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The Gaia-ESO Survey: the most metal-poor stars in the Galactic bulge
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ABSTRACT
We present the first results of the EMBLA survey (Extremely Metal-poor BuLge stars with
AAOmega), aimed at finding metal-poor stars in the Milky Way bulge, where the oldest
stars should now preferentially reside. EMBLA utilizes SkyMapper photometry to pre-select
metal-poor candidates, which are subsequently confirmed using AAOmega spectroscopy. We
describe the discovery and analysis of four bulge giants with −2.72 ≤ [Fe/H] ≤ −2.48,
the lowest metallicity bulge stars studied with high-resolution spectroscopy to date. Using
FLAMES/UVES spectra through the Gaia-ESO Survey we have derived abundances of twelve
elements. Given the uncertainties, we find a chemical similarity between these bulge stars and
halo stars of the same metallicity, although the abundance scatter may be larger, with some of
the stars showing unusual [α/Fe] ratios.
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1 IN T RO D U C T I O N

The first stars in the Universe (referred to as Population III stars)
have been extensively searched for, both in the local Universe

� E-mail: louise.howes@anu.edu.au

(Frebel & Norris 2013 and references therein) and at high red-
shift (e.g. Bromm & Loeb 2006, Cooke, Pettini & Murphy 2012),
but despite massive efforts no true Population III star has yet been
found. There is an argument that no such stars should remain to-
day: models of their formation indicate that they would have been
massive and short-lived (Nakamura & Umemura 2001; Abel, Bryan
& Norman 2002). Recent simulations however have suggested that
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disc fragmentation could have produced smaller mass stars, some
of which may have survived to the present day (Clark et al. 2011).

Surveys focusing on the discovery of these old and metal-
poor stars have almost exclusively targeted the Galactic halo (e.g.
Christlieb et al. 2008), although some more recent studies have
looked at dwarf galaxies of the Local Group (e.g. Frebel, Kirby &
Simon 2010). The halo is known to be on average more metal-poor
than other Galactic components, and some of these halo stars pass
through the solar neighbourhood, making them relatively uncom-
plicated to observe. The number of metal-poor halo stars discovered
has been growing, and there are now chemical abundances for >400
metal-poor stars with [Fe/H] < −2.5 (Norris et al. 2013).

It is not obvious though that the halo is the ideal place to look
for the first stars. Using � cold dark matter simulations, Diemand,
Madau & Moore (2005) predicted that if any were to survive to the
present day, 30–60 per cent of them would reside within the inner
3 kpc of the Galaxy, a population density of first stars that would be
1000 times greater than that of the solar neighbourhood. Tumlinson
(2010) has modelled the current spatial distribution of all stars with
[Fe/H] < −3.5 that formed prior to z = 15, and shown that, because
of the inside-out construction of dark-matter haloes, the oldest as
well as the most metal-poor stars should be more frequent in the
central regions of the Galaxy. In other words, even if these stars may
have originated elsewhere, they are now most likely to be located
within the central regions of the Galaxy.

Few, if any, dedicated attempts have been made to search the
Galactic bulge for extremely metal-poor stars. The bulge is known
to be metal rich, with a metallicity distribution function (MDF)
peaking at [Fe/H] ∼ +0.3 (e.g. Gonzalez et al. 2013; Ness et al.
2013a). Furthermore, the huge number of stars in the bulge, the dis-
tance to the bulge, and the high degree of extinction in the Galactic
plane make it practically very difficult to find metal-poor stars there.
The ARGOS survey (Ness et al. 2013a) spectroscopically studied
28 000 stars in the bulge at R ≈ 10 000, identifying only 16 stars
with −2.8 ≤ [Fe/H] ≤ −2.0, outlining the extent of the problem
of finding metal-poor stars in a metallicity unbiased survey of the
bulge. Similar results were found in the BRAVA survey (Kunder
et al. 2012). The APOGEE survey found five new metal-poor stars
(Garcı́a Pérez et al. 2013) with −2.1 ≤ [Fe/H] ≤ −1.6 from 2400
observed bulge stars. To date, no bulge star with [Fe/H] < −2.1
has been exposed to a high-resolution abundance analysis.

This Letter is the first in a series of papers exploring the results of
the EMBLA1 (Extremely Metal-poor BuLge stars with AAOmega)
survey, which aims to find the most metal-poor stars in the bulge.
Here, we present the results of our initial observations, from which
we have analysed four bulge stars with [Fe/H] < −2.

2 O BSERVATIONS

Our observations are conducted in three stages. We first acquire
uvgriz photometry from the SkyMapper telescope, identifying
metal-poor candidates that we then confirm spectroscopically with
the AAOmega multi-object spectrograph. Finally we analyse the
most interesting stars using high-resolution spectra obtained with
8 m class telescopes.

The SkyMapper telescope is a 1.3 m telescope capable of imag-
ing in six bandpasses with a 5.7-square-degree field of view (Keller
et al. 2007). The filters have been designed to optimize both stellar

1 In Nordic mythology, Embla was the first woman, born in the middle of
the world from the remains of giants.

Figure 1. Two-colour plot using the g, v, and i bands of SkyMapper to
demonstrate the metallicity dependence on the (v − g) − 2(g − i) colour.
The coloured circles are data taken from both EMBLA and the ARGOS
survey (Ness et al. 2013a), with [Fe/H] determined spectroscopically (field
at (l,b)=(0,−10)). The red trapezium shows our selection criteria for metal-
poor candidates. The arrow represents the mean reddening vector in this
field, E(B − V) = 0.17 (Schlegel, Finkbeiner & Davis 1998).

and extragalactic astronomy; in particular the narrow v-band fil-
ter centred on the Ca II K line provides a useful stellar metallicity
indicator. We have obtained SkyMapper photometry, taken during
commissioning, for more than 100 deg2 of the bulge, with each field
containing of the order of 106 stars, ranging from 12th to 18th mag-
nitude. From (v − g) − 2(g − i), (g − i) two-colour diagrams we are
able to select the most metal-poor candidates (Fig. 1). Fig. 1 shows
our selection ‘box’, which accounts for the effects of reddening.

The AAOmega spectrograph on the AAT provides spectra of
≈350 stars (plus ≈50 sky and guide fibres) simultaneously over a
2 degree diameter field-of-view (Sharp et al. 2006). Approximately
8500 bulge stars were observed in 2012 and 2013. All of these
observations were taken using the 1700D grating for the red arm,
and the 580V grating for the blue arm, providing a resolving power
of about 10 000 over the 845–900 nm and of 1300 over the 370–
580 nm region. The data were reduced using 2DFDR, and analysed
with the SICK PIPELINE (Casey 2014b) to measure radial velocities,
and to determine the stellar parameters (Teff, log g, [Fe/H], and
[α/Fe]).

Fig. 2 shows the raw MDF of the EMBLA survey, uncorrected for
selection biases. In comparison to the relatively unbiased ARGOS
MDF (Ness et al. 2013a), the average metallicity is approximately
0.8 dex lower with a significant tail of stars down into the ex-
tremely metal-poor regime. More than 300 stars have been found
with [Fe/H] < −2. The full details of the EMBLA survey will be
presented in future works.

From the first 3600 stars observed in 2012 April and July, 10 were
immediately identified as very metal-poor candidates. Six of these
targets were observed with FLAMES/UVES on the VLT (Dekker
et al. 2000) as part of the Gaia-ESO Survey (Randich & Gilmore
2013) in 2012 May and August. The UVES observations have a
resolving power of 47 000, using the 580 nm setup. The data reduc-
tion of the FLAMES/UVES data in the survey is described in detail
in Sacco et al. (2014). Of these six stars, the signal-to-noise ratios
of two were too poor to be able to gain any useful analysis from
(S/N ≤ 8). The other four had average S/N per pixel values ranging
from 14 to 73, sufficient for the derivation of stellar parameters and
chemical abundances. The spectra of two of the stars are shown
in Fig. 3, where they are compared to the Gaia-ESO benchmark
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Figure 2. Raw MDF, without accounting for selection effects, of the first
8, 611 spectra from the EMBLA survey (red), compared to the MDF of the
ARGOS bulge survey (blue). Both are normalized to have the same area.

Figure 3. Comparison of the FLAMES/UVES spectrum of Bulge-1 (black)
and Bulge-3 (green), with the Gaia benchmark metal-poor halo giant (Jofre
et al. 2014) HD 122563 (red), over the Mg triplet wavelength region.

metal-poor giant star, HD 122563 ([Fe/H] = −2.64; Jofre et al.
2014), which has similar stellar parameters. In addition, 10 halo
EMP candidates, similarly selected from SkyMapper photometry
and intermediate resolution spectroscopy, were observed through
Gaia-ESO.

3 ST E L L A R PA R A M E T E R S A N D C H E M I C A L
A BU N DA N C E S

The FLAMES/UVES spectra of the Gaia-ESO Survey are anal-
ysed by 13 different nodes (Smiljanic et al. 2014), each using
the same MARCS model atmospheres (Gustafsson et al. 2008) and
line-lists (Heiter et al., in preparation), but different analysis tech-
niques. Due to the metal-poor nature of the stars, and with most
pipelines being optimized for solar-metallicity stars, not all anal-
ysis nodes were able to establish robust parameters of the bulge

and halo stars as well as the two metal-poor benchmark stars, HD
122563 (giant) and HD 140283 (subgiant). However, three nodes
provided accurate parameters for the majority of these metal-poor
stars; the nodes IACAIP and Nice both used global fitting codes,
while ULB used line-by-line analysis (Smiljanic et al. 2014). In
addition, we included the results of two further methods: first, a
modified version of the Lumba node pipeline used in the Smiljanic
et al. analysis that uses the SME code (Valenti & Piskunov 1996)
for primarily H and Fe lines to determine stellar parameters, and
secondly a similar analysis to that used in other SkyMapper EMP
analyses (e.g. Keller et al. 2014) using the SMH code (Casey 2014)
in 1D LTE but with the Gaia-ESO line lists and atmospheres, and
effective temperatures (Teff) measured from H lines instead. The
final parameters were evaluated by taking weighted averages of
these five results, these can be found in Table 1. The stellar pa-
rameters, abundances and radial velocities derived here have been
adopted by the Gaia-ESO survey as the recommended values. The
uncertainties quoted are the calculated standard errors of the five
parameter sets.

Abundances for 12 elements were derived using the SMH code
(Table 2). The uncertainties are formed from standard deviation
of the line measurements taken in quadrature with the abundance
differences due to stellar parameter uncertainties. Some elements
(Mg, Ca, Ti, and Ni) were measured in all four bulge stars; however,
some of the elements could not be detected in the stars with lower
S/N, while some elements were not detected at the lowest [Fe/H].
Additionally, barium abundances were calculated from synthesis of
the Ba lines rather than from equivalent widths, taking into account
hyperfine splitting and isotopic shifts.

4 D I SCUSSI ON

4.1 Bulge membership

All four stars were specifically taken from fields in the outer, south-
ern part of the bulge (−10◦ < l < 8◦, b ≈ −8.◦5). Distances have
been estimated by calculating absolute luminosities based on our de-
rived Teff, log(g) and assuming M∗ = 0.8 M�, then fitting synthetic
model fluxes from the Teff, log(g), [Fe/H] and E(B − V) (Schlegel
et al. 1998) of each star, from which the correction factor used to
reconstruct the bolometric luminosities from 2MASS JHKS pho-
tometry is derived using the methodology described in Casagrande,
Portinari & Flynn (2006) and Casagrande et al. (2012). The derived
distances are given in Table 1. Assuming a distance to the Galactic
Centre of 8.5 kpc and a bulge radius of 3 kpc, all but one are located
inside the bulge. When considering the more complex bar structure
of the bulge, and given the large distance uncertainties, Bulge-3 is
also consistent with residing in the bulge. This is seen in Fig. 4,
where the locations of all four stars have been projected on to an
N-body model taken from Shen et al. (2010).

The radial velocities of our stars split them into two groups: those
with velocities similar to that of the bulk of bulge stars, and those
with larger velocities. According to Ness et al. (2013b), the velocity
dispersion of the bulge in the region of our stars is σ = 75.1 km s−1.
Bulge-3 has a galactocentric velocity that would therefore be typical
of a bulge star, but Bulge-1 and Bulge-4 have much larger veloci-
ties (−237.68 and 216.46 km s−1, respectively), and Bulge-2 lies in
between the two groups. These velocities are more characteristic of
halo stars, and may indicate that although these stars are presently
in the bulge, they are actually halo stars passing through. We intend
to return to the important issue of kinematics for a much larger
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Table 1. Stellar parameters for the 4 bulge stars and 10 halo stars observed as part of the Gaia-ESO Survey in 2012 May and August. The SkyMapper naming
convention is SMSS J(RA2000)+(Dec2000).

Star l (◦) b (◦) VGC d S/N∗ Teff log(g) [Fe/H] ξ t

(km s−1) (kpc) (K) (cgs) (dex) (km s−1)

SMSS J182153.85-341018.8 (Bulge-1) 359.2 − 9.3 − 237.68 7.0 ± 3.2 73 4947 ± 85 1.41 ± 0.49 − 2.60 ± 0.31 2.3 ± 0.2
SMSS J183617.33-270005.3 (Bulge-2) 7.1 − 8.9 − 129.48 5.3 ± 1.9 37 4926 ± 137 1.97 ± 0.35 − 2.72 ± 0.28 2.4 ± 0.2
SMSS J175510.50-412812.1 (Bulge-3) 350.2 − 8.0 − 48.28 12.4 ± 4.4 14 5187 ± 59 2.23 ± 0.31 − 2.57 ± 0.19 2.0 ± 0.2
SMSS J175652.43-413612.8 (Bulge-4) 350.2 − 8.4 216.46 5.4 ± 2.8 14 5035 ± 196 2.65 ± 0.54 − 2.48 ± 0.23 1.5 ± 0.2
SMSS J094755.04-102724.7 (Halo-1) 246.8 31.8 309.16 2.1 ± 1.1 112 5258 ± 195 2.96 ± 0.61 − 2.80 ± 0.17 1.8 ± 0.2
SMSS J100915.77-412715.5 (Halo-2) 273.1 11.8 383.89 3.6 ± 1.8 59 5266 ± 200 2.72 ± 0.55 − 2.42 ± 0.18 1.9 ± 0.2
SMSS J101427.85-405250.3 (Halo-3) 273.6 12.9 284.67 2.0 ± 0.9 142 5136 ± 123 2.64 ± 0.50 − 1.99 ± 0.20 1.6 ± 0.2
SMSS J105806.38-154239.0 (Halo-4) 266.9 39.1 519.06 8.0 ± 2.6 54 4907 ± 58 2.02 ± 0.32 − 2.39 ± 0.12 2.3 ± 0.2
SMSS J110053.36-132808.2 (Halo-5) 266.0 41.3 − 73.40 9.4 ± 4.6 10 5194 ± 125 2.92 ± 0.56 − 2.30 ± 0.40 2.3 ± 0.2
SMSS J125551.46-450734.2 (Halo-6) 303.8 17.7 496.02 4.3 ± 3.1 54 4957 ± 215 2.00 ± 1.00 − 2.62 ± 0.19 2.6 ± 0.2
SMSS J131358.51-460012.3 (Halo-7) 307.0 16.7 284.04 8.5 ± 3.2 109 4744 ± 62 1.37 ± 0.38 − 2.34 ± 0.22 2.5 ± 0.2
SMSS J133013.60-434632.3 (Halo-8) 310.3 18.5 314.65 11.2 ± 3.6 86 4558 ± 54 0.93 ± 0.31 − 2.42 ± 0.08 2.7 ± 0.2
SMSS J142148.60-440839.9 (Halo-9) 319.6 15.8 232.93 12.5 ± 4.8 44 4761 ± 65 1.47 ± 0.40 − 2.42 ± 0.18 2.4 ± 0.2
SMSS J144100.90-400741.3 (Halo-10) 324.7 18.1 − 138.96 6.9 ± 2.7 99 4921 ± 93 1.61 ± 0.41 − 2.45 ± 0.17 2.2 ± 0.2

Note: ∗Median S/N per pixel calculated across total wavelength range.

Table 2. Chemical abundances of the four bulge stars.

Element Bulge-1 Bulge-2 Bulge-3 Bulge-4

[Na I/Fe] 0.65 ± 0.23 0.15 ± 0.17
[Mg I/Fe] 0.62 ± 0.19 0.23 ± 0.16 − 0.03 ± 0.10 − 0.07 ± 0.20
[Si I/Fe] 0.50 ± 0.06
[Ca I/Fe] 0.40 ± 0.07 0.24 ± 0.06 0.29 ± 0.18 0.32 ± 0.09
[Sc II/Fe] 0.20 ± 0.16 0.22 ± 0.15
[Ti II/Fe] 0.38 ± 0.16 0.41 ± 0.14 0.38 ± 0.12 0.84 ± 0.27
[Cr I/Fe] − 0.20 ± 0.06 − 0.27 ± 0.06 − 0.24 ± 0.10
[Mn I/Fe] − 0.50 ± 0.04
[Ni I/Fe] 0.02 ± 0.03 0.19 ± 0.06 0.11 ± 0.25 0.44 ± 0.07
[Zn I/Fe] 0.45 ± 0.06
[Y II/Fe] − 0.43 ± 0.15 0.34 ± 0.14
[Ba II/Fe] − 0.32 ± 0.13 0.41 ± 0.12 − 0.07 ± 0.15 − 0.06 ± 0.26

sample of stars in a future, detailed, analysis. For the time being, we
continue to refer to all four stars as bulge stars, given their location,
but recognize that they may well have different origins from the
typical bulge stars.

4.2 Chemical composition

All four program stars are confirmed (based on high-resolution
spectroscopy) to have lower metallicities ([Fe/H] < −2.4) than
any previously published metal-poor bulge star. We compare our
four bulge stars in Fig. 5 to metal-poor halo stars also iden-
tified by SkyMapper and observed as part of the Gaia-ESO
Survey, as well as other published bulge and halo stars. The 10
halo stars also observed with the Gaia-ESO Survey have similar
metallicities to the bulge stars, and all were analysed in an identical
manner.

Our abundance analysis reveals that all four bulge stars are sig-
nificantly α-enhanced (Fig. 5), with average abundance ratios of
[Mg/Fe] = 0.19, [Si/Fe] = 0.50 (one star), [Ca/Fe] = 0.34, and
[Ti/Fe] = 0.50. This enhancement is in line with the plateau shown
in less metal-poor bulge stars of Garcı́a Pérez et al. (2013), Alves-
Brito et al. (2010), and Bensby et al. (2013). However, one obvious

difference in this limited sample of metal-poor bulge stars is the
intrinsic scatter in abundance, specifically in Mg and Ti. Whereas
the [Ca/Fe] ratios are all similar, matching the metal-poor halo stars
and the more metal-rich bulge stars, for Mg and Ti the scatter is
larger. Two stars have [Mg/Fe] < 0.0, and one of those is very
overabundant in Ti ([Ti/Fe] = 0.84). The scatter for these elements
is comparable to that for the halo stars analysed here, although in
some cases the bulge stars may have larger scatter (noticeable in
Mg, for example). Compared to the larger sample of halo stars from
Yong et al. (2013), given the limited statistics and remaining abun-
dance uncertainties, our bulge and halo stars appear quite similar
in [α/Fe].

Due to the wavelength region (480–680 nm) and S/N of our spec-
tra, it was only possible to measure Y and Ba in two of our bulge
stars. In these stars, both neutron-capture elements are underabun-
dant and similar to our sample of halo stars. Again, the scatter is
larger than for the more metal-rich bulge stars, although this is ex-
pected for neutron capture elements as seen in halo stars (Francois
et al. 2007). There appear to be no obvious chemical differences
in either neutron-capture or α abundances between those stars with
very different velocities, although we caution that more stars are
needed to confirm this.

MNRAS 445, 4241–4246 (2014)
Downloaded from https://academic.oup.com/mnras/article-abstract/445/4/4241/1078225/The-Gaia-ESO-Survey-the-most-metal-poor-stars-in
by Monash University user
on 04 October 2017



Most metal-poor stars in the Galactic bulge 4245

Figure 4. The four bulge stars plotted on to Fig. 1 of Shen et al. (2010), which shows the face-on and side-on views of the bulge constructed from their N-body
model of the BRAVA survey data. The position of the sun is marked with a cross on the x-axis. Underneath, the position of the bulge stars as viewed from the
Sun’s location.

5 C O N C L U S I O N S

Using the unique photometric capabilities of the SkyMapper tele-
scope, and the large field-of-view, high multiplexing AAOmega
spectrograph on the AAT, the EMBLA survey has already
found more than 300 stars spectroscopically confirmed to have
[Fe/H] < −2.0. We have presented an abundance analysis of four
of these, observed in high resolution as part of the Gaia-ESO Sur-
vey. These four are all considerably more metal poor than any

previously studied bulge star (−2.72 < [Fe/H] < −2.48) and
are chemically similar to metal-poor halo stars at similar [Fe/H].
The four stars are the first of many which will be studied at
high resolution by the EMBLA survey using Magellan and VLT,
which will allow us to study the metal-poor tail of the bulge’s
MDF, make a detailed comparison with the halo and study the
oldest stars in the Universe, many of which would have formed
at z ≈ 15.
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Figure 5. Comparison of the abundances in our bulge stars (blue circles),
and the metal-poor halo stars from Gaia-ESO (red circles). Also shown
are bulge stars from Bensby et al. (2013, light green triangles), Alves-Brito
et al. (2010, dark green triangles), APOGEE (Garcı́a Pérez et al. 2013, purple
squares), as well as halo stars from Yong et al. (2013, black dots).
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