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LETTER TO THE EDITOR

The Gaia-ESO Survey: a-abundances of metal-poor stars
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ABSTRACT

a sample of 381 metal-poor stars from the second internalrdétase, we found that the value of this ratio did not shddeece of
systematic trends as a function of metallicity, surfacevigyaGalactic latitude, Galactic longitude, height abdkie Galactic plane,
and Galactocentric radius. We conclude thatdhg/aicn value of 028 + 0.08 suggests that in the inner halo, the larger portion of
stars were formed in a high star formation rate environmesmd, about 15% of the metal-poor stars originated from musierdcstar
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O We performed a detailed study of the ratio of lavte high- stars in the Galactic halo as observed by the Gaia-ESO Sudsiyg
o™
[Q\|
,<_E| formation rate environments.

1. Introduction +0.3) population which are distinct in age and kinematicswHo
ver, the fact that all these stars are nearby means they atay n
e representative of the entirety of the halo. The, Stars are
interpreted as accreted stars, anddhg stars part of ain situ
population. Typically, low metallicity stars are expectedbe
arich- 1N the Jo/Fe]-[FgH] diagram, the ¢/Fe] value is constant
and starts decreasing as a function of increasing metgllithis
Pappens at an [F] value which depends on the mass of the star

" 'The halo of the Milky Way is thought to contain some og
_C the oldest stars in the Galaxy (e$chuster et al. 200@2012
O Jofre & Weiss 201;1Hawkins et al. 201pand as such, the halo
1 'is the perfect place to look for clues regarding the fornmatid
O the Galaxy.
= Type Il supernovae produeeelements and Fe on timescale

(/) of approximately 20 Myr in regions with high star formaTorming gas cloud so itis usually found at higher metailstfor

tion rates, &ecting the §/Fel' value of their environment - : .
'_'(Wyse & Gilmore 1988 On the other hand. Type Ia Super_ti\évg_:)f.sphermdals compared to the Milky Way (eMrWilliam

novae produce primarily iron-peak elements on timescélat t . . . i
are usually a few Gyr after the formation of the first stars ilré fi A ratio of the number of stars in these two putative popu

. ; ; D ons @poorfarich ) allows us to investigate the importance of
ggx'rggn;irgrstevrwtgeg)g]%rinsgtagrﬁoiﬁneatg)&;i?ste; tﬁglssgp%?gi%creted material in the formation of the Milky Way. In this
tion environment (e.gMatteucci & Recchi 2001 The de- dy, we use the metal-poor stars of the second internardat

. . ; T lease of the Gaia-ESO Survey (GESviDRzi)more et al. 2012
) \F,)gfu: gogf ?r:etheliv?rxotrrwerlng?]? ol\?ggfiréoe a.lfﬁgg(:t;?g";;,l:{gﬁfg]_ Randich & Gilmpre 201hereafter, GES) in_order_to i_nvestigate
ues can reveal details about early Galactic star formaites sthe‘)‘poor/ariCh ratio for the halo. The selection criteria for field
f GES consist only of a cut in colour-magnitude space
<1 (Freeman & Bland-Hawthorn 2002 stars of y . ; gr Pace,
< The idea of grouping the metal-poor stars by their eISEJItIng n asample.that 1S ur)blase_d w'fe] (seeGilmore et al.
«—1 'mental abundances, such as theelements, in order to trace(i(.)12 f.o.r the selection cntena)Remo-BIancp et aI(2_Ol4) and
~. the origin of the halo has been asses;ed for de_cades zég)lfeltllsa?eél.l(g&lgf ii%eng?;ggrtzgr;nég. flrgh;nrt)lejrrrjal
e e PO 150 GXend s ork y exlong o vlue 25 2
“— have been reported by, among othétissen & Schuste201Q fur_1cti0n of stellar metallicity, log, _Galactic Iongitqde, Galactic
(qv] 2011 2012 Schuste} etal(2012, Shafield etal. (2012 Iantudg, height above the Galacpc plane, and distanam trtg
Ramirez et él(2013 and HaWkins ei[ al (2019 Similar stud- Galactic centre, as well as by using more data from GESviDR2.
ies of the py/Fe] value of large samples of disk stars have also
been performed byee et al.(2011); Schlesinger et a2012);
Cheng et al(2012. In particular, by studying nearby stars (¢ Data
< 330 pc), Nissen & Schuste(2010 concluded that two halo 5 ;1 The Gaia-ESO survey
populations exist, atrpeer ([a/Fel< +0.3) and anwich ([o/Fe]>

The GES is gn ongoing spectroscopic survey that will observe
" more than 19 stars, using the FLAME&IRAFFE instrument

E.j]aclfson-ane_s, e-maij 320@ast . cam. ac. uk, at the ESO. This work uses two grating set-ups — HRRO0-(

. Jofré, e-mailpjofre@ast.cam.ac.uk

1 Thea-elements are those that are formed from a combination of h]e9800) and HR21R ~ 16200) — of the GIRAFFE spectrograph

lium nuclei — a|pha partides — inc|uding O’ Ne, Mg, S|l S’ gal and W|th WaVeIength I’anges 5339A - 5619A and 8484/& - 9001/8\, re-

Ti. The notation §/Fe] is commonly used for the averaged abundan&pectively. The spectra are reduced as described in Lewis et

of differenta-elements with respect to iron. (in prep). Stellar parameters are derived from the spegttad
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Fig. 2: The distribution of §/Fe] of the metal-poor sample from GESviDR2.

Fig. 1: The extinction-corrected 2MASS magnitudes and 2MASS — K :
An apoor andarich population can be seen.

colours for the 381 stars of our sample coloured as a functidog g. The rest
of the metal-rich stars from the GESviDR2 are coloured irygre

stars are most probably metal-poor halo giants at greaser di
GES consortium via a combination of three methods: MATISSEBnces. The contamination of our sample by metal-poor thick
(Recio-Blanco et al. 2006 FERRE Allende Prieto et al. 2006 disk turn-dt stars is very small at these metallicities, as seen
and further developments), and SM#&(enti & Piskunov 1996 by the very few stars which are brighter than the halo tuin-o
and further developments). The parameters are calibrafgert stars. It is worth commenting that the recent studBeérs et al.
form well with a set of pre-defined clusters (Pancino et al. {2014 obtained a contribution of the metal-weak thick disk at
prep.) as well as with thBaia benchmark stars (Heiter et al. inthese metallicities of 25%. Although Fig. suggests that the
prep.; Jofré et al. 201% For a detailed description of this anal-contamination of thick-disk stars is small in our sampleulh f
ysis, see Recio-Blanco et al. (in prep.). To select halestar kinematic analysis would be needed to determine the contami
considered only the stars with a global metallicity/fj < —1 tion percentage. This would help make consistent compagiso
which was determined from spectra with a signal-to-noisie rawith previous studies of this issue, such as thosBes#rs et al.
(S/N) larger than 10. We expect to have a small3% of the (2014 and Kordopatis et al. 2013a
entire thick disk) contamination of metal-poor thick-d&hrs in
this sample Kordopatis et al. 2013aFinally, stars with recom-
mended §/Fe] > +0.6 were rejected as they typically had veng, Results
large errors in the parameters. Although we are aware thatwe _ o
might have missed real vewyic, stars, these cases were verft distribution of thea—abundances of this sample is visualised
few and did not &ect our final results. For our aim of studyln Fig. 2. Our sample is not represented by a single Gaussian
ing the apoodarich Value, we preferred to be conservative an@istribution, since a second population ig/ffe] below about
remove all stars withdq/Fe] > +0.6. Our final sample contained+0.3 dex is present. This agrees wiissen & Schustef2010,
381 stars, with a meany!$ of 22, and median errors of 77 K,SO we chose afFe] value of+0.3 dex as the boundary between

0.19 dex, 0.1 dex and 0.07 dex ifiective temperature, surfaceth€apoor andaricn populations. We tested boundary variations of
gravity, metallicity, and §/Fe], respectively. + 0.05 dex around-0.3 dex, which did not change the conclu-

sions of our work.
e , To account for the errors in the parameters, we propagated
2.2. Confirming halo membership them using Monte Carlo simulations. The/Fe] value of each

Although GES has proper motion data for several targets, t@" Wwas modelled as a Gaussian distribution with a mearevalu
stars in this study are fainter than the bulk of the GES data 33d Standard deviation given by the/ffe] value and its error.
most of their proper motions are very uncertain. In the absen! €n, by randomly selecting am/Fe] for each star and counting
of full kinematics, as a further halo membership check we il number of stars about the/Fel= +0.30 threshold, a value of
vestigated the infrared colour-magnitude diagram of thepga.  (1€@poor@rich ratio was found. This method was repeated 10,000
We corrected oud andK magnitudes using the extinction corlimes and the mean ratio found along with its standard dewiat
rections ofYuan et al.(2013. In Fig. 1 we display the dered-

dened magnitudes as a function of colour, coloured as aitmcts 1 1he poorlatrich ratio

of logg. We can see a turnfiod — K colour of approximately

0.3 mag, equivalentto a turrff@ffective temperature of 6400 K. The apoor/arich ratio was determined as a function of metallic-
The turn-df colour of a Yonsei-Yale isochron®émarque et al. ity, log g, Galactic longitude, Galactic latitude, height above the
2009 with an age of 10 Gyr, a metallicity 6f1.5 dex, and an Galactic plane, and Galactocentric radius as can be seéq.id F
[a/Fe] of +0.4 dex was a good representation for our sample. Aad the top panels of Figl. We investigated variations in the
one can see in Fid., the number of dwarf stars dt< 14 mag is apoor/arich ratio with Galactic coordinates in case of overdensities
very small. Most of the stars at these magnitudes are retlder tof apoor Stars. We used logto look for biases in the stellar pa-
the turn-df and have low surface gravities, indicating that thesameters. Metallicity allowed us to determine how #hgo/arich
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tric radius (left) and Galactic plane height (right). Baoitdanels: The 291 stars
with fractional distance errors less than 0.6 are shownte.bThe meand/Fe]

Fig. 3: Clockwise, from top leftapooraricn ratio as a function of [VH] with value for each 1 kpc R and Z bin and its error is shown in greeherieft and
a bin size of 0.3 dexirpoor/arich ratio as a function of log with a bin size of right panels, respectively. A linear fit for these meayFg] values is shown in

1.0 dex; apoor/arich ratio as a function of Galactic longitude with a bin size ofed.
60°; apoor/rich ratio as a function of absolute Galactic latitude with a e ©f
15°.

. . - , . excluded stars from our sample whose fractional distane er
ratio changes with the metallicity of the formation envineent ;55 greater than 0.6 leaving us with a subsample of 291 stars.
of the stars themselves.

In Fig. 3 the apoodarich Values are illustrated. The bin sizes Using the distances and the Galactic coordinates we calcu-

for these parameters were chosen to be at least twice the miéigf Galactocentric radius R and vertical height abovelhee
error in the parameter concernelb{ré & Weiss 201)L The top Z.Inthe same way as in Fi§, we calculated thepoo/aricn ratio

left panel in the figure shows thgo/arcn ratio as a function as a functlon of these parameters for the 291 stars W|th 1 kpc-
of metallicity, showing a mean value of251+ 0.18. The top Sized bins except the last two which have 2 kpc-sized bins. We
right panel shows thepeofarich ratio, this time with the sample then computed the meany/Fe] as a function of Galactocentric
binned in logy, where the mean value is32+0.10. The bottom radius and absolute plane height. These bin sizes wererthose
panels show the distribution afeofarich as a function of Galac- to ensure there was affigient number of stars to determine the
tic latitude and longitude, with mean values 026+ 0.05 and €error bars.

0.28 + 0.09, respectively. Although thepeor/arich value shows
in some cases a slightlyféérent value with respect to the mean,
it is not possible to ensure that these have a physical mgan
given the small number of stars in some of these subsamp A
The bin at low gravities, for example, has three stars omig, a<PC) € @poo/aricn has an absolute value significantly larger
the bin atl = 100° has 26 stars. Furthermore, these subsampf2@n the value farther away from the plane. Friin> 2 kpc
do not correlate with each other. For example, the binat00° 1€ @poor@ricn value is slightly below 0.28 as found generally in
has all possible values of metallicities, lgg, and radial veloc- Fig. 3. However, the error bars do not ".’IIIOW us to fully separate
ities. The error bars obtained for thgoofaricn Vvalue for each the absolute value of theyo/aricn ratio i.e. inside and outside
subsample, together with the lack of a systematic trencuonpl Of 12 = 2 kpc. Furthermore, aZ| > 2 kpc the trend disappears

for this value, allow us to compute the ratio for the wholeadat with thg ratio appearing to be constant, Withi.n the errorewH
obtaining a value ofipoofaricn = 0.27 + 0.08. ever, this trend is not seen as a function of R in the top lefepa

of Fig. 4, where within the errors thepoo/aricn ratio is more or
less constant except for the first bin (which is very unceréas
3.2. Stellar distances it contains only 18 stars). To conclude that the step in Za re
more stars with more accurate distances are needed to decrea
Using the method outlined iKordopatis et al(2011, 20138, the bin size of distances and the error bars. In the bottorelpan
we derived stellar distances. We used those stars whose 3MAS Fig. 4 we can see that within the errors of our meayfiFg]
J magnitudes $krutskie et al. 2006and the associated errorssalues, thed/Fe] value is essentially constant for stars dffeatt
were known, whose combination of parameters could be edilisent distances. This gives credence to the idea that thecstidrs
by the method oKordopatis et al(2011, 20133. This left us inner halo formed from large proto-galactic clouds with gom
with 357 stars with derived absolute magnitudes. The digtarcontamination by accreted material of smaller subunitsnéte
modulusyu = my - M3, was calculated for each star and the uncehat with further GES data releases it would be possible to ex
tainties in the calculated absolute and apparent magrstwdes tend the reach of thigpeo/arich determination to the stars above
propagated to the distance modulus. The error in the digtad@ kpc, where theypoo/aricn could diter from the value found
was calculated using the standard error propagation f@nwié for the inner halo.

A slight trend can be seen in the top right panel of Hg.
ith the apoofarich ratio decreasing slowly as a function of Z
Q¢ stars for stars within 8 kpc. Closer to the plafig (< 2
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4, Discussion Z = 2 kpc seen in Fig4 needs to be confirmed upon the release
L . of future GES data. For now, we argue that within the erroes, w
Early origin scenarios for the halo were proposedtlygen et al. ¢y not find any solid evidence against the claim that a uni-
(1969 andSearle & Zinn(1979, each predicting dierent prop- form @poor/@rich Tatio exists within the inner halo, implying that
erties of the Milky Way and its halo. However, current observ gpproximately 85% of these halo stars formed very rapidly in

tions andACDM (Lambda Cold Dark Matter) models suggesj high star formation rate environment, such as a high densit
that neither scenario is entirely correct, with the rapilapse jniformly collapsing gas cloud.

of Eggen et al(1962) being instficient to explain the substruc-
ture observed in the outer reaches of our Galax\Bbjl et al.
(2008 and the accretions @earle & Zinn(1979 failing to ex- 5. Conclusions
plain the small metallicity gradients observedbguphole et al.
(1996. The observations seemed to imply that a combinati
of the two extremes was a better way to explain the formati
process.

e conclude that thepoor/arich ratio has a value of.@8 + 0.08
(olf the inner halo and is independent of metallicity, {p@salac-
Ic longitude and latitude, plane height, and distance fthm
. . Galactic centre. This ratio persists spatially in the sakigh-
(20-1r£e:r:r(;]'llj'ilgggrnase(t)tglczlzcgcl)\éetfc?rl.g(?ﬁr?pl?amporb;?gé Zta?gx_boqrhood and there is no clumping of stars as a function of
ies frdm singular gas collapsés combined \,/vith accretion ai fheir o/Fe] valu_e._ Our .result does not depend ong)_oghus
ing at understanding the importance of those processesin [E\.eapoor/a.”c" ratio Is unbl_ased betv_veen dwarfs and giants. The
r|1gh «a ratio of stars forming at a wide range of [IF§ suggests

formation history of the halo. They track this history USINgsrmation of the dominant inner halo population in a higlr sta

ts?ti z?éfslfsdlge?r:u ?n%ﬁé:%eéegcs:ztr:a S\gers'n;grgge.t time formation rate environment, with the minority lowpopulation
(Nissen & Schustgryr%lo The value of the ratio of aﬁ%é’f[edconsistent with formation in a much lower star formatiorerat
(series of) environments.

toalrgriteutesrt:r'srrlféggmgrlgridetlgrzlmcl;]lfctjlg?r?eur?gg?g?t?\té;ig;; The second data release of GES contains observations from
P X P Pthe first 18 months of the five-year survey and is already shgwi

gas, the mass of accreted gas, the mass of the dark matterjt Sotential to quantify the parameters that allow us topdee

effects of supernova feedback, and the merger history. The ar ; ; :
; . , : r understanding of the Milky Way. With much more accurate
tios of the accreted stars to thesitu stars is predicted to be O'Sparallaxes and proper motions from taia satellite and the

(Font et al. 201}, in the range of 0.4 - 4.(plotov et al. 200§} remaining data releases of GES, this work could be extended

or at least 0.15 - 0.7Tgssera etal. 2013 In general, there is to the outer halo. With these data we could gain much insight

gu(t:c;rtnlglrnae“;rs]tggzeitgh:pedisa;ﬁr:tergesr;aerﬁt?rg;;r':ﬁgr? ISI tar;c;eﬁm the importance of mergers with components charaetris
9 9 ; by low [a/Fe]values in the formation history of the Milky Way.

mostly accreted stars. Our results come from observatiatis-a

tances smaller than those modelled by most of the simukatioficknowledgements. Based on data products from observations made with ESO

; ; ; inTelescopes at the La Silla Paranal Observatory under progealD 188.B-
These small distances are also the most uncertain regidhs IN3002. This work was partly supported by the European Unioh giBgramme

SimUIation.S' Ouvpoor/arich ratio of 028 + 0.08 should be used through ERC grant number 320360 and by the Leverhulme Thustiggh grant
to constrain these models. Supernova feedback and the massg-2012-541. We acknowledge the support from INAF and $téno dell’
the accreted sub galactic systems, for example, were blghklil Istruzione, dell’ Universita’ e della Ricerca (MIUR) in tfierm of the grant Pre-

; ; ini At ; iale VLT 2012 and grant 2010LY5N2T. The results presentzé benefit from
as important factors in determining the accretedhtsitu ratio Ma€ Vi 9 : p
(ZO|OtOV et al. 2009Tissera et al. 20])3 discussions held during the Gaia-ESO workshops and caordesesupported by

. ) the ESF (European Science Foundation) through the GREAg&Re's Network
Other observational campaigns have attempted to quantifggramme. KH acknowledges the British Marshall Scholprghogram and
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halo. Shefield et al (2013 for instance. used a Iarge sample 911 from the Swepllsh Research Council. AJK and UH acknayelesipport
N N ! . ! . éthe Swedish National Space Board.

M-giant stars covering a large region of the sky. They find an

equal number ofn situ to accreted stars in the halo, in better

agreement with some of the above simulations than our .28
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