the final
magnitudes. By definition,y = V (e.g., Olsen 1983).

3.3. Photometric errors

The errors in magnitudes, y, b, v and u, were calculated based
on merr and the total number of exposures, 7, for each star and
filter. The final errors were calculated as

1
= |—— 4
¢ 2y 1/merr;? @)

where subscript j is the exposure. Note that if merr is the same
for each exposure, this expression reduces to € = merr/+/n
which is defined as the error in the mean.

This error is suitable for a star by star quality comparison in
the data, but it does not reflect the uncertainty introduced from
the standard star calibration parameters, z, k and a. The errors
in z, k and a translate to an uncertainty in the zero-level of the
photometry.

In Adén et al. (2009) we calculated the errors in magnitude
for each star using a Monte Carlo Simulation, taking into ac-
count merr and the uncertainty in zeropoint, extinction coeffi-
cient and colour term. We found that the uncertainty introduced
from the calibration could be approximated by the uncertainty in
zeropoint only. Thus, in this study, we define our total error as

2 4l 5)

€ror = ep/wt Z

where €, is the final errors as derived above, and ¢; is the un-
certainty in zeropoint as given in Table. 3. However, this error
will only be discussed when it is required to consider the uncer-
tainty in the zero-level of the photometry.

Figure 3 shows our final photometric errors for the
Stromgren ¢; and (b — y)o colour indices. We denote the errors
with €., , and €;,), , respectively. We note that €, , is much larger
than €y, for a given magnitude brighter than yy ~ 17. This is
because €, , includes ¢, that in general is much larger since the
u filter has the lowest transmission.

3.4. SDSS cross-correlation

In order to obtain ugriz photometry of our stars, and to verify that
our objects observed with the Stromgren photometry are stars
and not background galaxies, we cross-correlated our photom-
etry with SDSS photometry. The SDSS photometry provide us
with a stellar classification parameter. Since there exists a small
difference in the astrometric solution between the Stromgren and
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Table 3. Calibration coefficients.

Run 2001, Draco0 / Sextans

Night

k

%

ay,

y )
22 March 2001 -0.103 £0.015 22.704 + 0.020  0.020 + 0.006
24 March 2001 -0.125 £0.007 22.726 + 0.012  0.020 + 0.006
25 March 2001 -0.123 £0.010 22.742 +0.015 0.020 £ 0.006
28 March 2001 -0.142 £ 0.022 22.742 + 0.028 0.020 + 0.006

nght ky, b ap
22 March 2001 -0.157 £0.011 23.158 £+ 0.011  0.004 + 0.006
23 March 2001 -0.178 £0.005 23.175 +0.009  0.004 + 0.006
24 March 2001 -0.179 £0.005 23.171 £ 0.009  0.004 + 0.006
25 March 2001 -0.183 £0.008 23.196 + 0.013  0.004 + 0.006
28 March 2001 -0.193 £0.019 23.183 £ 0.025 0.004 + 0.006
Night k, Zy a,
23 March 2001 -0.293 £0.005 23.078 £0.010 0.044 +0.005
25 March 2001 -0.303 £0.013 23.100 £ 0.018 0.044 + 0.005
28 March 2001 -0.295 +£0.024 23.065 +£0.031 0.044 +0.005
nght ku Zu ay
24 March 2001 -0.532 £0.008 22975 +0.014 0.068 +0.007
25 March 2001 -0.539 £0.022 23.001 £0.022 0.068 + 0.007
28 March 2001 -0.521 £0.020 22942 +£0.027 0.068 + 0.007
Run 2006, DracoB
Night ky Zy ay
03 May 2006 -0.140 £ 0.012 22937 +0.017 0.023 £ 0.004
04 May 2006 -0.121 £ 0015 22472 +0.016 0.023 + 0.004
05 May 2006 -0.148 £ 0.016 22953 +0.023  0.023 £ 0.004
nght ky, Zp ayp
03 May 2006 -0.189 £ 0.010 23210 +0.015 0.013 £ 0.006
04 May 2006 -0.177 £0.010 22759 +0.018 0.013 £ 0.006
05 May 2006 -0.199 £ 0.008 23225 +0.013 0.013 £ 0.006
Night k, Zy a,
03 May 2006 -0.289 £0.016 22957 +0.021  0.040 + 0.004
04 May 2006 -0.317+£0.017 22565 +0.027 0.040 + 0.004
05 May 2006 -0.297 £0.030 22967 + 0.030  0.040 + 0.004
nght ku Zu ay
03 May 2006 —0.542 £ 0.046  23.101 £ 0.046  0.063 + 0.006
04 May 2006 -0.548 £0.012 22.660 + 0.019  0.063 + 0.006
05 May 2006 -0.560 £0.033 23.110 £ 0.044 0.063 + 0.006
Run 2007, Hercules / UMall
Night ky Zy ay
14 April 2007 -0.155+£0.021 23.009 £ 0.031 0.016 +0.005
15 April 2007 -0.142 £ 0016 22989 +0.023 0.016 +0.005
nght k}, Zb ap
14 April 2007 -0.240 £0.031 23337 £0.043  0.009 + 0.005
15 April 2007 -0.210 £0.036  23.297 £ 0.050  0.009 + 0.005
Night k, 2y a,
14 April 2007 -0.349 £ 0.023 23.051 +£0.034 0.050 + 0.006
15 April 2007 -0.353 £0.023 23.048 +£0.032  0.050 + 0.006
Night k, Zu a,
14 April 2007 -0.582 +0.036 23.131 £0.052 0.065 + 0.007
15 April 2007 -0.569 £0.013 23.117 £0.021  0.065 + 0.007

Column 1 lists the field of observation and date. Columns 2 to 4 list the airmass extinction coefficients, k;, zeropoints, z; and colour coefficients,
a;, for each filter as indicated with uncertainties o, o, and o, respectively.

the SDSS photometry, we estimated a search radius to find the
matching objects, as the maximum allowed angular radius in a
circle enclosing an object detected in the Stromgren photome-
try using a curve of growth. For each field, we increased the
search radius and counted the number of objects that were found
in both samples. We defined the final search radius as the radius
where the number of cross-correlated objects flattened out sig-
nificantly. We note that the number of cross-correlated objects
do not increase significantly beyond a specific radius. Thus, this
angular distance is chosen as our search radius. This procedure

was repeated for all the dSph galaxy fields. The search radius
was set to 4 arcsec for the Draco (field 0 and B), Sextans and
Hercules fields, and 2 arcsec for the UMall field.

However, even though the radius for the search window for
the cross-correlation is small, there is still a possibility that an
object is misidentified. Especially in the more crowded parts of
the fields i.e., the Draco and Hercules fields. The Stromgren b fil-
ter and the SDSS g filter are positioned at the same central wave-
length. Thus, to a first approximation, the difference between
these two filters should be a constant. In Fig. 4 we show the dif-
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Draco 0

Draco 0

04 F

Sextans Sextans

Hercules

Hercules

Draco B Draco B

14 16 18 20 22 14 16 18 20 22
Yo Yo

Fig.3. Errors in the photometry for ¢,y and (b — y)o, as indicated for
all our fields. Left and right columns show €, vs. yo and €p-y), vS. Yo,
respectively. Note the difference between €, , and €y, in scale.

ference between b and g as a function of b for all of our observed
fields. We find that b is on average ~ 0.1 larger than g with a few
outliers. These outliers could be misidentified stars and they are
flagged as dubious targets. If any of these stars appear in our
final sample, they will be discussed separately. Additionally, in
Fig. 4, we highlight the RGB member stars as identified in 5.1.
We note that the RGB stars position themselves at higher values
of (b—g)o, relative to the other stars in the field which essentially
are the blue foreground stars. This indicates that there is a small
dependence on colour in (b — g)o.

3.5. De-reddening

We corrected the photometry towards the dSph galaxies for inter-
stellar extinction using the dust maps, and relations to translate
these extinction values into the Stromgren system, by Schlegel
et al. (1998). The colour-excess, E(B — V), found towards each
dSph galaxy is given in Table 2. De-reddened magnitudes,
colours and indices will henceforth have the subscript 0.

We note that several studies indicate that the dust maps
by Schlegel et al. (1998) may over-estimate the reddening if
E(B - V) is greater than 0.15 (see, e.g., Arce & Goodman 1999;
Beers et al. 2002; Yasuda et al. 2007). However, since none of
our observations suffer from such high values of E(B — V), we
do not pursue this further.
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Fig.4. (b — g)o vs. by for the fields as indicated. Grey dots indicate
all stars towards the indicated field. e indicate stars identified as RGB
member stars for the Draco, Sextans and Hercules dSph galaxies.

4. Results

Figure 5 presents our colour magnitude diagrams in the direc-
tion towards the dSph galaxies. The horizontal branch (HB) and
RGB are easily seen for the Draco and Sextans dSph galaxies.
A large population of foreground stars can also be seen in all
fields with a cut-off at (b — y)y = 0.3, associated with the blue
limit of the turnoff stars in the Milky Way disk and halo. The
RGB of the Hercules and UMall dSph galaxies cannot easily be
seen due to the heavy contamination by foreground dwarf stars.
Additionally, the HB and RGB can not be seen in the DracoB
field since it is in the extreme outer regions of the dSph galaxy.

Given that the colour (v — y)o is more metallicity sensitive
than (b — y)o, it is also displayed in Fig. 5 (right side panel).

For the UMall dSph galaxy, we see an over-density of stars
at the bottom left of the CMD, both in (b — y)g and (v — y)o.
Thus, for this field, we over-plot an isochrone for a 12 Gyr old
system, by VandenBerg et al. (2006) with colour transformations
by Clem et al. (2004), with [Fe/H]=-2.31 and Age=12 Gyr. We
find that the over-density of stars are the turn off stars of the
UMall dSph galaxy. The isochrone was shifted with a distance
modulus representative of the distance to the UMall as given in
Table 2. Given that the other dSph galaxies in this study are more
distant than UMall (compare Table 2), we do not see any turn-
off stars for the other dSph galaxies. UMall is further discussed
in Sect. 9.

5. Identifying RGB and HB members of the dSph
galaxies

Since the dwarf and RGB stellar sequences converge at around
(b —y) ~ 0.51n the c1o vs. (b — y)o plane, we need to identify
a blue limit for stars that we identify as RGB stars. In Fig.
6 we show ¢y vs. (b — y)o for stars in the magnitude range
15.5 < Vp < 17.5 towards the Draco dSph galaxy. Stars fainter
than Vy = 15.5 are not saturated on the images and, given
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Fig.5. Colour-magnitude diagrams centred on the dSph galaxies, as in-
dicated. Left and right columns show y, vs. (b — y)o and yy vs. (v — ¥)o,
respectively.

that the distance to Draco is about 76 kpc, this magnitude
range is bright enough not to contain any RGB stars in the
Draco dSph galaxy that are blue enough to overlap with the
dwarf sequences. Following Adén et al. (2009) and Arnadéttir
et al. (2010), we define a line that follows the upper envelope
of observed dwarf stars to separate the RGB stars from the
dwarf stars in order to safely exclude any foreground dwarf
stars. Our line is somewhat higher in c¢;o at a given (b — y)o
than the tracing from Arnadéttir et al. (2010). Our selection
of RGB stars thus has a blue limit that is somewhat colour-
dependent. Stars bluer than this limit will be considered as
a low-probability member RGB star since they have a high
probability of belonging to the foreground dwarf contamination.
We applied this limit to the other fields and found that it is
a good limit for them as well. Note how well the foreground
dwarf stars fall along the dwarf sequence beyond (b—y)y > 0.50.

5.1. RGB members based on Strémgren photometry

Following Adén et al. (2009), we study the cjo vs. (b — y)o di-
agram in magnitude bins. This enables a more careful selection
than if the entire sample is considered at once, since we are trac-
ing the RGB stars as they progresses towards fainter magnitudes.
Additionally, this method reduces the level of foreground con-
tamination since fewer foreground stars are considered in the
region where the RGB stars are situated. See Fig. A.1, A2, A3,

04

0.4 0.6 0.8
(b7Y)o

Fig.6. cio vs. (b — y)o diagram for stars in the direction of the Draco
dSph galaxy. Only stars in the magnitude range 15.5 < y, < 17.5
are shown. o are stars within the given magnitude range. e are stars
that fall within the RGB region. The upper and lower solid lines indi-
cate isochrones for RGB stars by VandenBerg et al. (2006) with colour
transformations by Clem et al. (2004). Their metallicities are, from top
to bottom, -2.3 and 0.0 dex, respectively. The dashed line indicates a
dwarf star sequence with [Fe/H]=0.0 Arnadéttir et al. (2010). The thick
grey line marks the empirically determined blue limit for the foreground
contamination.

A4 and A5 for plots of the member selection procedure for each
dSph galaxy field. For each magnitude bin and galaxy field we
define the following identification system: stars that fall in the
RGB region in the ¢y vs. (b — y)o diagram, as defined by the
two isochrones, are flagged as RGB members. Stars that fall in
the RGB region, but with high errors in ¢ o, relative to the ma-
jority of the stars identified as RGB stars, are removed from the
member sample. We note that the majority of these stars with
high errors deviate significantly from the RGB in the CMD as
well. Stars that fall in the RGB region, but with a large deviation
in the ¢y vs. (b —y)o diagram from the bulk of the RGB stars in
that magnitude bin are removed from the sample. Stars that fall
in the RHB-AGB region are flagged as RHB-AGB stars. Finally,
stars that fall in the RGB region, but below the blue limit, as
described in Sect. 2, are flagged as RGB members but with a
lower membership probability since foreground dwarf stars oc-
cupy that region as well. In Table 4 we summarise the number
of RGB members in each dSph galaxy.

5.1.1. Notes on individual dSph galaxy fields

Draco field 0. At a distance of about 80 kpc, the RGB stars
of the Draco dSph galaxy start to appear around yp = 16.5. In
Fig. A.la, b, c and d we note that it is easy to track the bulk of
the RGB as it progresses towards the blue limit in the ¢j vs.
(b — y)o diagram. Of our fields, Draco has the highest amount of
RGB stars. Additionally, we note that our criteria on the error in
c1,0 works well since the stars with a large error, marked with a
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Table 4. Summary of the identified RGB and HB stars.

dSph RGB RGB2 HB
Draco field 0 304 186 214
Draco field B 6 5 9
Sextans 188 39 146
Hercules 28 0 10
UMall 20 5 6

Column 1 lists the dSph galaxy. Column 2 lists the number of RGB
members. Column 3 lists the number of RGB members with a lower
membership probability, i.e., blue-wards of the blue limit defined in
Sect. 5. Finally, column 4 lists the number of HB members.

X, deviate from the bulk of the RGB not only in error space but
also in both CMD and c; ¢ vs. (b — y)o space.

Sextans. With a comparable distance to the Draco dSph galaxy,
the RGB stars are expected to appear at about the same magni-
tudes as for the Draco dSph galaxy. Again, we note that the RGB
stars clump together as we progress towards lower magnitudes.
In general, the field of the Sextans dSph galaxy has fewer RGB
stars than the field centred on the Draco dSph galaxy. The main
reason for this is that Sextans has a much larger half-light radius
(compare Fig. 2 and Table 2).

Hercules. The selection of RGB and HB stars is described in
detail in Adén et al. (2009). This dSph galaxy has a much lower
surface density of RGB stars, when compared to the Draco
and Sextans dSph galaxies. Indeed, as explained in Adén et al.
(2009), without the strength of the Stromgren photometric ¢
index it is very difficult to disentangle the RGB from the fore-
ground contamination for this dSph galaxy (compare Fig. 5). We
note that at a distance of about 130 kpc, the RGB stars are in gen-
eral much fainter for this dSph galaxy, than for the Draco and
Sextans dSph galaxies, and the tip of the RGB is at V ~ 18.5.

UMall. This is by far the least populated dSph galaxy in this
study. With a nominal distance of about 30 kpc (Martin et al.
2008),the RGB stars are expected to be bright. This dSph galaxy
field is discussed in detail in Sect. 9

5.2. HB members based on Strémgren photometry

Apart from the identified RGB members of the dSph galaxies
included in this study, we found RHB-AGB stars for the Draco,
Sextans and UMall dSph galaxies (Sect. 5.1). However, it is pos-
sible to use the Stromgren photometry to further explore the red-
horisontal brach (RHB) and the blue-horizontal branch (BHB).
Figures 8a, 9a and 10a show the BHB and RHB regions, for the
Draco, Sextans and UMall dSph galaxies, in the ¢; vs. (b —y)
plane as defined in Schuster et al. (2004). We limit our analysis
of HB stars to 19.5 < yy < 21.0 for the Draco and Sextans fields,
and 17.5 < yg < 20.0 for the UMall field, since no HB stars are
expected outside these magnitude regions. Stars that fall on or
near the RHB or BHB region are identified as HB stars. We note
that, for both the Draco and Sextans dSph galaxies, there are a
lot of stars that fall in these regions. However, there are also a
lot of stars that fall above the RHB region. To investigate this
further, we cross-correlated our photometry for Draco with the
photometry for variable stars in Bonanos et al. (2004). In Fig. 7a
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Fig.7. (a) c1 vs. (b—Y), for variable stars in the Draco dSph galaxy, as
identified in Bonanos et al. (2004). The solid lines outline the identifi-
cation scheme for metal-poor stars developed by Schuster et al. (2004),
see also Sect. 2. BHB: the blue horizontal branch; RHB: the red hori-
zontal branch. e indicate the variable stars. (b) Colour-magnitude dia-
gram in the Stromgren system for the stars in (a). e indicate the variable
stars, and grey dots mark the stars identified as RGB stars (see Sect.
5.1

and 7b we show ¢, vs. (b—y) and yy vs. (b—y) for variable stars in
the Draco dSph, as identified in Bonanos et al. (2004). We note
that many of the variable stars fall above the RHB region, just
as for our stars in the Draco and Sextans dSph galaxies. Thus,
our stars that fall in this region, above the RHB region, are likely
variable stars and are henceforth included in our sample of stars
identified as HB stars.

In Fig. 8b.c,9b,c and 10b,c we show yy vs. (b —y) and €, Vs.
(b —y) for the stars in the Draco, Sextans and UMall dSph galax-
ies, respectively. Note that Fig. 8 includes both Draco 0, (field
centred on the dSph galaxy) and Draco B (outskirts), compare
Fig. 2. Given that all of our stars identified as HB stars have rel-
atively small errors, we do not exclude any stars from the sample
based on error cuts.

For the Draco dSph galaxy we note that there is a peculiar
feature for the HB stars. At (b —y)o ~ 0, we see a small dip that
extends to fainter magnitudes. For comparison, in Fig. 8d, we
show SDSS iy vs. (g — i) for the HB stars identified in the Draco
dSph galaxies. We see a similar feature for the HB stars in the
SDSS CMD. Thus the sudden dip in magnitude is most likely
not caused by a systematic error in our INT photometry but is a
real feature. The same feature is seen for the outer Draco field
(field B).

The selection of HB stars in the Hercules dSph galaxy was
carried out in Adén et al. (2009).

In Table 4 we summarise the number of HB members in each
dSph galaxy.

6. Identifying red giants with SDSS ugriz filters

Using the photometry from SDSS, the SEGUE survey designed
a series of colour, magnitude, and other criteria to identify the
evolutionary stages for stars. In Fig. 11a we show SDSS colours
(u — g)o vs. (g — r)o for the Draco dSph galaxy. The region high-
lighted with solid lines marks the region where late K giants are
assumed to fall, as defined by the SEGUE target selection?. We
find 21 stars in this region. In Fig. 11b we show ¢ vs. (b — y)o
for the stars in Fig. 11a (compare Fig. 1). We find that 6 of the

2 The criteria for different evolutionary stages can be found at
http://www.sdss3.org/dr8/algorithms/segueii/segue_
target_selection.php
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L T L LB e e
L (@) . 4 r ()
|_Variable stars

\"' L .
oo 1 LIS
T I i
g B ot

Yo

20 [

1y

Py ——

(g_i)o

Towards the Draco dSph galaxy outskirts

| LI L B N B By B B B B LIS B B L B B

L (a) 1 )
2 _Varlablestars\ _ 16 - -
RHB |
o 181 -
>~ oo
o
L .
20 s N o .
I 3. i
| M |
0 0.5 1
(b_y)o
16 T T
()
0.08 - .
] 18 -
0.06 [~ E
03 r © . ! ° .
w . E . .
0.04 - . <]
20 [~ —
.o
002 [ N
0 NNl P NS R RS R Py — | L |
16 17 18 19 20 -1 0 1 2
Yo (g_l)o

Fig.8. (a) ¢1o vs. (b — y)o for the stars in the direction of the Draco dSph galaxy. The solid lines outline the identification scheme for metal-poor
stars developed by Schuster et al. (2004), see also Sect. 2. BHB: the blue horizontal branch; RHB: the red horizontal branch. e are stars that fall
on or near the HB region, they are thus identified as HB member stars. Small dots are all stars within the magnitude range 19.5 < y, < 21.0. (b)
Colour-magnitude diagram in the Stromgren system. e indicate HB stars. Grey dots are identified RGB stars. (¢) €., , index vs. yy for the stars in
(b), with the same coding. SDSS i vs. (g — i), for the stars in (b), with the same coding.

Towards the Sextans dSph galaxy
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Fig.9. Same as Fig. 8, but for the Sextans dSph galaxy.

stars are RGB stars, 11 are dwarf stars, and 4 of the stars occupy
aregion with c1p ~ —0.5and (b—y)y ~ 1. These 4 stars are high-
lighted in Fig. 11 with ®. In Faria et al. (2007) it was concluded
that carbon giant stars in the Draco dSph galaxy occupy this re-
gion. We flag these stars as likely giant carbon stars. Thus, about
10 of the 21 stars are likely giant stars. Figure 11c and 11d show
SDSS and Stromgren colour-magnitude diagrams, respectively,

Towards the UMall dSph galaxy
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Fig.10. Same as Fig. 8, but for the UMall dSph galaxy.

for the stars in 11a and 11b. Given that all of the stars considered
in this Sect. are bright, we do not apply any error cuts to the data.
In 11a, b, c and d we repeat the procedure for the Sextans dSph
galaxy. We find 4 stars in the late K giants region, of which 2 are
dwarf stars and 2 are RGB stars.

We conclude that the SEGUE target selection is able to iden-
tify giant stars at a ~ 50 per cent success rate.
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Fig.11. Left-hand side: (a) (z — g)o vs. (g — r)o for stars in the direction of the Draco dSph galaxy. Grey solid circles indicate stars identified
as RGB stars (see Sect. 5.1). Black circles mark stars that fall in the region for K giants, outlined by solid lines, as defined by the SEGUE target
selection. ® show likely carbon stars. (b) ¢;o vs. (b — y)o for the stars in (a). (¢) and (d) show SDSS and Stromgren colour-magnitude diagrams,
respectively, as indicated. Right-hand side: Same as the left-hand side for the Sextans dSph galaxy.

7. Metallicities

Estimating the metallicity for stars in coherent stellar systems
is key for our understanding of the origin and evolution of the
system. Obviously, the most reliable method for the determina-
tion of [Fe/H] is to measure the equivalent widths of the iron
lines themselves. However, this method relies on the collection
of large amounts of light from the individual stars. This is a
time consuming procedure, especially if one wishes to probe
to faint magnitudes. A competing method for the determination
of [Fe/H] is to measure the equivalent width of Ca II IR triplet
lines. These absorption lines are, relative to iron lines, intrinsi-
cally strong and easily accessible. However, determining [Fe/H]
based on the Ca IT IR triplet lines is difficult for metal-poor stars
since the equivalent widths are weak. Additionally, the produc-
tion of Ca is associated with the end-stage of massive stars which
indicates that the Ca abundance do not trace the over all metallic-
ity for a star. i.e., stars formed early in the star formation history
generally have a higher [Ca/Fe] than stars formed subsequently.

With the advent of multi-fibre spectrographs, it has become
more common to measure the [Fe/H] for many stars in dSph
galaxies and globular clusters. However, the possibility of pho-
tometry to estimate metallicity has its advantages since it may
cover a large area on the sky, and thus many stars at once can be
analysed. Stromgren photometry offers an interesting possibility
as it can provide good metallicity estimates (e.g., much better
than broad band photometry, compare Arnadéttir et al. 2010).

One of the difficulties when deriving a new metallicity cali-
bration is to define the sample on which the calibration is based
on. This sample will not only define the accuracy of the cali-
bration, but also define for which range that it is valid. Finding
metal-poor field stars is challenging. Because of this, most cal-
ibrations utlizes globular clusters as sources of reasonably large
samples of the most metal-poor stars. However, globular clusters

do no contain stars much more metal-poor than ~ —2.2 dex and
thus most calibrations to derive metallicities, both from photom-
etry as well as from Call NIR triplet measurements, are not ap-
plicable at lower metallicities (e.g., Hilker 2000; Calamida et al.
2007). Our studies of dSph galaxies, using Stromgren photom-
etry combined with our own and others high resolution spec-
troscopic studies, provide an entirely new data set that can be
utilised to provide a new calibration.

7.1. A new metallicity calibration for RGB stars from
uvby-photometry

In this section, for giant stars based on Stromgren photometry,
we construct a new metallicity calibration. Following Grebel &
Richtler (1992), we use the relation

m =a+p-(b-y) +vy-[Fe/H|+6-(b-y)-[Fe/H] (6)

to translate the Stromgren m; and (b — y) index to an estimate of
[Fe/H] based on photometry, [M/H]. The task now becomes to
determine the constants a, 3,y and 6.

Sample of stars for the calibration. For the calibration, we have
collected spectroscopic [Fe/H] derived from high-resolution
spectra available for stars in Draco (Cohen & Huang 2009;
Shetrone et al. 2001), Sextans (Shetrone et al. 2001), UMall
(Frebel et al. 2010) and Hercules (Koch et al. 2008; Adén et al.
2011), and combined these data with our own Stromgren pho-
tometry. In this way we will be able to push the calibration to
lower metallicities than what is available for globular clusters
(e.g., M92, with a metallicity of about -2.3 dex, is one of the
most metal-poor globular clusters Sneden et al. 2000). Note that
not all stars in the spectroscopic studies have Stromgren pho-
tometry as they may fall outside the field of view or, in a few
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Table 6. Multilinear regression coeflicients.

@ B b% 0
-0.168 0.878 0.005 0.149

my=a+p-(b-y)+vy-[Fe/H+0d-(b-y)-[Fe/H]

unfortunate cases, just in the regions between the four CCDs in
the WFC mosaic.

In total, this gives us 29 dSph galaxy RGB stars for the cal-
ibration. Unfortunately, the recently published metal-poor stars
in the Sextans dSph galaxy (Aoki et al. 2009; Tafelmeyer et al.
2010) were not possible to include in the sample, since they
are all outside our field of view. Additionally, in order to in-
crease the [Fe/H] calibration range and to increase the accuracy
and precision of the multi-linear regression, we add Milky Way
RGB field stars from Cayrel et al. (2004), 6 stars, and Gratton
et al. (1999), 24 stars, to the sample. The photometry for these
stars are adopted from Olsen (1993) and Olsen (1994). For 6 of
the stars, Olsen photometry is not available. Instead, we adopt
the Stromgren photometry from Hauck & Mermilliod (1998).
[Fe/H] and photometry for theses stars are listed in Table 5.

De-reddening of the field stars. We corrected the photometry
for the field stars for interstellar extinction using the dust maps
by Schlegel et al. (1998). Since most of the field stars are in-
side the dust disk, we have to reduce the reddening according to
their position in the galaxy. Following, e.g., Beers et al. (2002);
Arnadéttir et al. (2010), we reduce the extinction using

E(B-V)=(1-e ). E(B - V)05 @)

where E(B — V)pps is the full extinction along the line of sight
(LOS), as determined from Schlegel et al. (1998), d is the dis-
tance to the star, b is the galactic latitude and # is the scale height
of the Milky Way disk. We adopt a scale height of 125 kpc from
Beers et al. (2002), and the distances from the Hipparcos cata-
logue (Perryman et al. 1997).

Regression results. We use a multilinear regression to solve
Eq. 6 for @, B, y and ¢. After the first fit with the full sample,
we remove stars with [Fe/H]-[M/H]> 30, where [M/H] is the
metallicity as derived using the new calibration. We iterate this
process until no more 30~ outliers are found. In total, we removed
4 stars from the sample in this way. Thus, 55 stars remain in the
final calibration sample. Our final multilinear regression coeffi-
cients are given in Table. 6, and in Fig. 12 we show the resid-
uals, [Fe/H]-[M/H]. The standard deviation for the residuals is
o = 0.28 dex. We adopt this error as the uncertainty in [M/H]
introduced by the calibration.

7.2. Testing our new metallicity calibration

Lind et al. (2010) studied the metal-poor globular clus-
ter NGC6397. Using high-resolution spectra, obtained with
the FLAMES/UVES spectrograph, they determined [Fe/H]
based on measurements of the equivalent widths of iron
lines for 21 RGB stars. In Fig. 13a we show the residuals,
[Fe/H]Lina — [IM/H], vs. [Fe/H]ping for their 21 RGB stars. In
Fig. 13b we show [Fe/H]rina — [M/H] vs. (b —y)o. [M/H] for
these stars were determined using our new calibration, with the
photometry from Lind et al. (2009). We find that the agreement

[Fe/H]-[M/H]

-3 -2 -1

[Fe/H]

Fig.12. The residuals, [Fe/H]-[M/H], vs. [Fe/H] for the stars in the
metallicity calibration. Solid triangles indicates RGB field stars. Solid
squares indicates dSph galaxy RGB stars. The upper and lower dashed
lines indicate the 1o limits.
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Fig.13. The residuals, [Fe/H]pina — [M/H], vs. [Fe/H]pina (@), (b — y)o
(b) and (v — y)g (c) for the stars in Lind et al. (2010).

is very good,with no significant trend in the colour (b — y)o, and
an offset of [Fe/H]Ling — [M/H] = —-0.02. This is within our
error-bars for the new metallicity calibration. Additionally, we
note that the RGB stars in Lind et al. (2010) span a large range
in colour (compare Fig. 1 in Lind et al. 2010). This indicates
that our calibration is working as intended over a wide range of
colours.

As an additional comparison, we apply our calibration to
RGB stars in the M92 globular cluster (Stromgren photometry
provided by Frank Grundahl, private communication). M92 has
an average [Fe/H] of about —2.3 dex (Sneden et al. 2000). We
select stars brighter than yp < 15. We find an average metallicity
for these RGB stars of —2.4 dex with a o~ of 0.16 dex. Thus, this
comparison gives further evidence that the calibration performs
well.
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Table 5. Summary of the stars for the new metallicity calibration.

D RA(2000) DEC(2000) (b-y) m; [Fe/H] E(B-V) REF
D 2796 782047  -16.719467 054 007 2470 0021 0
HD 122563 21063269  9.68610 064 010 -2820 002 0

HD 186478 296.30892  -17.49085 0.69 0.08 -2.590  0.106
BD +173248  262.06029 17.50996 0.50 005 -2070 0.034
BD -185550  299.70724  -18.20310 0.69 -0.02  -3.060  0.161
CD -38245¢ 11.65081 -37.65932 0.61 003 -4.190 0.012

HD 2665 7.68936 57.06490 0.55 007 -1940 0.124
HD 7041 17.45612 -56.35602 0.50 022 -0.830 0014
HD 9051 22.19376 -24.34040 0.54 0.16 -1.570  0.010
HD 21581 52.22702 -0.41753 0.56 0.13  -1.560  0.099

HD 23798 56.69051 -30.85370 0.74 0.18  -2.030  0.009
HD 26169 60.21849 -75.60318 0.51 0.06 -2.310 0.062
HD 26297 62.26424 -15.89085 0.74 024 -1.680  0.032
HD 36702 82.96763 -38.55668 0.82 023 -2060 0.031
HD 41667 91.26519 -32.99409 0.61 029 -1.160  0.034
HD 74462 132.08605 67.44997 0.66 020 -1.360 0.051
HD 83212 144.08314  -20.88743 0.70 025 -1400  0.046
HD 111721 192.85498  -13.49116 0.51 0.16  -1.260  0.044
HD 118055 203.66630  -16.32298 0.85 027 -1.760  0.093
HD 122956 211.30427  -14.85707 0.67 0.17  -1.630  0.068
HD 126238 216.37482  -43.64360 0.57 011 -1.520 0.054
HD 136316¢  230.57477  -53.23756 0.82 021 -1.740  0.400
HD 141531 237.31874 9.61179 0.77 026 -1.620  0.042
HD 142948 24001005  -53.85150 0.63 021 -0770  0.138
HD 151559¢  252.28382  -27.57079 0.59 0.16 -0.630 0278
HD 166161 272.41952 -8.77934 0.69 0.08 -1.160  0.289
HD 175305 281.77683 74.72540 0.50 0.15 -1.300  0.047
HD 187111 297.16489  -12.12215 0.83 022 -1.540 0.133
HD 215601 341.70039  -31.87205 0.54 0.14 -1350  0.015
HD 222434 355.17296  -34.69627 0.71 024 -1.690 0.012
INT 20568 259.54343 57.86928 0.87 026 -2.340 0.027
INT 31665 259.82304 58.01870 0.96 032  -1990  0.027
INT 41498 260.14253 57.89227 0.81 038 -1490  0.027
INT 43333 259.92443 57.87208 0.79 024 -2450 0.027
INT 43489 259.90134 57.85695 0.82 036 -1.890  0.027
INT 43525 259.89776 57.97966 0.80 034 -1.730 0.027
INT 42146 260.06732 57.88229 0.74 0.16 -2970  0.027
INT 42250 260.05647 57.86651 0.76 027 -1.860  0.027
INT 42560 260.02368 57.96471 0.79 026 -1.720  0.027
INT 42790 259.99543 57.95587 0.87 025 -2360 0.027
INT 43257 259.93643 57.96034 093 041 -1.670 0.027
INT 43504 259.90008 57.94144 0.80 037 -1440  0.027
INT 11129 153.17429 -1.75756 091 035 -1.930 0.048
INT 41021 153.27052 -1.65356 0.74 025 -2.190 0.048
INT 40935 132.47261 63.13937 0.61 0.00 -3.100  0.094
INT 40181 133.13957 63.08365 0.64 002 -3230 0.094
INT 40065 133.24597 63.09851 0.72 012  -2.340  0.094
INT 12175 247.81591 12.58238 0.83 007 -3.170  0.063
INT 42241 247.73849 12.78898 0.82 023 -2030 0.063
INT 42149 247.74718 12.79045 0.70 0.11  -2950 0.063
INT 41743 247.78386 12.80170 0.70 0.14 -2420 0.063
INT 42795 247.68541 12.82996 0.67 009 -3.170  0.063
INT 40789 247.87404 12.74030 0.67 0.10 -2.880 0.063
INT 41460 247.80860 12.75741 0.68 009 -3.100 0.063
INT 42096 247.75261 12.82550 0.66 0.13  -2.600 0.063
INT 40993 247.85432 12.75811 0.67 0.13  -2.380 0.063
INT 42324 247.73111 12.76968 0.62 009 -2.700  0.063
INT 12729¢  247.78123 12.52606 0.67 006 -2350 0.063
INT 41082 247.84564 12.74666 0.78 021 -2040 0.063

[ NV NV, NV, RV, NV, R, IV, I, IV, IV, R N SN S US JL UV S UV S US LUV SRS LU SIS I (O I (S T S I NS R S B O R el e e e e e e R e e

Column 1 lists the ID. Columns 2 and 3 list the coordinates. Column 4 and 5 list the (b — y) and m; indices, respectively. Column 6 lists
the spectroscopic [Fe/H]. Column 7 indicates E(B-V) and column 8 the reference. a mark stars that were excluded from the multi-linear
regression. References: 0 Milky Way (Cayrel et al. 2004), 1 Milky Way (Gratton et al. 1999), 2 Draco (Cohen & Huang 2009), 3 Draco and
Sextans (Shetrone et al. 2001), 4 UMall (Frebel et al. 2010), 5 Hercules (Adén et al. 2011), 6 Hercules (Koch et al. 2008).
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7.3. Metallicity distributions

In Sect. 7.1 we provide a new Stromgren metallicity calibration.
This calibration is valid for stars with —3.3 < [Fe/H] < —0.7.In
Fig. 14 we show the resulting histograms of [M/H]pot,new for the
RGB stars identified in the Draco, Sextans and Hercules dSph
galaxies (see Sect. 5.1). The bin size of 0.3 dex represents the
typical error in [M/H]photnew (see Sect. 7.1). A small fraction of
stars for each dSph galaxy have an [M/H] less than the range for
which the new metallicity calibration is valid. However, these
stars are included in the sample as a slight extrapolation. We
note that the MDFs for the Draco and Sextans dSph galaxies
look similar, while the MDF for Hercules peaks at a much lower
[M/H]. Given that the Hercules dSph galaxy is much fainter
than Draco and Sextans, this is expected from the luminosity-
metallicity relation (Grebel et al. 2003; Kirby et al. 2011). In
Adén et al. (2011) we derived the MDF for the Hercules dSph
galaxy, based on a simple metallicity calibration. When com-
pared to the MDF in this study, we find that the spread in metal-
licity is about the same, i.e., the majority of the stars are located
between —2 and —4 dex. However, the MDF for the Hercules in
Fig. 14 appears to have a metal-poor tail. This was not observed
in Adén et al. (2011).

The average [M/H] for the Draco, Sextans and Hercules
MDFs are -2.1, -2.2 and -2.7, respectively. The metallicity
spread is about 3 dex for the Draco and Sextans dSph galax-
ies, and 2 dex for Hercules. In a recent study, Battaglia et al.
(2010) studied the Sextans dSph galaxy based on data from the
DART survey. They were able to estimate [Fe/H], based on the
equivalent widths of the Ca II IR triplet lines, for 174 RGB stars.
Our MDF for the Sextans dSph galaxy is in agreement with their
results on the metal-rich end of the MDF (i.e., peaks at about
-2 dex with a steep slope at the metal-rich end). However, they
do differ slightly for the metal poor end. Our MDF indicates a
larger fraction of stars with [Fe/H]< —3.5. Additionally, we note
that there is a bump in the MDF at [Fe/H]~ -3 in Battaglia et al.
(2010). We find no such bump in our MDF. This difference could
be due to that Battaglia et al. (2010) are able to probe a much
more extended field than in our study. As indicated in their Fig.
9, the bump at [Fe/H]~ -3 is caused by stars at a projected radii
R > 0.8 degrees. In another recent study by Kirby et al. (2011),
[Fe/H] for 141 RGB stars in Sextans were determined based on
spectral synthesis of iron absorption lines. Again, our MDF is
in agreement on the metal-rich end of the MDF. Given that the
sample in Kirby et al. (2011) extend to only 21.4 arcmin, no
metal-poor bump is seen in their MDF. Their MDF has more in
common with our MDF, although a larger fraction of metal-poor
stars are discovered in our MDF.

7.4. Metallicity gradients

Given our large sample of high probability member stars for the
Draco, Sextans and Hercules dSph galaxies, and an estimate of
[M/H] based on our new calibration, we investigate the presence
of metallicity gradients present in these galaxies. In Fig. 15 we
show [M/H] vs. distance to the centre for the RGB stars that
were determined to have a high probability of being members
of the Draco, Sextans and Hercules dSph galaxies. Additionally,
for this analysis, we removed stars with [M/H] beyond the range
for which the calibration is valid, in order to increase the ac-
curacy. We used the distance to each dSph galaxy as given in
Table. 2 to convert angular distance to kpc. For the Draco and
Sextans dSph galaxies, we find tentative evidence for the pres-
ence of metallicity gradients, -1.5 [M/H]/kpc and -1.4 [M/H]/kpc

(a) Draco ....... n

100 [
50 [

Y1) EE—

wf
30 F

20

10

0 ez

(c) Hercules

07....I | T R SR R
-5 -4 -3 -2 -1 0

[M/H]

Fig.14. Metallicity histograms for the Draco, Sextans and Hercules
dSph galaxies, as indicated. The dotted line indicates all RGB stars (in-
cluding those below the blue limit) and the shaded histogram shows the
clean sample of RGB stars, as defined in Sect. 5.1

respectively. We do not find any evidence of a metallicity gradi-
ent in the Hercules dSph galaxy. This could be due to the low
number of RGB stars available for the analysis.

In a similar study, Kirby et al. (2011) determined the metal-
licity gradients for eight dSph galaxies. They found gradients of
-0.45 [Fe/H]/kpc and 0.12 [Fe/H]/kpc for the Draco and Sextans
dSph galaxies, respectively. Thus, our metallicity gradients are
significantly steeper.

Additionally, to investigate the presence of a metallicity gra-
dient further, we perform the following analysis. Assuming that
the metallicity gradient around the semi-minor axis (in the el-
lipse that desribes the orientation of the dSph) is more likely then
around the semi-major axis we can define the ”semi-minor axis
distance” dy,;(6) as the distance, perpendicular to the semi-minor
axis, between the axis and the star. For each of the RGB stars
in the Draco, Sextans and Hercules dSph galaxies we calculate
this distance for different position angles 6. We then derive the
metallicity gradient , kjmyuj, and zeropoint, mpv/uj, by solving
the following equation with a least-squares fit for each position
angle,

[M/H] = kige/n) X dmi(0) + myge/n) (8)

where [M/H] is the metallicity measurement, as determined by
our new calibration (see Sect. 7.1), for each star. The least-
squares fit to this function yields a y? value for each 6.

For the Draco, Sextans and Hercules dSph galaxies we find a
position angle of 78, 120 and 92 degrees, where )(2 is minimised,
with a metallicity gradient of —-0.86,—1.0 and -0.66 [M/H]/kpc,
respectively. We note that these values for the metallicity gra-
dients are lower than the values derived above, except for the
Hercules where we see a tentative evidence for a gradient. This
could be due to the high degree of flattening for the Hercules
dSph galaxy (Coleman et al. 2007).
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Hercules dSph galaxies, as indicated. The solid lines indicate the least-
squares fits. The metallicity gradients are -1.5, -1.4 and -0.18 [M/H]/kpc
for the Draco, Sextans and Hercules dSph galaxies, respectively.
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and Hercules dSph galaxies, as indicated. The solid lines indicate the
least-squares fits. The metallicity gradients are -0.9, -1.0 and -0.66
[M/H]/kpc for Draco, Sextans and Hercules, respectively.

8. Population gradients

In Sect. 5.2 we identified a wealth of HB stars in the Draco
and Sextans dSph galaxies. HB stars are in general older than
~ 10 Gyrs, and have He-core burning. The BHB and RHB
stars occupy the region blue-wards, and red-wards, of the RR
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Fig.17. Distance from centre distributions for the Draco and Sextans
dSph galaxies, as indicated. The solid lines mark the distribution for
RGB stars. The dashed lines indicate the distribution for the RHB and
the shaded histogram for the BHB.

Lyrae instability strip and the RHB, respectively, in a colour-
magnitude diagram. In Sect. 5.2 we used the classification from
Schuster et al. (2004) to separate the BHB from the RHB (limit
at (b —y)o ~ 0.1). However, as can be seen in Fig. 9b, the RR
Lyrae instability strip is more likely to be at (b —y)g ~ 0.2. Thus,
henceforth, we define HB stars with (b — y)y < 0.2 as BHB, and
HB stars with (b—y)o > 0.2 as RHB. Radial gradients, where the
RHB stars are more concentrated toward the centre, for the HB
morphology have been reported for Local Group dSph galaxies
(see, e.g., Da Costa et al. 1996; Hurley-Keller et al. 1999). In
Fig. 17 we show the distance distributions of RHB and BHB in
the Draco and Sextans dSph galaxies. Additionally, for compar-
ison, we show the distribution of RGB stars. Unfortunately, The
sample of HB stars for the Hercules and UMall dSph galaxies
were not large enough for similar analysis. We find that, for the
Draco dSph galaxy, the distance distribution of BHB stars are
flatter than the distance distribution of RHB stars, i.e., the distri-
bution of RGB and RHB stars for Draco are similar. However,
such a trend is not observable in the Sextans. Indeed, the RHB,
BHB and RGB distributions appear to have a similar profile for
the Sextans, although the distribution of RGB stars has a sharper
cut-off at ~ 0.42 kpc. We interpret the distance distributions for
the Draco dSph galaxies as an indication of a population gradi-
ent.

9. The Ursa Major Il dSph galaxy

The Ursa Major II dSph galaxy was discovered as a localised
stellar over-density in the Sloan Digital Sky Survey (SDSS)
(Zucker et al. 2006a). With a total luminosity of only 4 - 10° Lg,
(see Table 2), it is one of the faintest dSph galaxies in the Local
Group (e.g., Mufioz et al. 2010). Additionally, at a distance of
about 30 kpc, it is situated much closer to the Milky Way cen-
tre than the other dSph galaxies in this study (compare Table 2).
Indeed, using deep CFHT/MegaCam photometry of the UMall
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dSph galaxy Mufoz et al. (2010) was able to conclude that the
UMa II shows signs of ongoing tidal interaction with the Milky
Way.

9.1. Identifying the Ursa Major Il stars
9.1.1. Members based on Strémgren photometry

In Sect. 5.1 we identified RGB members in the Draco, Sextans,
Hercules and UMalI dSph galaxies. We note that the search for
RGB stars in the UMall dSph galaxy was much more difficult
than for the other fields. This may not come as a surprise given
that the stellar content of the UMa II is estimated to be almost
ten times as low as for the Hercules dSph galaxy (Martin et al.
2008), which has relatively few RGB stars as compared to Draco
and Sextans. In Fig. 21a and 21b, we summarise our search for
RGB and HB member of the UMall dSph galaxy in colour-
magnitude diagrams. Additionally, for clarity we draw a hori-
zontal line with y( as the average of the HB stars found in Sect.
5.2. With a distance of about 30 kpc, the tip of the RGB for the
UMall should appear at yo ~ 14.5. However, in the magnitude
bin 14.5 < yo < 17, where the majority of the RGB stars above
the HB are expected, we found only a few RGB stars. We note
that there are three stars at yo ~ 15 that deviate significantly from
the expected RGB. They are about 1 to 2 magnitudes too bright
as compared to the isochrone (based on a fit to the turn-off, see
below).

In Adén et al. (2009) we investigated the probability of find-
ing foreground RGB stars towards the Hercules dSph galaxy.
We found that a Besancon model (Robin & Creze 1986) pre-
dicted about 15 RGB stars towards the Hercules dSph galaxy.
A Besancon model in the direction of the UMa II dSph galaxy
gives about 20 RGB stars in the colour-magnitude region 15 <
Yo < 21 and 0.3 < (b - y)o < 0.8. However, given that the
Hercules dSph galaxy is situated much further away (compare
Table 2) than the UMall, and therefore has fainter RGB stars
on average, the foreground RGB stars were easier to disentan-
gle from the Hercules RGB stars since they appeared in brighter
magnitudes as compared to the Hercules RGBs. For the UMall
this is difficult given that the UMall RGB is expected to ap-
pear at yo ~ 14.5. Our conclusion is that the stars identified
as UMall RGB stars most likely suffer from foreground con-
taminating RGB stars that belong to the Milky Way. Given the
modest number of RGB stars identified in the UMall, this con-
tamination is not negligible.

9.1.2. Comparison with radial velocity membership

Martin et al. (2007) have obtained stellar spectra for 54 stars in
the direction of the UMa II dSph galaxy. In order to avoid includ-
ing foreground dwarf stars they used measurements of the radial
velocity and the strength of the Nar lines at 818.3 and 819.5 nm
to distinguish between dwarf and giant stars. As discussed in
Schiavon et al. (1997) the strength of these lines depend on the
gravity of the star. Hence, it enables a distinction between dwarf
and giant stars. Out of the 54 stars, 11 were identified as UMall
giant members based on the measurements of the strength of the
Nar lines and the radial velocities.

For the stars in common between our photometric study and
Martin et al. (2007), we show a ¢ vs. (b—y) diagram in Fig. 18a.
From this comparison we find that about 5 of the stars con-
sidered as giants in Martin et al. (2007) are likely dwarf stars.
Additionally, many of the remaining 6 stars are likely to be sub-
giant or turn-off stars. This is unfortunate since the Stromgren c|

diagram is most efficient at disentangling giant stars from dwarf
stars at the tip of the RGB (i.e., above the HB). Thus, it is dif-
ficult to further clean the sample of members stars presented in
Martin et al. (2007). However, we can confirm that about 3 to 5
of the stars in Martin et al. (2007) are likely RGB stars.

We find one star in common, INT40282, that has been iden-
tified as an RGB star in both studies. Additionally, one of the
stars that fall in the RGB region, INT40874, was excluded from
the RGB star sample in this study since it is too faint for our
membership determination (see Fig. 18). This star is likely a
foreground dwarf star as we find it unlikely that its yo magni-
tude is off by 5 magnitudes (compare Fig. 18b). Also, for star
INT40874, Martin et al. (2007) estimated the radial velocity to
502 + 10 kms™!, which is much higher than the systemic veloc-
ity (—=116.5km s7!, Simon & Geha 2007) for the UMall dSph
galaxy.

In a recent study, Frebel et al. (2010) obtained high-
resolution spectra for 4 stars, assumed to be UMa Il RGB mem-
ber stars. All of these stars have radial velocities that fall within
the 3¢ limit of the systemic velocity (—=116.5kms™!, Simon &
Geha 2007) of the UMa Il dSph galaxy. However, based on dis-
tance determination for the stars, derived from the surface grav-
ity, they concluded that one of the stars is not an RGB member
of the UMalll dSph galaxy, but instead a dwarf star that belongs
to the Milky Way. As can be seen in Fig. 18a, the location of this
star in the ¢ vs. (b — y) diagram agrees with their conclusion.
For the three remaining star, we agree that they are RGB stars
that belong to the UMalI galaxy.

9.1.3. Final member list

Our final sample of RGB and HB UMa II member stars are
listed in Table 9. We note that we are in agreement with the stars
identified as members in Frebel et al. (2010). These 3 stars are
all bright and separate well from the foreground contaminating
dwarfs. However, as discussed in Sect. 9.1.2, we are not able to
provide a good identification analysis of the stars in Martin et al.
(2007) since many of those stars are much bluer than our blue
limit for RGB star identification and Fig. 18 shows that most of
these are likely dwarf or subgiant stars. Of the 20 stars identified
as RGB stars using the Stromgren ¢; diagram, 3 stars deviate
from the RGB in a colour-magnitude diagram. These stars are re-
moved from the sample since they are believed to be foreground
contaminating RGB stars.

9.2. The metallicity for the UMa Il
9.2.1. Based on RGB stars

In Sect. 7.3 we studied the MDFs for the Draco, Sextans and
Hercules dSph galaxies. In this section, we do the same for
the UMall dSph galaxy. In Fig. 19a we show the MDF for the
UMall. We note that there is a significant fraction of stars with
[Fe/H]> 0. In Fig. 19b and 19¢ we show the location of these
stars in a colour-magnitude diagram and c; o vs. (b —y)o, respec-
tively. The stars with [M/H]> O preferentially position them-
selves closer to the metal-rich isochrone as indicated in the ¢
vs. (b —y)o diagram.

The origin of these stars need an explanation. If they are in-
deed RGB members of the UMa II dSph galaxy, it would suggest
that the UMa Il has a metal-rich, super solar, component. Given
that no other dSph galaxy has a metal-rich peak with [Fe/H]> 0,
we find it less likely that the UMall would display such a fea-
ture, given that it is an ultra-faint dSph galaxy (see, e.g., Grebel
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Fig.18. (a) ¢, vs. (b—Y), for stars in the direction of the UMa Il dSph galaxy for which Martin et al. (2007) and Frebel et al. (2010) have obtained
spectra for. The grey solid lines outline the identification scheme for metal-poor stars developed by Schuster et al. (2004), see also Sect. 2. The
upper and lower solid lines indicate isochrones for RGB stars by VandenBerg et al. (2006) with colour transformations by Clem et al. (2004).
Their metallicities are -2.3 and 0.0 dex, respectively. The dashed line indicates a dwarf star sequence with [Fe/H]=0.0 Arnadéttir et al. (2010).
Open circles indicate UMa Il non-members, and e indicate UMa II members as determined by Martin et al. (2007). Filled triangles indicate UMa II
members, and X indicates a UMa Il non-member as determined by Frebel et al. (2010). (b) Colour-magnitude diagram for the stars in (a). The
solid thick line indicates the location of the HB as determined in Sect. 5.2.

et al. 2003, for a discussion on the luminosity-metallicity rela-
tion). Another explanation could be that they are not members
of the UMall dSph galaxy, but instead are foreground contami-
nating RGB stars. As discussed in Sect. 9.1.1, the contamination
of foreground RGB stars towards the UMa II dSph galaxy may
not be negligible.

Under the assumption that the remaining RGB stars, i.e.,
stars with [M/H]< 0, in Fig. 19a belong to the UMall, we find
that the UMalI has a spread in metallicity similar to the spread
for the Hercules MDF. The average [M/H] for these stars is —2.6
dex.

As discussed in, e.g., Grebel et al. (2003); Kirby et al. (2011),
dSph galaxies follow the metallicity-luminosity relation where
the mean metallicity for the galaxy increase with luminosity. In
Fig. 20 we show the location of the UMa II dSph galaxy together
with the metallicity-luminosity relation derived by Kirby et al.
(2011). For the UMall dSph galaxy, only stars with [M/H]< 0
are considered. We also show the location of the Draco, Sextans
and Hercules dSph galaxies. We adopt the luminosities from
Table 2. All of the dSph galaxies fit the relation fairly well, al-
beit with an apparent downward offset for Draco, Sextans and
Hercules. Thus, a metallicity-luminosity relation based on our
data would be significantly shallower than that derived by Kirby
etal. (2011).

9.2.2. Based on Ursa Major II's turn-off

Given the prominent clump of stars at the turn-off for UMall,
we investigate if we are able to determine [Fe/H] for stars in
this region. A review of the Stromgren metallicity calibrations
for dwarf stars is provided by Arnadéttir et al. (2010). They rec-

ommend using the calibration available in Ramirez & Meléndez
(2005) for the translation of Stromgren photometry to an esti-
mate of [Fe/H] for dwarf stars. Thus, we adopt this calibration.
In Fig. 21a we show the region, indicated by a solid rectangle,
that was selected to represent the dwarf stars in the UMa Il dSph
galaxy. However, as indicated by the amount of stars in neigh-
bouring regions at this magnitude, this area is likely to contain
a significant fraction of dwarf stars that do not belong to the
UMall. To put constraints on this problem, we select a second
region that we believe is clear of UMall members. This is in-
dicated in Fig. 9a with a dashed rectangle. In Fig. 9a we show
the MDF for these two regions of stars. For the sample of stars
in the turn-off region, we see a clear indication of two peaks at
[M/H]~ —0.5 and [M/H]~ —1.5. By comparing the two distri-
butions we note that the turn-off sample extends to much more
metal-poor stars. Thus, one possibility is that the stars in the
metal-rich peak of the turn-off sample are the foreground dwarf
stars, and the majority of the stars in the metal-poor end belong
to the UMa Il dSph galaxy.

9.2.3. Discussion

We find that our estimate of [M/H] is in agreement with [Fe/H]
as estimated in Frebel et al. (2010) (compare Table 9). Since
these stars are included in our sample for the metallicity calibra-
tion in Sect. 7.1, this agreement is expected. However, for the
star in common, INT40282, between our study and Martin et al.
(2007) we find that our estimate is about 1.7 dex more metal-
poor. Martin et al. (2007) measured [Fe/H] from the equivalent
widths of the Ca II IR triplet lines. The final values of [Fe/H]
in Martin et al. (2007) were calculated using the calibration by
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Fig.20. The [M/H] distribution vs. total luminosity for the Draco,
Sextans, Hercules and UMall dSph galaxies, as indicated. The box-
plot for each galaxy indicates the distribution of [M/H] where the cen-
tral horizontal line represents the median value. The upper and lower
quartile are represented by the outer edges of the box, i.e., the box en-
closes 50 per cent of the sample. The whiskers extend to the farthest
data points that lies within 1.5 times the inner quartile distance. Those
stars that do not fall within the reach of the whiskers are considered as
outliers and are marked by dots. The solid line indicates the metallicity-
luminosity relation from Kirby et al. (2011).

Rutledge et al. (1997) onto the metallicity scale of Carretta &
Gratton (1997). Thus, one could argue that the discrepancy is
not a surprise since the calibration in Rutledge et al. (1997) only
extends to [Fe/H] of about —2.4 dex, and is not valid for more
metal-poor RGB stars.

In Sect. 9.2.1 we found an average [M/H] for the UMa II
dSph galaxy of about —2.6 dex, based on stars identified as UMa
II RGB stars. For comparison, in Sect. 9.2.2, we made an at-
tempt to determine [M/H] based on turn-off stars. The MDF for
the foreground dwarf stars (dashed line in Fig. 21) extends down

T S

- (a)

16

18

Yo

20

22

19

()

20 10

1o

21

22

23 Ll 0
~02 0 0204 06 0.8 -4 -3 -2 -1 0
(gfi)o

—

Fig.21. a) Stromgren colour-magnitude diagram for all stars towards
the UMall dSph galaxy. e are stars identified as RGB stars (see Sect.
5.1). Solid triangles are stars identified as HB stars (see Sect. 5.2). The
solid lines indicate 8, 12 and 16 Gyrs old isochrones, from left to right
respectively, by VandenBerg et al. (2006) with colour transformations
by Clem et al. (2004), with a metallicity of —2.3 dex. The solid rectan-
gle outlines the region for turn-off dwarf stars, and the dashed rectangle
shows the region for the selection of foreground dwarf stars. b) same
as (a) but in yy vs. (v — y)o space. ¢) SDSS colour-magnitude diagram
for all stars towards the UMa II dSph galaxy. The solid lines indicate 9,
12 and 15 Gyrs old isochrones, from left to right respectively, by Dotter
et al. (2008) with colour transformations by Clem et al. (2004), with
a metallicity of —2.5 dex. The dashed lines are the same as the solid,
however with a metallicity of —2.0 dex. d) Metallicity distribution func-
tion for stars towards the UMall dSph galaxy. The shaded histogram
is for stars assumed to be turn-off dwarf stars. The dashed histogram is
foreground dwarf stars.

to about —2 dex. Thus, based on Fig. 21, one can argue that an
average [M/H] less than about —2 dex is more likely. Thus, we
find that [M/H] as determined from the RGB stars is in agree-
ment with the average [M/H] as estimated based on the turn-off
stars.

9.3. The age of Ursa Major I

Given that the UMall dSph galaxy is situated much closer than
the other dSph galaxies in this study (compare Table 2), it gives
us the opportunity to investigate the turn-off dwarf stars in the
UMall. In Fig. 21a and b we can clearly see the position of
the turn-off stars at yo ~ 21. To investigate this further, we in-
clude isochrones for RGB stars by VandenBerg et al. (2000),
with colour transformations by Clem et al. (2004), with different
ages, 8, 12 and 16 Gyr old, in the colour-magnitude diagrams.
Based on the analysis of three UMall RGB stars in Frebel et al.
(2010), and three RGB stars in Martin et al. (2007), we choose
isochrones with a metallicity of —2.3 dex since this is the aver-
age for these six stars. As can be seen in Fig. 21a and 21b, the
8 Gyr old isochrone has a poor fit to the turn-off. Instead, we
find that the UMa Il dSph galaxy is more likely to be older than
12 Gyrs. To further enhance our study of the age of the turn-off
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for UMall, in Fig. 21c we show the colour-magnitude diagram
in the direction of the UMall dSph galaxy for the SDSS pho-
tometric system. In this figure, we have included Darthmouth
isochrones (Dotter et al. 2008), with colour transformations by
Clem et al. (2004), with different ages, 9, 12 and 15 Gyrs old,
and different metallicities, —2.0 and -2.5 dex. We find that the
UMall is likely to be a very old stellar system (older than 12
Gyrs).

10. Summary

We have used Stromgren photometry towards the Draco,
Sextans, Hercules and UMa II dSph galaxies to identify RGB
and HB that are members of the dSph galaxies. This enabled us
to create a clean sample of member stars for each dSph galaxy.
To further enhance our analysis, we combined our Stromgren
photometry with SDSS photometry.

In Sect. 8 we analysed population gradients in the Draco and
Sextans dSph galaxies. We found that the Draco dSph galaxy
had a much flatter distribution of RGB and HB stars than Sextans
dSph galaxy. Additionally, the distribution of BHB stars in the
Draco dSph galaxy is flatter than the distribution of RGB and
RHB stars.

We have established a new metallicity calibration that trans-
lates Stromgren photometry to an estimate of [Fe/H]. This cali-
bration is valid down to at least [Fe/H]= —3.3 dex. This is more
metal-poor than previous similar calibrations.

We have investigated the ability of SDSS ugriz filters to iden-
tify late K giants. We found that the success rate is about 50 per
cent.

We have, for the first time, presented a list of UMa II dSph
galaxy members based on an analysis of the evolutionary stage
obtained from Stromgren photometry. In detail we provide the
following inventory of the UMa II dSph galaxy

— 20 stars as tentative RGB members based on their evolution-
ary stage, see Sect. 5.1. 3 of these stars deviate from the RGB
in a colour-magnitude diagram and are therefore removed
from the sample. 5 of the remaining 17 RGB stars have a
dubious metallicity, as derived using our calibration, and are
therefore removed. Thus, 12 stars remain that are believed to
be true RGB members of the UMa II dSph galaxy.

— 4 stars as HB members based on their evolutionary stage, see
Sect. 5.2. Based on these stars, we have estimated the mean
magnitude of the HB of the UMa II dSph galaxy to V, = 18.3

Stellar metallicities have been determined using the
Stromgren m; index with our new calibration that translates m; o
to [Fe/H] for RGB stars (Sect. 7.1). We found a mean metal-
licity of —2.6 dex for the UMa II dSph galaxy. In addition, we
estimated the metallicity of the UMa II dSph galaxy using turn-
off stars. We found it to be in agreement with the metallicity as
determined using the RGB stars. We also derived metallicities
for RGB stars in the Draco, Sextans and Hercules dSph galaxies
(Sect. 7.3), using our new metallicity calibration.

Using isochrones, we have determined that the UMa II dSph
galaxy is likely to be older than 12 Gyrs.
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Appendix A: Finding the RGB stars using
Strémgren photometry
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Towards the Draco dSph galaxy

_I T T | T T T T T T | T T T | T __I T T | T T T | T T T | T T T | T ]
L (a) 16.6<y,<18 L (b) * 18<y,<19 i
06 [ T ]
o . T ]
S04 [ T i
02 [ T ]
o H F—— b
L (c) . 19<y,<20 1 ]
06 [ T .
o . I
O‘-' 04 | 1 n
02 [ i \\ o /-.'/ T 7
L : S \ -. e : T T
_I 1 1 | 1 1 1 | I. I\l/l/ 1 1 1 | 1 T | ]
0
0.4 0.6 0.8 1 0.4 0.6 0.8 1
(b—y), (b—y),
T T T | T T T T T T T T T T T 05 —l T | LU rTTT rTTT rTTTTTT Il-
- (e) i (f) )
16 ° N I ]
i . B | 04 [ 5 ]
| - 03 [ e
o UE- - cl
> 18 w i Eou
| | 02 [ £
20 01 [ 7]
1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 J llbl.‘ I' :I. I-"I |h|.lll 1 l-
0
0 0.5 1 16 17 18 19 20

(b_Y)o Yo

Fig.A.1.a),b),c) and d) ¢, vs. (b—y), diagram for stars in the direction of the Draco dSph galaxy. The range of magnitude is indicated at the top
of each panel. Dots are stars within the given magnitude range. e are stars that fall within the RGB region. o indicate stars that fall within the RGB
region, but they deviate from the bulk of the RGB stars as outlined by e. X mark stars that fall in the RGB region, but have a large error (see (f)).
Filled squares mark stars that fall in region occupied by both RGB and dwarf stars. Filled triangles indicates stars that fall in the RHB-AGB region.
The upper and lower solid lines indicate isochrones for RGB stars by VandenBerg et al. (2006) with colour transformations by Clem et al. (2004).
Their metallicities are -2.3 and 0.0 dex, respectively. The dashed line indicates a dwarf star sequence with [Fe/H]=-1.0 (Arnad(’)ttir etal.2010). The
thick grey line marks the empirically determined blue limit for the foreground contamination. The box outlined by a solid black line indicates the
region for RHB-AGB stars. e) Colour-magnitude diagram for the stars highlighted above. The solid lines mark the range of magnitude. Symbols
as given above. f) €., vs. yo. Symbols as given above.
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Towards the Sextans dSph galaxy
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Fig.A.2. Same as for Fig. A.1, but for stars towards the Sextans dSph galaxy.
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Towards the Hercules dSph galaxy
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Fig.A.3. Same as for Fig. A.1, but for stars towards the Hercules dSph galaxy.
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Towards the UMall dSph galaxy
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Fig.A 4. Same as for Fig. A.1, but for stars towards the UMa II dSph galaxy.
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Towards the Draco dSph galaxy outskirts
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Fig.A.5. Same as for Fig. A.1, but for stars towards the Draco dSph galaxy outskirts.
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