arxiv:1406.0944v1 [astro-ph.SR] 4 Jun 2014

Mon. Not. R. Astron. Sod00,[1-?? (2013) Printed 5 June 2014 (MNWTEX style file v2.2)

The halo+cluster system of the Galactic globular cluster NGC 185t1.

A. F. Marinof, A. P. Miloné', D. Yongd!, A. Dottert, G. Da Costi M. Asplund,

H. Jerjert, D. Mackey, J. Norrig, S. Cassigi L. Sbordoné, P.B. Stetsofy A. Weiss,
A. Aparicio®’, L. R. Bedirf, K. Lind®, M. Monelli®’, G. Piottd*'°, R. Angelont+*?,
R. Buonannd

1Research School of AstronoryAstrophysics, Australian National University, Mt Stronddservatory, via Cotter Rd, Weston, ACT 2611, Australia
2INAF-Osservatorio Astronomico di Teramo, via M. Maggir160 Teramo, Italy

3Zentrum fiir Astronomie der Universitat Heidelberg, Laasternwarte, Konigstuhl 12, 69117 Heidelberg, Germany

4Herzberg Institute of Astrophysics, National Researchr@diCanada, 5071 West Saanich Road, Victoria, BC VOE 2E7

5Max-Planck-Institut fiir Astrophysik Karl-Schwarzsch$tr. 1 85741 Garching bei Miinchen Germany

SInstituto de Astrofisica de Canarias, La Laguna, Tenefgain

"Departamento de Astrofisica, Universidad de La Lagunagfiée, Spain

8INAF-Osservatorio Astronomico di Padova, Vicolo dell'®satorio 5, Padova 1-35122, Italy

9nstitute of Astronomy, University of Cambridge, Madiygioad, Cambridge, CB3 OHA, UK

10Djpartimento di Fisica e Astronomia ‘Galileo Galilei’, Umérsita di Padova, Vicolo dellOsservatorio 3, Padov&@3122, Padova, ltaly.
11Dpepartment of Electrical Engineering, Center for Astrogiiteering, Pontificia Universidad Catolica de Chile, Aicifia Mackenna 4860, 782-0436 Macul, Santiago, Ch
12The Milky Way Millennium Nucleus, Av. Vicuiia Mackenna 4862-0436 Macul, Santiago, Chile

Draft Version Maj, 2013

ABSTRACT

NGC 1851 is surrounded by a stellar component that extends than ten times beyond the
tidal radius. Although the nature of this stellar structisr@ot known, it has been suggested
to be a sparse halo of stars or associated with a stellanstid® analyse the nature of this
intriguing stellar component surrounding NGC 1851 by iigeging its radial velocities and
chemical composition, in particular in comparison withgbmf the central cluster analysed
in a homogeneous manner. In total we observed 23 stars inaloewith radial velocities
consistent with NGC 1851, and for 15 of them we infer/feabundances. Our results show
that: (i) stars dynamically linked to NGC 1851 are present at leastoup2t5 tidal radii,
supporting the presence of a halo of stars surrounding tis¢sst(ii) apart from the NGC 1851
radial velocity-like stars, our observed velocity distition agrees with that expected from
Galactic models, suggesting that no other sub-structueh(as a stream) atftirent radial
velocities is present in our fieldiii) the chemical abundances for thg@rocess elements Sr
and Ba are consistent with tleenormal stars observed in NGC 18%i\) all halo stars have
metallicities, and abundances for the other studied elé&sr@a, Mg and Cr, consistent with
those exhibited by the cluster. The complexity of the who@ONL851 clusterhalo system
may agree with the scenario of a tidally-disrupted dwarfgglin which NGC 1851 was
originally embedded.

Key words: globular clusters: general — individual: NGC 1851 — techeig} spectroscopy

1 INTRODUCTION

Recent discoveries on multiple stellar populations in glabclus-
ters (GCs) have revealed that some of these old stellarsgsteow
chemical inhomogeneities, not just in the light elementslived in

. .
Based on data collected at the European Southern Obserweitbrthe the hot H-burning, but also in heavier elements and in theative

FLAMES/GIRAFFE spectrograph, under the programs 088.A-9012 and tallicity. T lain the | tallicity di ioTu Centauri
084.D-0470. Based also on observations made with MPG 2.sctepe metallicity. 1o explain the large metalliCity diSpersions Lentaurt

at the La Silla Paranal Observatory under the programs GER&(A) and it has been suggested that this GC is the remnant of a dwartyal
088.A9012(A). disrupted through tidal interactions with the Milky Wayttrar than

+ E-mail:amarino@mso.anu.edu.au atrue GC (e.g. Norris et al. 1996; Bekki & Freeman 2003; B&kki
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Norris 2006). In this scenariay, Centauri would be the dense nu-
cleus of a dwarf galaxy, which was cannibalised by the Milksyw
The recent discoveries of moaeCentauri-like GCs, with internal
metallicity variations (e.g. Marino et al. 2009; Da Costale2009;
2014; Yong et al. 2014), support the hypothesis that at kbase
“anomalous” GCs were as massive as small galaxies ablezofiret
ing fast supernovae ejecta. The relatively high fractionmeftal-
richer stars in these GCs also supports the idea that theymere
massive. The possible GC-dwarf galaxy connection may hawe c
sequences for near-field cosmology and the hierarchiceh#sy
of our Galaxy. At least the GCs with internal variations intatkéc-
ity may contribute to the inventory of original satellitedong with
existing dwarf spheroidals and ultra-faints, to allevitite 'miss-
ing satellites’ problem of th&-Cold Dark Matter scenario (e.g.,
Kauffmann et al. 1993, Klypin et al. 1999, Moore et al. 1999).

all C+N+O have been found also in other two “anomalous” GCs,
M 22 (Marino et al. 2011b, 2012a, Alves Brito et al. 2012) and
w Centauri (Marino et al. 2012b).

Interestingly, NGC 1851 is surrounded by &dse stellar halo
with a radius of more than 250 pc (6#fom the cluster center)
and a mass of about 0.1% of the dynamical mass of NGC 1851
(Olszewski et al. 2009). The extension of this stellar strecis far
beyond the tidal radius predicted by the King model (King2)96
that is the distance from the cluster center where clustes sire
expected to drastically disappear due to tidal interastion

The origin of this halo remains unknown, although various hy
potheses exist. It could be the consequence of isolatetcksap-
oration through tidal or disk shocking that may have oritpdaa
stellar tail. Such processes are believed responsiblééostteams
observed in several GCs, such as Pal5 (Odenkirchen et dl; 200

The hypothesis that at least some GCs may constitute the sur-Koch et al. 2004). Observations of NGC 1851 are contradjctor

viving nuclei of tidally disrupted dwarf galaxies impliekat the
Milky Way has stripped the less bound external stars fronsehe
systems during successive passages through the Galatitiph
leaving only their compact nuclei. A snapshot of this pheanan
may be M54, as it shows an intrinsic Fe dispersion (Bellaztin
al. 2008, Carretta et al. 2010) and lies at the centre of tiytSe
ius dwarf galaxy that is being tidally disrupted by the Miltyay
(Ibata et al. 1994).

While nearly all the Galactic GCs have chemical variations
in the light elements involved in the hot H-burning (such as\C
O, Na, see e.g., Kraft 1994; Gratton et al. 2004), only a few of
them are known to possess spreads in Fessgldment abundances
(w Cen, M22, NGC 1851, M2, NGC 5824, NGC 3201, e.g., Smith
et al. 2000; Marino et al. 2009, 2011a; Yong & Grundahl 2008;
Lardo et al. 2013; Yong et al. in prep.; Da Costa et al. 2009320
Simmerer et al. 2013). It is intriguing that the GCs with nhietiay
ands-element variations are generally the more massive ones. Th
complexity of the multiple stellar populations in theseeddt§ is
puzzling and we do not have yet a coherent picture to exphan t
formation of their dfferent generations of stars.

In this context, NGC 1851 is one of the most intriguing tasget
Much dfort has been dedicated to this GC after the discovery of
a prominent bimodal sub-giant branch (SGB, Milone et al.800
The formation scenario for these two SGB components isustiler
debate. Observational constraints for the sequence ofstreat led
to the formation of these stellar groups can be inferred ftioeir
chemical compositions and their radial distributions ia tfuster.
The radial profile of the two SGB components has been found to
not change significantly within’&rom the cluster center (Milone
et al. 2009). In contrast, Zoccali et al. (2009) did not obeehe
faint SGB out to~2.4 in the southwest quadrant.

By analysing high-resolution UVES spectra for NGC 1851 red
giants (RGB), Yong & Grundahl (2008) discovered that thisstér
hosts two groups of stars withftiérent content ok-process ele-
ments (see also Villanova et al. 2010; Carretta et al. 200Mse

while photometrically there is no evidence for tidal streaf®I-
szewski et al. 2009), the presence of a possible tail of stéls
radial velocity around-150 km s* has been reported by Sollima
etal. (2012).

Alternatively, the huge halo of NGC 1851 could have formed
from the destruction of a dwarf galaxy in which the clusteryma
have once been embedded. Bekki & Yong (2012) outlined a possi
ble self consistent and dynamically plausible scenariaterfor-
mation of NGC 1851's multiple populations and its stellaioh#n
their scenario, two GCs in a dwarf galaxy merge (owing to the
low velocity dispersion of the host dwarf) and form a new eacl
star cluster surrounded by field stars of the host dwarf. Tdw h
dwarf galaxy is stripped through tidal interaction with thidky
Way leaving the stellar nucleus which is observed as NGC.1851
Thus, the two stellar populations in NGC 1851 originate mtio
GCs that merged to form the nucleus. Bekki & Yong (2012) pre-
dict that NGC 1851’s stellar halo contains three stellayaions:
two from the original GCs that merged to form the nucleus &ed t
remaining population is from field stars surrounding steilzclei.

In the present study we investigate the nature of this ininig
stellar system, the GC NGC 1851 plus its halo, by derivingaiad
velocities and, for the first time, chemical abundancesHertalo
stars. The chemical and dynamical properties of the hate siil
be compared with the ones observed within the tidal radiubef
cluster.

2 DATA

Basic information for NGC 1851 can be found in Harris (1996,
2010 edition, and references therein). Its distance froemShn

two stellar groups have been found to define two RGB sequencesis ~12.1 kpc. The King tidal radius of NGC 1851 was estimated

following on from the two diferent SGBs (Han et al. 2009; Lee
et al. 2009; Lardo et al. 2012). The photometric split on tBBS
observed by Milone et al. (2008) has been theoreticallyiméted
as due to either a fierence in age of1 Gyr or to a possible di-
chotomy in the GN+O (Cassisi et al. 2008; Ventura et al. 2009;
Shordone et al. 2011). The latter scenario has been sudpoyte
spectroscopic studies showing thaenriched stars are also en-
hanced in their overall €N+O content (Yong et al. 2009; and in
prep.). We note, however, that Villanova et al. (2010) did fircd

an abundance spread for-8+0O. To date, variations in the over-

to be 6.7 by McLaughlin & van der Marel (2005), which is
lower than the value of 11.7%n the previous Harris compilation
derived by Trager et al. (1993). Given the large uncertadntee-
lated to the determination of the tidal radius, we assuméiis t
work the conservative value of 11. Assuming the M from Har-

ris (2010 edition) and a typical M.y = 1.6, we get a mass of

M =~ 10°* M,, which places NGC 1851 among the most mas-
sive GCs. We assumed for the center of the cluster the coordi-
nates (RA; DECpoo=(05:14:06.76:-40:02:47.6) from Goldsbury
etal. (2011).
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Figure 1. Location of the spectroscopic targets in RA and DEC (cemaalel).
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The NGC 1851 stars in the cluster (inner field) hawenhgotted in green,

and are within the tidal radius (green dashed circle). Statke halo have been plotted in cyan and are contained inuter 9VFI field delimited by the
cyan-dashed line. The footprint of the AQMBFC field has been delimited in red. In the two sided panelsepeesent th&/ versus B — |) CMDs for stars in
the inner and outer fields, with the corresponding positiooun spectroscopic targets. Red lines are the fiducialseotlirster CMD.

2.1 The photometric dataset

In this paper we used four distinct photometric data setst,Rive
used Stetson (2000) ground-badgd/, R and| photometry. This
photometric catalog has been established from about 55@eisna
taken at diterent telescopes, i.e. the Max Planck 2.2m, the CTIO
4m, 1.5m, and 0.9m telescopes, and the Dutch 0.9m telesnope i
La Silla. These data have been reduced by using procedures fo
the photometric and astrometric data reduction descrilye8itét-

son (2005), and have already been used in Milone et al. (20@9)
refer the reader to the Sect. 2.3 of Milone et al. (2009) fottier
information on this dataset. In the present work we have ¢emp
mented the Stetson catalog with images collected with theéeWi
Field Imager (WFI) of the Max Planck 2.2m telescope at LaaSill
(WFI@2.2m) through th& filter under the SUMO campaign. De-
tails on the WFI data in the band, analysed here for the first time,
are provided in Tall]1. In summatyBV RI photometry has been
used for stars in a region betweef0 to the south and 130 the
north, and betweer15 to the west and Y50 the east, relatively

to the center of NGC 1851.

Secondly, to study stars in the halo of NGC 1851, we collected
BV images with WFI@2.2m of a field betweerl0 and 35 to
the south of the cluster center. Photometry and astrometrthis
dataset have been obtained by using the program img2Asfh
and the procedure described by Anderson et al. (2006). Betki
the WFI@2.2m dataset which has been analysed for the first tim
in this paper, are listed in TdQ. 1.

Third and finally, to investigate the most crowded central re
gions we usdHubble Space TelescogelS T) F606W and F814W
photometry obtained with the Wide Field Channel of the Acbegh
Camera for Survey (WFHBCS) and F275W photometry collected
with the Ultraviolet and Visual Channel of the Wide Field Gam
era 3 (UVISWFC3). The WFZACS photometry comes from GO-
10775 (PI. A. Sarajedini, see Sarajedini et al. 2007 and Asuheet
al. 2008) and is presented in Milone et al. (2008). The YUWEBC3

photometry comes from GO 12311 (PI. G. Piotto) and is presknt
in Piotto et al. (2012, see also Bellini et al. 2010 for dstaih the
data reduction).

We adopt the following terminology for the various fields for
which different photometries are available: (1) ‘central field’ for
the field of 3x3 covered by thédS T photometry; (2) ‘inner field’
is all the field inside the tidal radius, e.¢1S T photometry where
available, StetsorSUMO photometry otherwise; (3) ‘outer field’
is the field outside the tidal radius.

Left and right panels of Figl]1 show the inner and outer field
V versus B — 1) CMDs. On each CMD we superimpose the fidu-
cial line of the cluster. The inner and outer field CMDs havé no
been de-reddened. However, the reddening across the NGAC 185
field of view is very low,E(B — V) = 0.02, and the dferential red-
dening should not be significant as it is much lower than irgker
uncertainties in the ground-based photometry. The reddevari-
ations across a field 0of°2° around the cluster center predicted
from the Schlegel et al. (1998) maps is also low with minimum
and maximum values fdE(B—V) 0.0287 and 0.0351, respectively.
A maximum reddening variation of 0.0064 mag does not produce
significant color changes to the inner and outer field CMD [0h
cation on the sky of the ground-based photometry fields, dsawe
the centraHS Tfield, relative to the cluster center, are represented
in the middle panel: the centradS T field is delimited in red; the
region that we define 'inner field’ is located within the tidatlius,
represented as a green circle; while the region defined asr’ou
field’ is comprised within the cyan square.

Ground-based photometric data have been used to estimate at
mospheric parameters, as described in $ect. 4.1. Heneeinit-i
portant to have an estimate of the internal photometric maice
ties. According to the photometric catalogs from Stets60Q@,
the averager(mag) for a star with/ ~19.5 in theB, V, R, | bands
is ~0.003,~0.002,~0.012,~0.003 mag, respectively. Since each
star has been typically observed in tens of images, the feemar
should be significantly smaller. In the external field we otsd
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Table 1.Description of the photometric images used for the first imhis work.

Telescope Camera  Filter Exposure Time Field Date Program PI

Max Planck 2.2m, La Silla WFI U 8x ~800s inner  Feb., 22-26, 2012 088.A9012(A) (SUMO) A.F.Marin
Max Planck 2.2m, La Silla WFI B 2x ~300s+6x ~150s outer Feb., 26-28,2012 088.A9012(A) (SUMO) A.F. Marin
Max Planck 2.2m, La Silla WFI Vv 8x ~300s outer Nov., 13, 2013 085.A9028(A) R. Gredel
Max Planck 2.2m, La Silla WFI | 3x ~120st4x ~250s  outer  Feb., 26-28,2012 088.A9012(A) (SUMO) A.F. Marin

B, V, | formal errors 0f~0.005,~0.004,~0.006 mag, respectively.
Such small values are lower limits of the true photometriorsras
demonstrated by the fact that the color spread of all theesemps

of the CMDs is significantly larger than few milli-magnitugdé>ho-
tometry is indeed féected by a number of additional uncertainties.
Spatial variations of the photometric zero point along tleédfof
view, introduced by small inaccuracy in the PSF model, by the
sky or bias determination, or by small reddening variatiae a
very common property of any photometric catalog (see Araters
et al. 2008 for a discussion on this issue). To estimate ttoz of
target stars we started by measuring the color spread of BS st
as described in Milone et al. (2009, see their Sect. 6). Briefé
have verticalized the MS of NGC 1851 by subtracting to thercol
of each star the color of the MS at the savhenagnitude, then we
have determined the histogram distribution of the coldiedence
(Acolor), and, finally, we have fitted the histogram with a Gaus-
sian. We have repeated this procedure ®r(1), (V - 1), (R-1),
and {/ — I) colours. We assumed the of the least-squares best-
fitting Gaussian as our estimate of the color error. Spedifica
estimate the errors associated to SGB stars in the centdliie
used the color spread of MS stars withd% V < 19.4. We ob-
tainedO'Bq = 0.030,05_r = 0.031,05_y = 0.024,0y_, = 0.024.
We thus assumed 0.02 as typical magnitude uncertaintydos st
the internal field. In the case of stars in the external fielot th
the small number of MS stars, we used a larger magnitude- inter
val (194 < V < 20.4) and accounted for field-star contamination
by subtracting from the observed histogramaodlor distribution,
the corresponding histogram distributions for field staise later
has been determined by using the Besangon Galactic modein(R
et al. 2003) for stars within the same area as the externdl fié
foundog_; = 0.035,05y = 0.031,0y_, = 0.032, thus assumed a
typical magnitude uncertainty of 0.02 mag in each filter. Sehen-
certainties will be considered when discussing the impapho-
tometric errors on the atmospheric parameters (see[S#gt. 4.

2.2 The spectroscopic dataset

Our spectroscopic data consist of FLAMEIRAFFE spectra
(Pasquini et al. 2002) observed under the program 090.0468
(PI: A. P. Milone) taken with no simultaneous calibratiomia
The low resolution LR02 GIRAFFE setup was employed, which
covers a spectral range 600 A from 3964 A to 4567 A, and
provides a resolving poweR = 1/A1 ~6,400. All our target halo
stars, for which we aim to obtain kinematical and chemic&drin
mation, were observed in the same FLAMES plate in ZEedint
exposures of 46 minutes, for a total integration time-d® hours.
The large amount of observing time, the multi-object capa-
bility of FLAMES and the low resolution were crucial to obger
mostly very faint stars. In fact, we wanted to find the largestsi-
ble number of stars associated with NGC 1851 in a field 6k30
outside the tidal radius of the cluster, mostly populatedfibid
stars. Hence, our observations concentrated on the faintenore

densely populated regions of the CMD where the resolutighef
low-resolution GIRAFFE settings-6000) is the limit to get decent
signal in a reasonable amount of observing time.

The signal-to-noise ratio () of the fully reduced combined
spectra varies from star to star. It not only depends on the-lu
nosity of the targets but also on th&ieiency of the fibers. Among
the stars for which we inferred chemical abundances, themam
S/Nis ~ 50 per pixel for the more luminous stars that are starting to
ascend the RGB; the/lS decreases for MS stars. We impose a limit
of /N ~ 15 on the spectra of the outer field from which we infer
chemical abundances. Of course, the number of analysettrapec
lines, and hence elements, increases with fhe S

To supplement our halo star sample, we analysed data from
the archive for the internal field of NGC 1851. This sampletfar
internal field has already been analysed by Gratton et all2(20
hereafter G12). We decided to re-analyse these data toseasap-
timal comparison sample as it consists of SGB stars for NGB1 18
observed with the same FLAMESIRAFFE setup (LR02) as our
NGC 1851-halo stars. A homogenous comparison of the chémica
contents of the halo stars with those obtained for the iatefeld
of NGC 1851 (within the tidal radius) is crucial to understafthe
halo of NGC 1851 shares similar abundances with the cluBler.
fully reduced spectra for the stars in the internal field hg#¢ of
around 50.

The position on the sky and on tkle(B—1) CMD of our spec-
troscopic targets is shown in F[g. 1. In the following we wéfer
to the stars outside the tidal radius of NGC 1851 as NGC 1851-
halo or external field stars; the internal field stars (witthie tidal
radius) will be called NGC 1851-cluster stars; while all titeer
stars in the external field that do not share the radial vsI¢BV)
of NGC 1851 will be simply considered field stars (see $éctA3)
list of all the analysed stars (clustdralo) and their basic photo-
metric data is provided in Tal] 2.

All the data were reduced in the same manner. The reduc-
tion, involving bias-subtraction, flat-field correctionavelength-
calibration, and sky-subtraction, was done with the dedita
pipeline BLDRS v0.5[ Radial velocities for both external and
internal field stars were derived using the IRAF@FXCOR task,
which cross-correlates the object spectrum with a tempiatethe
template we used a synthetic spectrum obtained throughpthe s
tral synthesis code SPECTRUM (Gray & Corbally 1#4yhis
spectrum was computed with a model stellar atmospherepmter
lated from the Castelli & Kurucz (2004) grid, adopting pasders
(effective temperature, surface gravity, microturbolence/Hp =
(6000 K, 3.5, 1.0 km$, —1.20). The cross-correlation function
was fitted with a Gaussian profile. We used the entire observed
wavelength range to cross-correlate the spectra with thelte,
that includes hydrogen lines. The choice of including hgero

1 Seéhttp://girbld-rs.sourceforge.net
2 Seehttp://www.phys.appstate.edu/spectrum/spectrum.htm| for more
details.
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Figure 2. Lower panel:histogram distribution of radial velocities for the
110 stars in the outer fieldJpper panel:histogram distribution of radial
velocities for inner-field stars.

lines, that can increase internal uncertainties, was duleet®ow-

5

(rms=0.20 km s?). Only two stars (SGB-b-St.24 and SGB-b-St.4),
both in the fSGB, have errors that are more thancal@vel larger
than the mean value. However, as these two stars are among the
fainter stars in our inner field sample, their larger erraeslkely
due to the lower 8\ of their spectra, rather than to binarity. The
lack of outliers with large RV rms values for the stars anedlyt
the inner field, suggests that there is no evidence for t@aanithis
sample. We note that we do not expect a large fraction of ieean
our inner field sample. Indeed, we note that the fraction of IS
binaries measured in the ACS field outside the half-massisadi
1.6+0.6% (Milone et al. 2012).

In the outer field (total sample of 110 stars), the rms valoes i
the RV distributions span a wide range. In some cases, therlar
values are due to the low/$ of the low-luminosity stars spectra;
for some cases with good quality spectra the large rms magctefl
binarity. However, we prefer to not enter into much detaglgard-
ing this issue because we are interested exclusively inubsasn-
ple of outer field stars with RV compatible with NGC 1851. Rust
particular subsample of stars the errors in RVs range fraii t
7.8 km s, decreasing with the/S. In most cases the error is as
large asx2 km s'so we cannot draw conclusions on the possible
presence of binaries in our halo sample, especially for diedr
stars. Concluding, the internal error in RV for the outerdfistars
is typically high, preventing a secure assessing of thegpias of
binaries in this sample. We only can note that, if these hi@ss
belong to NGC 1851, due to the equipartition of energy, tinauyi
fraction should be lower than in the central field.

In Fig.[@ we summarise our results for RVs obtained for
stars in the inner (upper panel) and the outer field (loweepan
Inner-field stars are clustered around an average RV value of

SN of some single-exposure spectra for the halo stars. For the 1319 5:0.5 km s* (rms=4.4 km s?), which is similar to pre-

stars with higher 8\ we have weaker lines available for the cross-
correlation, but to ensure homogeneity in the RV deterrnionat

vious estimate for NGC 1851 SGB stars of 3105 km s?
(rms=4.3 km s') and 320.80.4 km s! (rms=4.9 km s?), from

we analyse all the spectra at the same manner and use the entir gyatton et al. (2012) and Scarpa et al. (2011), respectivaly RVs

available spectral range. In any case, the dispersion ®Rtheea-
surements from dierent exposures for each star is indicative of our
internal error. (see Se€d. 3).

Observed radial velocities were finally corrected to thedael
centric system.

In total we gathered spectra for 110 candidate NGC 1851-halo
stars, spanning a wide range in both magnitude and colohdn t
selection of the targets we maximize the number of staredtthe
NGC 1851 photometric sequences in order to increase theeltan
observe NGC 1851 halo stars. We have also observed starget la
distances from the NGC 1851 sequence to explore the passibil
of having stars dynamically linked to the cluster, but witispible
different chemistry.

3 RADIAL VELOCITIES

Radial velocities have been obtained as explained in B&tfrdn
the individual exposures, and then simply averaged to gefirial
values for each star listed in Talple 2. The internal errossciated
with our mean RV values depend on the luminosity of the stars.
They are higher for dwarfs with lower/S.

In the inner field the average effiérom the distribution of the
RV values obtained from fferent exposures is 0.49.02 km s*

3 The error is assumed to be equal to the rms of the RVs obtaioed f
each exposure divided by the square root of the number ofsexps minus
one.

of the internal field stars suggest that all the analysecktargre
likely cluster members as also supported by their positiorihe
CMD (Fig.[T).

Due to the high contamination from the field, in contrast
with what is observed in the inner region, the RV histogram of
stars in the external field is complex. Most of the stars have
RV< 200 km s* and define a broad distribution peaked at~RV
50 km s; then we observe a narrow peak around the same RV
of NGC 1851, 14 stars at intermediate values, and one starawit
very high radial velocity of R¥#381.3 km s'. The peak around the
mean RV of NGC 1851 comprises 23 stars, and their average RV is
+318.4:1.0 km st (rms=4.9 km s1).

Since NGC 1851 has a distinct radial velocity in this Gatacti
sight-line, members of its stellar halo should share itsnlsiguous
kinematic signature. Hence, the presence of stars with RWs c
patible with the cluster strongly supports the presence béla
extending beyond the tidal radius of NGC 1851. To furthempsup
the existence of this halo, in Figl 3 we analyse the spatittiei
bution and the position in the CMD of stars withfférent radial
velocities. We have defined four groups of stars correspgnth
different RV intervals. The RV histograms for the four groups of
stars are plotted in the upper-right panel of Elg. 3. Thetiooeof
these stars in our analysed field is represented in the logiet-
panel of Fig[B.

We note that the majority of stars with cluster-like RVs are
distributed along the fiducial line of NGC 1851 (red line ie tbft-
panel), in contrast with most of the stars with R\250 km s?,
which span a broad interval of color. This finding further sup
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Figure 3. Left panel: Vversus B — |) CMD of stars in the outer field. Spectroscopic targets goeesented with coloured symbols, according to their radial
velocity as indicated on the upper left and in the RV histogdistribution on the upper right pan&ight panel:spatial distribution of target stars in the halo.
We mark with dashed green circle the tidal radius of NGC 18%i& dotted circles correspond to two and three times theradéus.

Table 2. Coordinates, basic photometric data and radial velociteshe NGC 1851-halo and cluster (inner field) stars. Thevetsions will be available
online as supplementary material.

ID RA DEC B \% R I F60BN  F814W RV [km s} SGB
HALO
T119 05:14:08.280 -40:16:48.000 19.909 18.843 - 17.631 - - 98.924 field
T198 05:13:47.160 -40:14:14.200 19.399 18.711 - 17.820 — - 319.500 uncertain
T105 05:13:56.870 -40:18:34.600 18.935 17.872 - 16.855 - - 50.489 field
CLUSTER
SGB-a.10  05:14:14.390 -40:02:56.101 19.543 19.032 18.648 18.322 18.805 18.273 5329 bSGB
SGB-a.12  05:14:13.250 -40:03:22.201 19.496 18.957 18.604 18.234 18.803 18.283 9635 bSGB
SGB-a.13  05:14:12.630 -40:03:05.501 19.483 18.946 18.334 18.220 18.798 18.271 .6326 bSGB
ports the possibility that the group of cyan stars belongs alo alisations based on probability as a function of the spegdgition
surrounding NGC 1851. The color and magnitude of four out of in the parameter space.
five stars with 250<RV< 310 km slare consistent with those of A visual inspection of the CMD in the upper-left panel regeal

NGC 1851. However, we anticipate that a similar number afssta  that, as expected, stars withffidrent velocities populate fiéerent

with these RVs and in this region of the CMD is expected from regions of the CMD. Low-velocity stars (R80 km s?), mainly

Galactic models (see the following section for details). dwarfs, define a broad sequence, mainly populated by disk, sta
which is characterised by a large color spreag(B — 1)< 4) and
extends up to bright luminositie¥ (< 14). Most of the stars with
high velocities (R¥180 km s') populate a narrower sequence

3.1 Comparison with a Galactic model (1 <(B- 1)< 2) and have, on average, lower luminosities.

To investigate whether the peak at K820 km s observed in However, we note that the sample of stars analysed here is
Fig.[d is associated with the halo of NGC 1851 or not, we compar located in alimited region of the CMD. In fact, to properlynepare
our observations with the Galactic model by Robin et al. 00 radial velocities of the observed stars and those from tHadBa

The upper-left panel of Fidl]4 shows the synthafiwersus model we need to select a sample of stars in the synthetic CMD
(B - 1) CMD for the ~6,100 stars that, according to the Besancon with almost the same color and magnitude as the observesd star
model (Robin et al. 2003), are located in &80 region with To this aim, we associated to each observed star, the star in

the same coordinates as the field analysed here. The hist@ya the Galactic-model CMD at the smallest ‘distance’ as suiggesy
the kernel-density distributions of radial velocities foe stars are ~ Gallart et al. (2003, see their Sect. 4) and Moni Bidin etz01(l).
shown in the lower-left panel. The model generates popmuriat- This distance is assumed ds= +/(k x (B — 1))2 + V2 where



k is a factor enhancing theftierence in color with respect to the
magnitude dierence. Our procedure to estimate the fa&t@ip-
propriate for our dataset compriseffdient steps:

e \We have defined in the versus B— 1) CMD a grid of points
spaced in color and in magnitude (B — 1)=0.025 mag and
AV=0.05 mag, respectively.

e \We started from the analysis of the observed CMD. For each

grid-point (i,j) and each observed star (l), we have estuhahe
probability (P|OBSi.j) of having that star in a box within(B — 1)/2
andAV from the point i,j. This probability has been estimated by
assuming for each star the errors in color and magnitudematgd
for real stars. For each grid point we have determiRegs;j =
Ik P

7

garding the small contamination from field stars that carubet
the RV of NGC 1851 €2 stars, as suggested from the models), we
note that two out of the 23 stars (T066 and T073) in our samiple o
NGC 1851 RV-like halo stars that do not lie on the fiducial srme

of the cluster. The chemical abundance analysis for thesetavs
has been inferred in a similar way as the other halo stars eMery
keeping in mind that we cannot exclude that these objectiedde
stars, when necessary, we will highlight the presence afetlvwo
stars along the paper.

3.2 Comparison with Sollima et al. (2012)
The first radial velocity study of stars in the halo of NGC 1851

« Then, we have generated the equivalent sample by assuming”V@s conducted by Sollima et al. (2012, hereafter S12) based o

a given value ok, and determined for these std?g;; by follow-
ing the same procedure described above for observed stags. T
assumed values &frange fromk=0 tok=10 in steps of 0.1.

e For each value ok, we calculated/(k) = >.(Px;;j — Possij)-
Thek value that, for our dataset, returns the minimyiis k=2.2.

For the determination of the equivalent sample we then assum
k=2.2, however we have verified that the conclusions of our pape
are identical for any 4 k <10.

In the upper-right CMD of Fig:}4 we highlight only the se-
lected sample of stars while the rest of the stars is repredavith
small grey dots. To avoid that our conclusions affected by low
numbers, we have increased the number of selected starsaloy a f

tor of 100. To do this we have generated other 99 Galactic mod-

els for stars from Robin et al. (2003) in a’&@0 region with the

VIMOS/VLT spectra. The 107 stars analysed by S12 are between
12 and 33 north-east from the center of NGC 1851; so, even if at
a similar distance from the center of the cluster, the fielysed

by S12 observed afllerent quadrant, and none of their targets is in
common with our sample.

In the lower panel of Fidg.]5 we compare the RV histogram dis-
tributions from this paper (cyan) and from S12 (red), olsdiby
binning in intervals of 20 km3. Both histograms are normalised
to the total number of stars with R225 km s? (vertical dotted
line of Fig.[83). We emphasise that caution must be used when co
paring the two RV distributions as the stars studied by Si? an
those analysed in this paper have not been selected honmgiye

S12 identified three main peaks in their RV distribution. yrhe
associated most of their stars to foreground disc starsegeak
around R\W30 km s, then they found a peak at R330 km s*

same coordinates as the external field of NGC 1851. For each of corresponding to the bulk motion of NGC 1851, and an oveiitiens

them we have extracted a sample of stars as described ahdke. |
following we use the whole collection of the 100 samples afst
(hereafter “equivalent sample”).

The corresponding RV distribution for these stars in thévequ
alent sample is shown in the lower-right panel. We conclindg t
when the velocities of all the stars from the Galactic model a
analysed, the distribution has a single peak atR% km s and
about 82% of stars have RM00 km s? (lower-left panel); in the
case of the equivalent sample (lower-right panel) the maakps
shifted to higher velocities, at RVW60 km s, and the fraction of
stars with Rk 100 km s* decreases t665%. There is some hint
of less prominent peaks at RV100 km s!, RV~ 180 km s?, and
RV~ 270 km s?.

A comparison between the RV distribution determined in this
paper and that expected from the Galactic model is provided i
the upper panel of Fig.]5. To properly compare the two distrib
tions, we have normalised each histogram to the total nurober
stars with R\k225 km s, which is the value marked by the ver-
tical dotted line of Fig[s. By considering all our analysedrs,
the probability that the observed RVs and those from the inode
come from the same parent distribution is almost nBII<(107%),
not depending on the adopted normalisation. The most styiki
difference between the two distributions is the lack of stark wit
310 <RV< 340 km stin the model. Indeed while 23 stars have
been observed in this interval of RV, the Besan¢con modeligte
that only ~1.5 stars have such kinematics. This provides further
support of an halo of stars, with the same kinematic as NGQ 185
but located between 1 an.5 tidal radii from the cluster center. If
we neglect these stars and consider only stars with30km s?,
the observed and expected RV distributions are very siragaon-
firmed by the Kolmogorov-Smirnov (KS) test which provides a
probability P=0.85 to come from the same parent distribution. Re-

of stars at Rw180 km s*. The position of the three peaks inferred
by S12 is highlighted in the lower panel of Hig. 5 by red arrowse
comparison of the two observed distributions shows thatittoer-
tainties associated with the RV measurements are muchrhighe
S12, due to the lower resolution data they used. Their etgina
internal uncertainties, of15 km s (see S12 for details) reflects
in a much broader distribution of stars about the peak at e R
of NGC 1851. On the basis of their RV distribution, S12 sutggks
that, apart the bulk of stars at the same mean RV of the cJubkter
overdensity at-180 km s could be associated with a cold stream
havingo, <20 km s*. However, they pointed out that additional
studies are needed to confirm this possibility.

Our RV distribution exhibits a sharp peak at the same mo-
tion as NGC 1851, and a broad peak around~BY km s? in
close analogy to that observed by S12. Our RV distributioesdo
not show any peak of stars at R¥80 km s?, but we observed
two small groups of stars at the similar velocities of 10 and
~200 km s. We recall here that the RV distribution observed from
the dataset analysed in this paper for stars withkB80 km s? is
fully consistent with that predicted by the Galactic modgRwnbin
etal. (2003), that also predicts a minor peak atR80 km s? thus
excluding any evidence of a stellar stream associated to N§5C
in our field of view.

4 CHEMICAL ABUNDANCE ANALYSIS

Our sample is almost entirely composed of low luminosity de/a
and sub-giants. In fact, during the target selection we adibd
maximize the number of possible NGC 1851 halo stars, wittssta
as close as possible to the cluster sequences along the CKID. A
the RGB is relatively poorly populated, we selected mosti$ M



8 A. F Marino et al.

14

TTTT T T T T T el TT T T T T TT

16 -

20 —

0.5 . . 05 1 15 2 25
B-I

22

M
IIII|III|III|III|III|

o
T
e

I H‘MF l_]\_lﬂ\ T
:’A |L/| | tU% \q\&y‘\’fﬂ\ 1 |_
0 200 400

RV [km s~!]

Figure 4. Left panels: Wersus B — 1) CMD predicted by the Galactic model by Robin et al. (2003)dibthe stars in a 660 field of view centered at the
same coordinates as the field studied in this paper (top).3&& the same symbols introduced in Elg. 3 to represent staiferent radial-velocity intervals.
The histogram and the kernel-density distribution of rididocities predicted by the Galactic model for the samessige shown in the lower-left pan&ight
panels:In gray we represent the same CMD of the upper-left panetis dtiamt havey/ and B — |) similar to the observed stars, belonging to the “equivialen
sample” (see Sedi. 3.2 for details) have been representeddirny with symbols and colours corresponding to theiralaglocity (see Fid.B) .

stars. In the end our sample was successful in the ideniificat  pass using the Cardelli et al. (1989) extinction curve araptdg

of 23 stars belonging to the NGC 1851 halo. Among the 23 stars R,=3.1. The reddening is assumed constant across the fieldhwhic

with NGC 1851-like RVs, we were able to estimate metallesiti should be reasonable for such a low-reddening system, aneth

for 15 objects, including 7 stars with both Sr and Ba estis\ateus sults are only weakly dependent on variation&(B — V) of 0.01.

providing the first elemental abundances for the halo suding Effective temperatures and their uncertainties are estimated

NGC 1851; the other stars had ifiscient SN. via Markov chain Monte Carlo (MCMC) simulations using the-pa
The chemical abundances that we were able to estimate for theallel emcee package (Foreman-Mackey et al. 2010). Tdieee

halo stars were then compared with those obtained for thigaden  code takes as input model parameters and a probabilityifumct

field of NGC 1851. To have all the measurements in the same abso that compares models to individual data points. The lodpaidity

lute scale, we have analysed both the external and the ahtiéefd function is the sum of the squares of théfeliences between ob-

in an uniform manner (e.g., same code and linelist). served and modeled magnitudes, divided by the error, in figeh
The modeled magnitudes are obtained by interpolating mwithi

grids of bolometric corrections for all photometric band@VRI

for the inner field,BV1 for the outer field) and assuming that all

As the moderate resolution and wavelength range of our spec- cluster stars are equidistant. Essentially we constru¢i-&dia-

tra do not allow us to determine atmospheric parameters ffem  gram from the input CMD, and map a given star to the point on the

lines, we used our photometry to estimafieetive temperatures  H-R diagram that best matches the observed photometry. dlbe b

(Tex) and surface gravity (log) of our stars. Photometry includes  metric corrections are derived from PHOENIX model atmosgse

BVRI for the center field andVI for the halo field. The pho- (Hauschildt et al. 1999a,b) using tB/RIbandpasses defined by

tometry is adjusted by assuming a reddening value, in ttée ca Bessell & Murphy (2012). These calculations assum¢He-1.3

E(B — V)=0.02, and then computing an extinction for each band- and [/Fe]=+0.2 broadly consistent with the finding reported in

4.1 Model atmospheres
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Figure 5. Upper panel Comparison of the radial-velocity distribution ob-
served in this paper for the halo of NGC 1851 (cyan histogramad)the dis-
tribution predicted by the Galactic model by Robin et al.q20grey-dashed
histograms)Lower panel Comparison between the radial-velocity distribu-
tion derived for the halo in this paper (cyan) and by S12 @asghed). The
red arrows indicate the three peaks found in S12, attribtddtie field, a
possible stream, and the halo associated with NGC 1851.

this paper. However, it is important to note that thEeetive tem-
peratures derived in this way have only weak sensitivityReH)]
because of the broadband, optical nature of the photometry.

The MCMC simulations provide estimates dfextive tem-
perature, bolometric luminosity, and surface gravity. Boeface
gravity is very roughly determined because of its weak ddperoe
on broadband photometry. The resulting estimatepfdr a given
star is obtained from the Markov chain, which samples thégpios
probability density function, by computing the mean andhdéad
deviation. A star with a large standard deviation also tendsve
a mean that diers considerably from the median, suggesting that
the distribution is asymmetric. However, such stars are irathe
present data se&(10% in both fields).

Surface gravities are obtained from the apparénnagni-
tudes, corrected for fierential reddening, thesf, apparent bolo-
metric luminosities obtained from the MCMC simulations @0
and an apparent distance modulus wf{ M), =15.47 (Harris
1996, 2010 edition). We assume that all stars lie at esdlgritie
same distance, and masses resulting from one single hes-fit
isochrond For microturbulent velocitiesé() we adopted the lat-
est version of the appropriate relation used in the Gaia-E®©
vey (Gilmore et al. 2012; Bergemann et al. in prep.), assgrain

4 We note that the masses on the two SGB populations of NGC 18§1 m
be diferent, but, at a given magnitude, thigfdience is of the order of
~0.01 M. A possible systematic error in the adopted masses of tdat or
has negligible ffects 0.01 dex) on the log values and on the derived
abundance.

9

metallicity of [F§H]=-1.18 dex for NGC 1851. The dispersion of
the recommendeg values for the GES UVES spectra around the
adopted relation is about 0.20 kmtswhich is a reasonable inter-
nal uncertainty to be associated with our adopted values.

We note that our technique to derivifeztive temperatures is
independent of the projection of stars on any isochronehere tis
no isochrone used in the MCMC process. The model-dependency
of our technique is related to thefiirent set of colours used (e.g.,
Castelli & Kurucz or MARCS instead of PHOENIX), and to the
fact that we used a fixed metallicity and distance. On therdthed,
our T values do not depend on projecting on isochrone projection.

If projecting on theoretical sequences has the advantage to
minimize the impact of photometric errors on the derived atm
spheric parameters, on the other hand in GCs like NGC 1831 wit
multiple SGB and RGB sequences, one single isochrone is not
able to represent all the observed populations. We prefeiséo
the actual photometric data for each star, instead of usialgi-m
ple isochrones, to not force each star to a given isochrdie at-
lows us to avoid errors due to mismatch between the obsetaesl s
and the two SGB, that may occur due to photometric errorsjrand
regions of the CMD (like the upper MS) where it is not possible
to assign the observed stars td@felient populations just on photo-
metric information. Furthermore, we do not want to impose/a
discrete SGBscenario, as we cannot exclude that the real situation
may be more complex.

Table[3 lists the adopted stellar parameters for the NGC-1851
like RV stars in the halo and the central field stars. The uai#res
on the T values given by the MCMC simulations are listed in
the third column of TalJ3. The median of these errors is DK
(rms=17 K), and we adopt this value as an estimate of the internal
error associated with ourgf.

An independent temperature estimate was obtained from the
Ho line index (HP2), calibrated as a function ofzT(Ryan et
al. 1999), and the quadratic relationship provided in Noet al.
(2013) obtained for metal-poor dwarfs, subgiants and giahe
adopted T as a function of the values derived from the HP index
has been shown in Fif] 6 for the NGC 1851-halo and NGC 1851
central field stars. The halo and cluster stars adoptgdvdlues
compare similarly to those obtained from the HP index, witam
differencesATs(HP—adoptedy55+39 K (rms=184 K) for the
NGC 1851 halo, and\Te(HP—-adoptedy73+21 K (rms=191 K)
for the central field stars. This comparison confirms thattéme-
perature scale adopted for the NGC 1851 halo stars agrefesheit
one adopted for the NGC 1851 cluster stars.

Errors in T and mass o094 K and+0.05 M,, affect the
log g values by+0.03 and+0.02 dex, respectively. Internal uncer-
tainties in the bolometric luminosity c£0.01 have small féects
on logg values:+0.01 dex. All these fects, added in quadrature,
contribute to a very small internal error in lggof ~0.04 dex. We
emphasise that this is just the formal internal error indoghile
real uncertainties in this parameter may be much largezriat
uncertainties 094 K and+0.04 dex in Ty and logg affecté; by
only +0.03 km s*. Although the internal error i# due to Ty and
log g is formally small, we assume for this parameter a more real-
istic internal error that is the rms of the UVES GES data adae
used relation, i.e., we used an errd.20 km st. We will take into
account these uncertainties in the atmospheric paranfetetise
estimation of the errors associated with the chemical adnceks.

In Fig.[d we compare the adopted atmospheric parameters
with those of G12 for the central field of NGC 185 Iff&ctive tem-
peratures and surface gravities from G12 have been detednbiy
fitting two different isochrones for stars associated with the bright
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Figure 6. Adopted Ter values for the NGC 1851-halo (cyan triangles) and
central field (green squares) targets as a function of theesaibtained from
the HP index.

and faint SGB of NGC 1851, usingftiérent photometric catalogs

measure only 2-3 Fe features. To ensure that the derivedgeer
metallicities were on the same scale, and avoid systendsjmsnd-
ing on the analysed spectral feature fdfelient stars, we corrected
the abundances from each measured line for their systedifigc-
ence with the abundance obtained from the #404.5 A feature,
that is measured in all the stars.

Limited by the relatively low resolution and the small wave-
length range of our spectra, we derived Sr and Ba abundantes o
from the strong resonance transitionsi2I077, 4215 A, and Ba
4554 A. Both the Sr lines sier from blends with other surround-
ing transitions, mostly Fe features and otherapture species (e.g.
Dy and La) in the case of the 84077 A. For all the contaminat-
ing elements we assumed a solar-scaled abundance. In #hefcas
Sr, the blending with Dy and La transitions occurs on the @adw
and blueward spectral region around ther 8077 A line, respec-
tively. The dfect of these blending features has been considered
by performing spectral synthesis for a few representatiaes by
varying Dy and La abundances relative to Fe. In both cases, th
effect on the [SiFe] abundances is quite small: [Be] decreases
by less than 0.05 dex by increasing the abundances for these t
contaminating elements by0.5 dex. This variation should be re-
garded as a possible systematic errdecting mostly the stars in
our sample that have been enrichedvicapture elements and have

than those used here (see G12 for details). We note a system-super-solar abundances relative to Fe for these elememtsan/

atic difference in Ty with the G12 values being200 K hotter,
with a scatter of 59 K. Only three stars of the internal field ar
in common with Lardo et al. (2012), whosggThave been deter-
mined from the Alonso calibrations (Alonso et al. 1999). Eoo

of these stars, ourgf are higher by~300 K, and one is slightly
lower (by 40 K). These comparisons suggest that, although th
Ter Scale may be féected by systematics of a few hundreds of
K, the internal error is lower~100 K). The mean dierence in

log g between the G12 and the adopted values is small, of 0.04 dex

(rms=0.02 dex). Microturbolent velocities in G12 are lower by
0.17 km s? (rms=0.06 km s'). The diferent¢, values (as appear
in Fig.[7) are likely due to the dierent relations used to estimate
this parameter. While our relation is a second order polyabim
Ter log g and metallicity, G12 used a linear relation in just the sur-
face gravity.

4.2 Abundance analysis

Chemical abundances were derived from a local thermodynami
equilibrium (LTE) analysis by using the latest version af #pec-
tral analysis code MOOG, with no scattering included (Snede
1973), by using the--enhanced model atmospheres of Castelli &
Kurucz (2004), whose parameters have been obtained astaebscr
in Sect[Z4.1L. All the target lines have been analysed by sdesyin-
thesis, via an automatj-minimisation between the synthetic and
the observed spectra reported to same reference continuum.

We determined abundances for Fe, the neutron-capture (
capture) elements Sr and Ba, the light element C, ¢hele-

argue that, in the case of NGC 1851, the Dy contamination may
have a negligibleféect on the star-to-star relative abundances. This
is because in the solar system Dy is expected to be mostlitisens

to r-process nucleosynthesis (87.9% frorprocesses and 12.1%
from s-processes; see Table 10 in Simmerer et al. 2004). If some
stellar populations in NGC 1851 have undergone a substamtia
richment ins-processes, we may expect a lower degree of chemical
variations, if any, in Dy.

Spectral synthesis in the analysis of our spectral lined fan-
ticularly at our moderate resolution) is needed to takeelidsnds
into account. Although the Ba4554 A is isolated from contami-
nating transitions, we also computed synthesis for the Batsgl
line, to take its isotopic splitting into account.

The linelists are based on the Kurucz line compendium, ex-
cept the Ba transition for which we added hyperfine strucéume
isotopic data from Gallagher et al. (2010). For Sr our listsline-
glect hyperfinfisotopic splitting since the wavelength shifts are
very small and Sr has one dominant isotope.

Barium has five major naturally occurring isotopes whose pro
duction fractions in the rapid-process-frocess) ands-process
are significantly dferent (e.g., Kappeler et al. 1989). In particu-
lar, abundances derived from the B4554 A transition are very
sensitive to the adopteg s ratio (e.g., Mashonkina & Zhao 2006;
Collet et al. 2009). In our previous analysis of M 22 SGB steges
found that assuming a pureprocess isotopic ratio (Arlandini et al.
1999), instead of a scaled solar-system Ba abundance aogiso
fractions (Lodders 2003) has th&ext of decreasing the [Bee]
abundances by0.2 dex (Marino et al. 2012a). Bearing in mind

ments Mg and Ca, and the iron-peak Cr. Iron abundances werethat this behaviour can be an issue in the analysis of NGC t&&1

derived from the Fespectral features at 4005.2, 4045.8, 4063.6,
4071.7, 4132.1, 4143.9, 4187.0, 4202.0, 4250.1, 4260.B1.22
4383.6, 4404.8, 4415.1, 4476.0, 4482.2, 4528.6, 4556.10h. F
the NGC 1851-cluster stars, thgN\Sof the spectra was fiicient

to allow us to synthesise all the Fe features. In the caseef th
NGC 1851-halo stars it was possible to infer abundances &bm

hosts stars with diierent contributions from the-process material,
we decide to assume a scaled solar-system Ba isotopicdinacti
for all the stars. However, we note that stars with lower $f Ba
abundances may be better reproduced hypocess isotopic ratio
and their Ba abundances may be over-estimated in our asalysi
Carbon was measured from spectral synthesis of the CH

the lines only in the two RGBs. For the other stars we measured (A?A — X2IT) G-band heads near 4315 A assuming a solar scaled

a subsample of the listed Fe features, typically a numbertd 7
spectral features. For four stars (T128, T153, T134, T139%ould

oxygen abundance. The molecular line data employed for Cid we
provided by B. Plez (priv. comm.; some basic details of thelist
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Figure 7. Adopted values for g, log g, andé; for the NGC 1851 central field targets as a function of the emladopted in G12. The mearfidrences
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Table 3. Adopted atmospheric parameters and chemical abundandbe fdGC 1851-halo and cluster (central field) stars. Wheilahle, we list the scatter
of measurements derived from individual measurementsfdlheersions will be available online as supplementary eniat.

ID Ter e logg & [Fe/H] o [C/Fe] [Mg/Fe] scatter [Che] [CrFe] [SrFe] scatter [B#e]
HALO
T198 5296 59 355 102 -1.36 0.04 -0.27 0.53 0.3 0.43 -0.25 -0.06 0.23 0.27
T132 5966 107 429 111 -1.29 0.09 - - - 0.37 - 0.33 - -
T150 5857 89 431 107 -1.34 0.07 - - - - - - - 0.75
CLUSTER
SGB-a.10 5923 1389 390 1.15-1.05 0.06 -0.47 0.31 0.11 -0.02 -0.25 -0.26 0.01 0.40
SGB-a.12 5793 89 384 111 -125 0.11 -0.32 - - - -049 -0.32 - 0.54
SGB-a.13 5716 81 378 110 -1.48 0.04 -0.03 0.58 - 0.19 0.13 0.17 0.02 0.28

are given in Hill et al. 2002). Given that we do not have infarm  abundances from each spectral line for a set of synthetictrspe

tion on the actual oxygen abundance of our stars, the assamuit corresponding to a given star, represents a fair estimatteeadin-
solar scaled oxygen is reasonable as th&§pdistribution in RGB certainty introduced by the fitting procedure, due to tiid,$he
stars in NGC 1851 spans a range that goes froff¢p —0.50 dex pixel size and the continuum estimate. These uncertaistieagly
to [O/Fe}~ +0.50 dex (Villanova et al. 2010; Carretta et al. 2010). depend on the /8, and are higher for halo stars with lowefN\S
The molecular equilibrium in stellar atmospheres gengratflect The mean errors in the chemical abundances from our fittioggar

the abundance of C, N, O. However, in our range of atmospheric dure are then divided by the square root of the number ofahail
parameters CO is not an abundant molecule, and the impact ofspectral lines to obtain an estimate of the uncertainty cistenl
[O/Fe] abundances varied by the entire range observed in giantsto each analysed element. These errors are listed);da Tab.[5.
(from —0.50 to+0.50 dex) is negligible on the G-band. Magnesium Since these errors are random, the uncertainty is lowerhfoset
has been derived from the Mgjnes at~4057.5 and 4167.3 A, cal-  elements with a large number of lines (e.g., Fe). For therathe
cium from the Caat~4226.7 A, and chromium from the Cline ements we have two (or just one) lines, and this error cartich
at~4254.3 A. is higher. Of course, the larger uncertainties are foundtferMS

An internal error analysis was accomplished by varying the Stars of the halo that have a loweiNs

temperature, gravity, metallicity, and microturbulence dy one A list of the uncertainties in chemical abundances due to the
and re-determining the abundances for three NGC 1851 hais st Various considered sources is provided in Tab. 5, whereldarb

and three NGC 1851 cluster stars spanning the observed rangd'es in the errors for the halo stars mean that the estimetet
in temperature. The parameters were variedAfg;=+100 K is different for RGB and MS stars. The various errors were added

Alog g=0.05 dex A[Fe/H]=+0.11 dex, and\é,=+0.2 km s™. in quadrature, resulting in typical uncertainties-@f.10-0.20 de,
with Ba abundances having the largest uncertaintg @20 dex,
that stems mostly from uncertainties in Igg; and the limited 3\.
Iron abundance over hydrogen are mostffeeted by uncertain-

The limited 9N of our spectra introduces significative internal
uncertainties to our chemical abundances. To estimate thre=er-
tainties we computed a set of 100 synthetic spectra for timresr
field stars (SGB-a.9, SGB-a-St.24 and SGB-b-St.21) and &l h
stars (T186 and T198), whose atmospheric parameters aw rep

sentative of the whole sample. These set of synthetic speire 5 The fact that an error in the atmospheric parameters ffantan a difer-

calculated by using the best-fit inferred abundances, ame then ent way a given element can generate spurious correlatietagebn abun-
degrqded to the/N of the observed spectra. We then analysed the gance ratios. As an example we verified through Montecarfilsitions
chemical abundances of all these synthetic spectra atmie isen- that we expect a significant correlation between/ffand [CdFe] due to

ner as the observed spectra. The scatter that we obtain frem t the errors listed in Tabl5.
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ties in Ter, while the limited @N translating into continuum errors,
gives the major contribution to the other species.

A comparison of our chemical contents inferred for the cen-
tral field with those from G12 is shown in Fig. 8, for those spsc
analysed both in this study and in G12. This comparison Isvea
some systematics between our abundances and theirs, th@fmos
which can be explained by the systemati€etiences in the adopted
atmospheric parameters discussed in $edt. 4.1. As an exahepl
difference in [FAH] of ~0.20 dex can be entirely ascribed to the
systematically higher g values in G12; while the large system-
atic in [BgFe] of ~0.30 dex are mostly due to our highgrand
in minor part, to our slightly lower log. We note that the system-

atic efects on stellar parameters seem to cancel each other in the 55|

cases of [CiFe] and [SfFe]; the systematics observed in/Fg]
and [CdFe] cannot be explained byftBrences in the atmospheric
parameters, and may instead be due ftedént linelists antbr to
possible systematics in the continuum placement.

The values of the observed rms for those elements with no sig-
nificant internal variations can be used as a rough estinfatero
internal errors, to be compared with the expected ones. e
we list the 68th percentile of the distributions of the imést abun-
dances, together with the median values for the NGC 1851 halo

19.5

Livvi il
.55 0.6 0.65
T pgogw —T pgaw

stars and the NGC 1851 cluster stars. By comparing the 68th pe Figure 9. Distribution of the inner field spectroscopic targets on the

centile values listed in the third column, with the expectetl
uncertainties (TablE]5), we note that, in general the eraogsin
rough agreement. The element that clearly stands out ist&tno.

We will discuss this point in the next section.

Me275w-(ME275w — MEg14w) (from Piotto et al. 2012)megosw-(MEsoew —
mMeg14w) (from Milone et al. 2008)B-(B-1), andU-(U —V) CMDs (Milone
et al. 2009). Stars assigned to the bSGB and fSGB have beesegped in
blue and red, respectively, stars with more uncertain logaespect to the
double SGB have been coloured in yellow.

5 THE CHEMICAL CONTENT OF THE NGC 1851
SYSTEM

The mean chemical abundances for the NGC 1851-RV like stars 15
are listed in TablEl4, along with those obtained for the eéffild.

In the following, we first discuss results for the NGC 1851stdu z 10
stars in the internal field, so that the chemical compositibthe 5
NGC 1851 halo stars can be compared with those of the central
cluster.

T T T I T T T I
NGC1851 cluster
F (inner field)

o N 15 FeseB
5.1 The inner field composition
z 10
The chemical composition of NGC 1851 is redéndardfor a GC,
as it shows internal variations mprocess elements, that is a pecu- 5 %};}5%
liarity of a few GCs such as those showing split SGBs (e.g.2M 2 0 pzzg | S o MR

and w Centauri). A proper comparison between the external and
internal field of this GC requires accounting for these fezgu

Starting with the analysis of the cluster stars in the irdérn
field, we have assigned each target to the faint SGB (fSGH)eort =
bright SGB (bSGB), based on their position on the CMD. In Big.
we show the position of these central field targets on the CMD i
various photometric bands. An inspection of this figure sstg 0
that the separation between bSGB and fSGB is much more dis-
tinct by usingACS and WFC2 images fromHS T (left panels),
than by using standard broad-band photometry from grougtit(r
panels). As the photometry from space is more precise, wéese
HS T photometric information to assign each star to the bSGB or
the fSGB, when available. In Fifj] 9 the bSGB and fSGB spectro-
scopic targets have been represented in blue and red, tiespec
These color codes will be used consistently in the follovdisgus-
sion. In some cases, the association with one of the two S@8tis
obvious for stars having only ground-based photometry,oases
targets lie on the MS where the split is not visible. So, wergeé

-1.8

vl b b b b i

[ NGC185 1| halo

4 —(outer field)

| ST B ETETE B

-16 -1.4 -12
(Fe/H]

-1

Figure 10. Distribution of the [FgH] abundances for the NGC 1851 stars
in all the stars in the inner field (upper panel), the bSGB &@B (middle
panel), and for the NGC 1851-RV like halo stars (lower panel)
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Figure 8. Chemical abundances inferred in this study for the NGC 18&itral field targets as a function of those from G12. The mea#ierdnces

(G12-adopted) and associated rms are shown in each panel.

Table 4.Median and 68th percentile-fs) of the chemical abundances for the NGC 1851 halo and théecltatal, bSGB and fSGB samples.

HALO CLUSTER bSGB CLUSTER fSGB CLUSTER

avg. O obs avg. O obs avg. O obs avg. O obs

[Fe/H] -1.35%0.02 0.09 -1.330.01 0.09 -1.35%0.01 0.08 -1.3:0.02 0.11
[C/Fe] -0.27+0.09 0.17 -0.13:0.02 0.18 -0.09:0.02 0.15 -0.24:0.04 0.18
[Mg/Fe] +0.51+0.02 0.03 +0.44+0.02 0.16 +0.41+0.02 0.15 +0.54:0.03 0.13
[Ca/Fe] +0.31+0.04 0.10 +0.25:0.01 0.11 +0.25:0.02 0.10 +0.28:0.03 0.13
[Cr/Fe] -0.09:0.25 0.45 -0.05:0.02 0.18 -0.05:0.03 0.18 -0.05:0.03 0.16
[Sr/Fe] +0.10:0.06  0.15 +0.25:0.03 0.23 +0.13:0.03 0.21 +0.39:+0.02 0.11
[BayFe] +0.52:0.09 0.28 +0.66:0.03 0.24 +0.57+0.03 0.17 +0.83:0.03 0.16

third group of stars whose position on the CMD is ambiguoe$-(y
low dots in Fig[®), and we do not consider them in the comparis
with the halo stars chemical composition. In total we hawentd
fied 18 bSGB and 15 fSGB in tHeS T field, and 32 bSGB and 14
fSGB in the ground-based photometry, with 7 uncertain stars

To properly compare the abundances obtained in the halo with
those of the stellar groups observed in the cluster we dé¢hiee

higher quality data (Villanova et al. 2010; Carretta et &i12). A
smaller diference between the iron content of the two SGBs cannot
be ruled out by our data. We recall here that the trends inXjid][
abundances cannot be interpreted in support of any ovestflm
licity variation as they can result from our observationabes.

The Strontium-to-iron ratio, [$Fe], exhibits a large star-to-
star variation, exceeding the observational errors. Bidufig stars

average abundances of the bSGB and fSGB samples, as listed inn, hsGB and fSGB the [#Fe] mean abundance of the fSGB is

Table[4. In the following discussion the comparison betwtben
average abundances of the various analysed groups of ls8(E8(
fSGB and halo) has been performed by using as error the di@adra
sum of the errors associated with the considered means.

The [Fe¢H] histogram of the two SGB groups is shown in the
upper panel of Fig._10. The total distribution of the entiegns
ple, represented in green, is entirely within that expeéteh the
error analysis of our relatively low resolution data. By iding
the sample into bSGB and fSGB, our mean/Hevalues agree
within observational errors, suggesting that the two pajohs
have the same average metallicity withiQ.05 dex {sscs-bscs =
+0.05 = 0.03), confirming previous studies on the RGB based on

larger than that inferred for the bSGB, with a meaffedence
A[Sr/Febscp-tsee=—0.25:0.04 (a~60" significant diference). De-
spite the large errors on [B2e], the fSGB is also richer in bar-
ium by 0.26:0.04 dex (with a significance of more tharv§. In
summary, our results on the internal field confirm previoudifigs

on the presence of two groups of stars in NGC 1851 wiffecént
abundances in those elements mostly produced is-firecesses,
like Sr and Ba (e.g. Yong & Grundahl 2008; Villanova et al. @)1
and that the fSGB is populated by stars that have undergane so
kind of enrichment from these processes (e.g. Gratton 412).

In this respect, NGC 1851 is very similar to M 22, which shows a
bimodal distribution ins-elements (Marino et al. 2009) and a fSGB
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Figure 11. Some examples of observed and synthetic spectra aroundrseasaired Fe, Sr, and Ba features for two SGB stars in thefieteeof NGC 1851.

In the upper panel we plot the spectrum of one bSGB star (SSB4&), while in the lower panel the spectrum of one fSGB (@&B-b-St.16). In each panel
the points represent the observed spectrum. The red lihe tsest-fitting synthesis; to visualize thé&eience between the mean fSGB and bSGB abundances
we represent with dashed red lines the synthesis correspptaithe average fSGB abundances (upper panel), and to¢hage bSGB ones (lower panel);
the grey lines are the syntheses computed with abundarteesdaby+0.2 dex from the best value.

populated by stars with higherelement abundances (Marino et
al. 2012a).

As a visual representation of theffdirences in Sr and Ba be-
tween the two SGBs, in Fif L1 we represent some portionseof th
analysed spectra around key spectral features for one b$B s
(SGB-a-St.45) and one fSGB star (SGB-b-St.16). Superisghos
on the observed spectra are the best-fit synthesis (soljd tveol
syntheses corresponding to Sr, Ba, and Fe abundances bgried
+0.2 dex, and a synthesis computed with the average abundéance

the fSGB and the bSGB (dashed red) for SGB-a-St.45 and SGB-b-

St.16, respectively.

The high dispersion in [Ee], significantly exceeding obser-
vational errors, suggests that the abundance in this eteshews
significant internal variations. This is consistent withawtvas ob-
served in other GCs, including the less complex ones (e.g4, M
Marino et al. 2008), and mostly interpreted as due to some &dn
intra-cluster pollution from material that has undergonrbuning
at high temperature. It is worth noting here that the higlpetis
sion in [GFe] observed in the complete sample does not diminish
by dividing stars in bSGB and fSGB, being only marginally &w
for the bSGB (TatlJ4). The average/Re] is higher in the bSGB,
with a mean dference ofA([C/Fe]hscs-1see=0.15:0.045, that is
slightly higher than a 3r level. The chemical pattern of [Ee],
its variation within diferents-groups and the larger spread among
thes-poor (bSGB) stars agrees with previous findings obtainsd fir
for M22 (Marino et al. 2011b; 2012a) and then for NGC 1851lfitse
(Lardo et al. 2012; Gratton et al. 2012).

We note that [Mg~e] appears to be slightly higher in fSGB
stars (at a level 0~3.5 o). Magnesium abundances for RGB
stars in NGC 1851 have been provided by Yong et al. (2008) from
UVES spectra and Carretta et al. (2010) from GIRAFFE spec-
tra. The average [M&e] abundances for their sample of RGB
stars is+0.38£0.03 (=0.07) and+0.38:0.01 (=0.04) in Yong
et al. and Carretta et al., respectively. Although a direchgari-
son with these two studies cannot be done, because theyfuse di
ferent spectral Mg features and possible non-LTE corrastinay
apply diferently. We note that their values are consistent with the

average abundance that we found for the total sample of SGB
stars, [MgFelysee=+0.44£0.02 (-=0.16), and for the bSGB stars,
[Mg/Febsee=+0.41£0.02 (r=0.15). On the other hand, the Mg
abundance of the fSGB appears to be higher, but a sinfilacte
has not been found in previous studies on the RGB. Given oge la
uncertainties associated with individual Mg abundance suea
ments, the presence of thigidirence should be viewed with cau-
tion and needs to be investigated further. None of the othecies
appears to show fierences among the two SGBs over @ Rvel.

5.2 The NGC 1851-halo composition

The chemical abundances and their averages inferred fdratloe
stars are listed in Tabld 3 and Table 4, respectively. Alghowe
could infer metallicities for a relatively large number clb stars
(15), the abundances of the other elements were possibjeironl
the stars with higher/8l spectra.

The [FeH] distribution of the NGC 1851 halo stars is
presented in the lower panel of Fig.]10. An inspection of this
figure immediately suggests that the distribution for thke lséars
spans a range similar to the one observed in the internal. field
The average [Fe&l] for the halo stars is [Fel]=—1.35:0.02 dex
(rms=0.09), and its dference with the mean values obtained
for the internal field are:A[F&/H]usterhaio=+0.02£0.03 dex;
A[Feﬂ{l(bSGB (:Iusteithalo):'i'o-OCEO-O3 dex;
A[Fe/H](1sc clusterhalo)=+0.05:0.03 dex. Indeed, we conclude
that, within observational errors, the [Fg in the stars analysed
in the halo is consistent with the mean abundance obtairettido
NGC 1851 cluster stars.

A comparison between all the abundances inferred for the hal
with those obtained for the bSGB and fSGB in the inner field is
shown in Fig[IR. The first observation we make is that theF&r
distribution for the halo is consistent with that shown by H8GB,
with just one star falling in the range spanned by the fSGB. Al
though the internal error on [Bée] is much larger, the [Bge]
range for the halo is also more similar to that spanned by bSGB
stars than to that of the fSGB. Note however that, in this case



Table 5. Sensitivity of derived abundances to the atmospheric petens and
atmospheric parameters plus errors in the fitting proceitg.

15

the fitting procedure. We reported the total fornar (ota) due to the

ATest Alog g Ady A[A/H] it Total
+100 K +0.05 +0.20kms?  +0.11dex
HALO
[C/Fe] +0.04 +0.01 +0.02 70.02 +0.10+0.16 0.110.17
[Mg/Fe] +0.08 F0.01 +0.01 +0.01 +0.13+0.18 0.1%0.20
[Ca/Fe] +0.03 +0.00 +0.02 70.02 +0.09+0.13 0.1¢0.14
[Cr/Fe] +0.17 F0.01 +0.02 70.02 +0.18+0.38  0.2%0.42
[Fe/H] +0.10 ¥0.02 ¥0.02 ¥0.10¥0.07 +0.02+0.07 0.1%0.14
[Sr/Fe] F0.01 +0.02 F0.02 +0.02 +0.12+0.20  0.130.20
[Ba/Fe] ¥0.07+0.04 0.11 ¥0.15 +0.02 +0.09+0.21  0.220.29
CLUSTER

[C/Fe] +0.04 +0.01 +0.03 70.02 +0.06 0.08
[Mg/Fe] ¥0.08 ¥0.01 +0.00 70.03 +0.13 0.16
[Ca/Fe] +0.04 F0.01 +0.02 70.02 +0.08 0.09
[Cr/Fe] +0.06 +0.00 ¥0.01 70.05 +0.19 0.21
[Fe/H] +0.10 70.01 70.03 70.07 +0.03 0.13
[Sr/Fe] ¥0.04 +0.02 +0.01 +0.04 +0.07 0.09
[Ba/Fe] 70.03 70.11 70.17 +0.00 +0.11 0.23

some stars are also consistent with the fSGB range, but dine to
large observational errordfacting barium abundances, we cannot
draw strong conclusions on the distribution of this elenaane.

To quantify the probabilities that the abundance distidns in Sr
and Ba obtained for the fSGB, bSGB in the inner field and ing¢hos
for the outer field derive from the same parent distributiee per-
formed some KS tests. The KS probabilities that the bSGB laad t
fSGB abundances derive from the same distribution are 0.66th

for Sr and Ba. Similarly low are the probabilities when we pame
the fSGB and the halo, for which we obtain 0.0001 and 0.0047 fo
Sr and Ba, respectively. On the other hand, the probalsilttiat

dashed lines, respectively. We comment briefly these faus sAs
previously discussed, due to the large errors ir/f@gwe cannot
draw conclusions on the three stars with only Ba abundaneals a
able. Indeed, the large uncertainties associated withitiggesBa
measurements for halo MS stars, that is about 0.29 dex asl list
in Tab.[B, do not allow us to confidently assign the two outehre
stars with higher Ba to neither tteerich or thes-poor group. The
location of the star with just Sr is inconclusive.

We can conclude that the analysis of our sample of halo stars
thus does not provide strong evidence for the presencerich
stars corresponding to the fSGB population, insofar adalktars

the bSGB and the halo Sr and Ba abundances derive from the saméor which Ba and Sr abundances are available have valuesatomp

distribution are 0.8180 and 0.5622, respectively.

In Fig.[I3 we show the spectral features for Sr and Ba in
three halo stars, with the best-fit synthesis (blue) and yhéhs-
sis corresponding to the mean chemical abundances for GB fS
observed in the inner field (red). This figure illustratesles limit
of our observations: e.g., while the chemical abundanc#sedivo
RGBs (T207 and T198) is well distinct from the compositiornhe
fSGB, the uncertainties associated with some MS stars {€L§8)
are much larger. In the particular case of T138, the star mithe
ambiguous position on the [Fee]-[SyFe] plane (see Fi§.15), the
abundances for barium and strontium are in fact only sighter
than the fSGB average abundance.

Keeping in mind all the uncertainties we have, in particular
for the MS stars, the most robust comparison between thedmalo
the cluster stars that we can make with our observations ety
bining results for the two analysedprocess elements Sr and Ba.
In Fig.[18 we show [B#re] as a function of [FFe] for the bSGB,
the fSGB and the halo stars. Stars with both Sr and Ba availabl
clearly distribute in the same manner as the hSGB stars. Whe t
stars not lying on the NGC 1851 sequence (see Bett. 3.2) bave b
indicated with black crosses.

For completeness, in Fig. 115 we plot stars with only Sr or
Ba available as cyan dots separated by the horizontal anidaler

ible with those of the bSGB.

On the probability of observing-rich stars, considering that
in the central field the fSGB contributes around 35% of thessta
(Milone et al. 2009), we would expect to observe 157&wvith Sr
and Ba abundances available) at the tsgirocess composition of
the fSGB. We observe no such stars. As a further test, thertiaho
probability of observing none out of five stars in th@oor group
is 0.12, and none out of seven stars (if we include the twes star
with anomalous position on the CMD) is 0.05. These probigdsil
are small, however we remark here that they are not zero,wand f
ture analysis of larger sample of stars are necessary tedserthe
sample of halo stars with available chemistry. As long as eferr
to our analysed sample, the present results provide nogston
idence for the presence sfrich stars, and indeed support a halo
populated by just bSGB-poor stars. To make this statement more
conclusive we need to improve the statistics in the futuckeaen-
tually reduce our 0.12 probability t00.00. For these statistics we
assume the bSGB and fSGB fractions base¢H&iT and ground-
based photometry from Milone et al. (2009) that follow theBSG
split from the cluster center out td &ith no strong evidence for
different radial distribution of the two branches. Beyond thss d
tance out to the tidal radius, there are too few SGB starsstatify
the sequences and determine their contribution to the ¢biater
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mass. On the other hand, Zoccali et al. (2009) found thatSKeBf
dramatically drops at a distance 2.4 from the center. We note
that since we have detectaeich/fSGB stars up to-5 from the
center, we confirm that there is no drop of fSGB starsat.

As abundances for Sr and Ba were possible faBtars, in-
cluding two RGBs, we have 16 MS stars, including the foursstar
with only Sr or Ba abundance available, that do not have @il
abundances for both-capture elements. To get chemical informa-
tion for these 16 stars we combined their observed spectsinty
ply averaging them with the same weight, so that we obtained a
spectrum with higher 8. Then, we constructed two MOOG syn-
thetic spectra by averaging those corresponding to thesgiasic
parameters of each star: one with the mean Sr and Ba abursdance
obtained for the bSGB (mean bSGB synthetic spectrum), amd th
other with the mean Sr and Ba of the fSGB (mean fSGB synthetic
spectrum). The comparison between the mean observed hedo sp
trum and the mean bSGB and fSGB synthetic spectra is shown in
Fig.[14. The mean observed halo spectrum near the Sr and Ba spe
tral features is clearly best matched by the mean bSGB synthe
spectrum. The stars not analysed for individual abundaot&s
and Ba have predominantly the bSGB abundances.

Regarding the other elements, halo chemical composition
agrees with that observed in the inner field of NGC 1851. As
shown in Fig[IP, the distributions of all the elements in kiado
are consistent with those observed in both the bSGB and f&&B,
being any significant dierence between the abundances obtained
for the two SGBs. The halo stars are enhanced glements Ca
and Mg, and roughly solar-scaled [Ee], although the rms in
this latter species is high due to observational errorsb@ahas
been inferred for five stars, including TO66 (not on the @ust
sequence), the two red giants (T198 and T207), and two MS star
(T186 and T207). The comparison with the C abundances in the
inner field can be done for just the two MS stars, as RGB states ha
undergone the first dredge-up bringing carbon into the mater
layers, resulting in lower surface abundances for this efgm
The two MS stars T186 and T220 have/[f€]=-0.13 and-0.15,
respectively, and the mean fidirence with the median values
of the internal field are:A[C/Fe]custerhan=+0.01:0.03 dex;
A[C/Fe]psc clusterhalo=+0.05:0.03 dex;
A[C/FeJiscs clusterhalo=—0.10:0.04 dex, that are consistent
with both the bSGB and fSGB (see Tab. 4).

We conclude that, for all the analysed elements, the chémica
composition of the halo is consistent with that observethédus-
ter (as shown in Fig._12). In particular tseelements are consistent
with the bSGB abundances. The similar abundance distoibsiti
for all the elements with available measurements, is antiaddi
signature for cluster membership, and more in general hioek-
istence of a halo surrounding NGC 1851.

6 THE VELOCITY DISPERSION RADIAL PROFILE

Having established the existence of a halo of stars beyantidal
radius of NGC 1851, we can investigate the intrinsic RV disjoa
(orv) Of these outer stars in comparison with the inner field. To
this aim we used the procedure described in Mackey et al4(201
see their Sect. 4.2) that takes into account the contribatiobser-
vational errors to the RV dispersion. Briefly, we used a maxim
likelihood technique, assuming that the measured RVs fostauis
are normally distributed around the average value accgtditheir
measurement uncertainties and the intrinsic cluster itgldisper-
sion. We can obtain numerical estimates for the intrinsistelr
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(cyan) abundances. A boxed horizontal line indicates ttegguartile range
(the middle 50% of the data) and median found for a particalament.
The vertical tails extending from the boxes indicate theltainge of abun-
dances determined for each element, excluding outlierie®i(those 1.5

times the interquartile range) are denoted by open circles.
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Figure 15. Barium as a function of strontium abundances relative tooFe f
the NGC 1851 system: halo stars are shown as cyan trianglistercbSGB
and fSGB have been represented in blue squares and redesmegstively.
The two halo stars with anomalous position on the CMD haven legi-
cated with black crosses; while stars with just Ba or Sr abonds have
been represented with cyan dots.

velocity dispersion by maximising the logarithm of the jgimoba-
bility function for the observed RVs. The procedure has lumme
at three dfferent bins of radial distances from the cluster center:
namely in the central field of’3' covered byHS T photometry,
in the inner field covered by ground-based photometry attariie
from the center betweepd’ and~9', and for the stars in the outer
field that covers the halo.

Figure[16 shows the obtained intrinsic velocity dispersion
our three radial bins. In the cluster field the velocity dispan de-
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creases with radius, from5 km st in HS T field, to ~4 km s? MS star with massm, ~0.7M, would beory, larger by~7% than
between 4and 9. There is no significant dierence between the  ory;

bSGB and fSGB. Scarpa et al. (2011) determined the velo@ty d e Field contamination: although we exclude that this is andss
persion radial profile from FLAMES spectra using high-resioh in the inner field where we have much higher statistics, a legree

setups for 184 stars along the upper SGB and the lower RGB in of field contamination {2 stars out of 23) mayfkect our sample
the inner field of NGC 1851. Their results are plotted, alorthw of NGC 1851 RV-like stars in the halo, and maeat the value of
ours, in Fig[Ib. Our measurements agree with those repbgted oy To estimate thisféect we determined the radial velocity dis-
Scarpa and collaborators withinsl Out of the tidal radius we find  persion ¢,) by excluding each pair of stargj( with i=1,23 and

a dispersion comparable with that observed in the regiowesst j=1,23) from our NGC 1851 halo sample. In the end, we obtained
4 and 9. an average dispersion of 3.72 kmt $rms=0.22) withory ranging

We note here that some physical and technical issues may af-from 2.57 to 3.96 km3;
fect ourory determination: e Binaries: binary contamination can inflate the dispersis.

discussed in Sedt] 3, we do not expect a large fraction ofieima

¢ Stellar masses: since most of the halo stars belong to the up-in NGC 1851 (from Milone et al 2012 the fraction of binaries in
per MS, while inner field stars are SGB, to properly compage th the central field outside the half-mass radius 1s6%). Of course,
ory €stimates at dierent radial distances we need to account for we cannot exclude that the halo stars may have, for somergaso
the diferent masses of the stars. Lower mass stars should havdarger binary fraction. For the NGC 1851 halo sample we dseet
a higher dispersion, typically, than higher mass stars. évew any evidence for the presence of stars whose rms in RVs frém di
this efect is negligible in our sample, since the mas§edénce ferent exposures significantly exceeds that introducedhéytial-
between upper MS and SGB is small. To quantify, under energy ity of the spectra (see SeEl. 3 for more details);
equipartition for two stars with masses and m, we have that e Possible fiber-to-fiber systematic errors: while the ptate-
TRrv,=0Ry, X YMy/M, that for a SGB with massy ~0.8M,, and a plate systematics are randomly distributed and are liketyaved
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Figure 16. Intrinsic dispersions in RVsfry) as a function of the distance
from the cluster center (in logarithmic units) for the starshe HS T cen-

tral field (within 3x3’), the stars in the inner field covered by ground-based
photometry (betweer4’ and 9 from the cluster center), and in the outer
field (from the tidal radius up te-30° from the cluster center). The color
codes are as follows: green is for the inner field stars of N&&l1cyan

for the halo of NGC 1851; blue and red are the stars in the ifiakt di-
vided in the bSGB and fSGB samples (see $edk. 5.1) respgcilives black
triangles are values derived in Scarpa et al. (2011). Thieatbbne shows
the location of the tidal radius.

using our procedure, fiber-to-fibeffects may be there as the
FLAMES fibers configuration that we used is the same for every
exposure (that means each star is observed with the samg fiber
Such dfects are small, and never exceed.5 km s* (e.g., Som-
mariva et al. 2009).

With due consideration of all the issueegting theory es-
timates, we may speculate that the apparently continudusenaf
the dispersion profile from the cluster to the halo providetswyore
evidence that the halo is associated with the cluster. Weatsm
exclude a truncation in the observeg, in the vicinity of the tidal
radius, and that is contrary to the expectations from Kygetthe-
oretical models. The bSGB and fSGB observed in the inner field
are chemically dferent in thes-process elements, but they look
kinematically similar.

7 DISCUSSION AND CONCLUDING REMARKS

We have provided a spectroscopic analysis of the halo that su
rounds NGC 1851. In particular we have studied the naturhisf t
intriguing stellar structure by analysing RVs and elemieabain-
dances, providing for the first time a chemical inventory inato
surrounding a GC.

We have measured radial velocities and elemental abunslance
of Fe, C, Mg, Ca, Cr, Srand Ba in a sample of both halo and aluste
stars, from which we draw the following conclusions:

e the RV distribution in the observed halo field shows a peak
not expected from Galactic models at the characteristic RV o
NGC 1851, confirming the presence of a halo surrounding the cl
ter;

o fifteen stars in the halo field exhibit radial velocities anetat-
licities consistent with the cluster field;

e our observed RV distribution agrees (apart from the RV range
of NGC 1851) with that expected from Galactic models, sutiggs
that no other sub-structure, such as streams, is preseut fret;

e the halo has the same metallicity distribution as NGC 1851.

None of the NGC 1851 RV-like stars found outside the tidaluad
shows a [FgH] content diferent from the range observed in the
inner field;

e the halo stars for which we could estimate abundances for Sr
and Ba show abundances consistent with those observed on the
bSGB, i.e., they have lower Sr and Ba compared with thoseeof th
fSGB;

e our sample does not exhibit any strong evidence for the pres-
ence of stars witls-element abundances compatible with the fSGB.

Within the multiple stellar population context, qualitegy,
our observations are in agreement with a scenario in wifickhe
first stellar population of NGC 1851 is made upsoor (bSGB)
stars;(ii) the second generation is expected to form in the central
region of the cluster possibly enriched srelementsi(iii) while
the less radially concentrated first generation is lostyearlthe
cluster evolution due to the expansion and stripping of ths-c
ter outer layers resulting from early mass loss associattfinst
generation supernova ejecta (e.g., D'Ercole et al. 2008)id sce-
nario is correct, our observations constitute the firstrobeédence
that GCs lose primarily first-generation stars by evaporathech-
anisms. The chemical composition of field stars in the hdlat t
is consistent with the first-generation stars in GCs, maynmdie
due to the evaporation of first-generation GC stars into lel.fi
Although the central relaxation time of NGC 1851 is small tfod
order of 10 yr), in the halo any dynamical time will be very long
due to the low density. So, while in the central part of thestdu
the timescales are short enough that the population is minede
external halo field, they are ficiently long such that any initial
gradient may have been preserved.

It is worth noticing that in the CMDs shown by Milone et al.
(2009) there is no obvious fiierence in the radial distributions of
the bSGB and fSGB of NGC 1851 up & from the center. How-
ever, their observations are limited to a small region wéthim the
tidal radius of the cluster, and we cannot exclud@edent radial
gradients at more external regions. If the fSGB is more edtr
concentrated and the outer parts of the cluster are dondibgtthe
bSGB, then since outer stars are more easily lost, that wasibdn-
sistent with the bSGB dominance in the halo. We recall heaé th
both thes-poor, and possibly also therich groups in NGC 1851
show internal variations in light elements (e.g., C, N, O).Nde
presence of sub-populations within each msigroup makes the
scenario more complex, challenging the identification & sle-
qguence of the various stellar bursts that gave origin to thkiphe
stellar populations in this GC. An exhaustive study of thiakdis-
tributions of the NGC 1851 stellar groups should accourd &ds
the presence of these sub-populations.

The main question here is: why does NGC 1851 possess a stel-
lar halo with these kinematic and chemical properties? imciple
the presence of a halo may be simply consistent with a swf&r
tem that is losing its external stars into the field. On theptiand,
GCs are expected to follow a King profile, with the surfacesitgn
drastically dropping at the tidal radius. It has been wetkleléshed
that while King models succeed in describing the internellat
surface-brightness profiles, they often fail in the outeiages of
clusters, including the Milky Way GCs (e.g., McLaughlin &vder
Marel 2005; Carballo-Bello et al. 2012). GCs surface-hrigiss
profiles suggest that stellar clusters do not simply trumcet the
King tidal radius, but have low density extended halos. ACSG
should be stressed, toff#irent extent, by interactions with the host
galaxy. Hence, deviations from the King profile could not be s
prising. McLaughlin & van der Marel (2005) have shown that th



observed surface-brightness profiles of GCs is generattgibe-
produced by a modified isothermal sphere based addrocstel-
lar distribution function developed for elliptical galasi by Wilson
(1975). The corresponding Wilson tidal radius of McLaughsi
van der Marel (2005) is larger than that derived assumingray Ki
profile, being~45 for NGC 1851. However, although we can for-
mally fit the surface-brightness profiles of GCs in the regibe-
yond the King radius adoptinad hocanalytical templates, in many
cases it remains unclear why we observe such halo envelbpes.
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disrupted through Milky Way interactions wasCentauri (Norris
et al. 1996). Assuming a similar scenario, it would be lessbpr
lematic to understand the large chemical variations, aldweavy
elements, displayed by this cluster (e.g., Norris & Da C49195;
Johnson & Pilachowski 2010; Marino et al. 2011a). Althougsbsl
pronounced, NGC 1851 shows chemical and photometric @eeuli
ities similar to those ofv Centauri (e.g., Milone et al. 2008; Yong
& Grundahl 2008; Villanova et al. 2010; Carretta et al. 2010)
contrast to NGC 1851, for the case @fCentauri there is no evi-

NGC 1851 the main question could hence not be why it possessdence for stellar halo envelopes, probably because itsidoceel-

a halo, but why it shows such a peculiarly uniform halo, witho
evident tidal features in the large photometric field aredysy OI-
szweski et al. (2009).

The NGC 1851 halo may be a more interesting case, as it ex-

tends for 67 from the cluster center, that is much farther than any
estimate for its tidal radius present in the literature.vissy low
density, as determined in Olswzeski et al., would make itlyeas
perturbed by passages through the disk. According to Dinesc
al. (1999), NGC 1851 is at a distance from the galactic cewiter
16.0 kpc, its orbit has apogalacticon and perigalacticatadces

of ~30 kpc and~5 kpc, respectively, a high eccentricity 0.7,
and passes through the disk of the Milky Way five times per Gyr.
Hence, it seems unlikely that an outer envelope of starsirsma
attached to the cluster for a Hubble time or, alternativitlgt the
cluster could shed $licient stars to make such a huge envelope in
half an orbit.

atively close the Galactic Centre and its tightly bound orbhese
ensure that Galactic tidal forces at its location are nedatistrong
so that any loosely bound population is quickly removed @név
ing the survival of any such structure to the present-dag 3a
Costa & Coleman 2008). If the accretion of Centauri has not
occurred recently there has been time to remove the looseiyd
outer envelope that could have originally surrounded thstel. On
the other hand, M 54, that is the GC associated with the nsdéu
the Sagittarius dwarf galaxy, preserves an external epeetbat is
the field population of the Sagittarius. Collectively, taéacts may
reinforce the conjecture thanomalousGCs could represent the
surviving nuclei of dwarf galaxies disrupted by tidal irgetions
with the Milky Way, and we can speculate that the halo surdeun
ing NGC 1851 is the remnant of the parent dwarf galaxy.

To test the feasibility of this hypothesis, dynamical siaiul
tions taking into account the tidal interactions betwee NMilky

Our spectroscopic sample of stars does not show any evidenceWay and dwarfs are fundamental. Recent simulations pregent

of tidal streams. Although our observations allow us to dthis
conclusion only for a relatively small region of the halos®keski
et al. did not find any evidence for tidal streams in their ¢sfigld
of view. This apparent lack of streams in the Olswzeski ediadl-
ysis is puzzling. It is diicult to envisage a scenario that assumes
that such an extended low-density halo is bound to NGC 1851, i
the cluster has been in orbit around the Milky Way for a signifi
cant portion of a Hubble time. However, even if it seems waljik
we cannot exclude that, if the cluster has been in orbit atdha
Galaxy for a long time, we are seeing a particular phase of the
NGC 1851 evolution: e.g., a very extended envelope of stats t
is in the process of escaping from the cluster, but still labtmit.
NGC 1851 is currently at an intermediate distance from thacga
tic center between the apogalacton and perigalacticonjtasct
a distance of 7.1 kpc from the Galactic plane (Djorgovski3)99
that is around the maximum distance from the plane alloweitsby
orbit (Dinescu et al. 1999). The halo may have formed aftetdbt
passage through the disk, and will then be largely swept aeay
time the cluster crosses the disk and, presumably, recreatéhe
cluster moves through the halo in the half-orbit time befoeenext
disk crossing. Future dynamical simulations may be ergiginig in
this regard, and should prove if such a scenario is plaufibldne
formation of the NGC 1851 halo.

Alternatively, it is tempting to speculate that we reallg aee-
ing a system that has been captured relatively recentlytenelrve-
lope does represent the former dwarf galaxy. In this casee flust
have not been enough orbits yet for the envelope to be coetplet
stripped @ by passages through the disk. Hence it is possible that
the halo population could look like the first generation ia tfuster
in the same way that the first generation in most globulartetas
looks like the field halo population at the same /M If this hy-
pothesis is correct, then we would expect that the halo pojul
does not host stars enriched in Na because dwarf galaxiestdo n
show Na-O anticorrelations.

The first cluster proposed to be the nucleus of a dwarf tidally

Bekki & Yong (2012) show that the halo in NGC 1851 can be repro-
duced if this object formed in a dwarf galaxy environmentottgh

the merger of two clusters (corresponding to sigch ands-poor
groups) that sink into the center of the host galaxy. Fronr #im-
ulations, they expect to have three stellar populationfiénhalo:
the s-poor and thes-rich stars, plus a third population representing
the field of the host dwarf.

Our results seem to not strongly favour this idea. Assuming
that each of the three populations should be equally reptegen
the halo, we have not found any clear evidence for the presenc
of either thes-rich stars or a third population fiiering from the
metal distribution observed in NGC 1851 to be associatet! wit
field population from the host galaxy. If, following the Beldce-
nario, we assume that the three populations are equallggepted
(e.g., fSGB=33%; bSGB-33%, and fielet33%), the probability to
not observe any star with the Ba and Sr abundances of the fSGB
population of NGC 1851, even if not null, is low (see Sect)5.2
This suggests that, even with our modest statistics, it I&kely
that there are three populations equally represented ifiglae as
in the Bekki & Yong scenario.

Furthermore, even if an internal metallicity variation bt
order of 0.10 dex in the halo (that we cannot see because of ob-
servational errors) cannot be ruled out, the metal didiobuof
the external field (15 stars) is very similar to that obsenwtiin
the tidal radius. This favours the idea that the halo doeshnet
stellar populations with metallicities too distinctivettvirespect to
NGC 1851, but we cannot completely exclude that the lack cifisu
stars is instead introduced by photometric selectiteces that can
affect our sample. We note that Olswzeski et al. found evidence
for the presence of at least the two SGB populations (bSGB and
fSGB) in the CMD of the NGC 1851 halo. However, it is possible
that their fSGB may not correspond to the one observed inltise ¢
ter; given they found a significantly larger separation lestwthe
two SGBs than that found out té Bom the cluster center (Milone
et al. 2009).
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As previously discussed, the halo population we are agtuall
observing could be either thepoor population observed in the
cluster or the field population of the host galaxy, that maynsthe
same metallicity and chemical properties of the cluster BSIG
the latter case, we don't have to see Bekki & Yong's postdi&rel
population, as it may be the same as the cluster first geopratid
we may have to look at a lot of halo stars to seeftedént [F¢H] We warmly thank the referee Christian Moni Bidin for his Halpcom-
distribution from that of the cluster first generation. laiso worth ments that improved the quality of the paper. AFM, AD and MAehheen
noting that the dynamical simulations by Bekki & Yong assume supported by grants FL110100012 and DP120100991. APM, B, &d
NGC 1851 is the result of a merger between two clusters. Ihinig  JEN acknowledge the financial support from the Australiase@ech Coun-
be interesting to see if similar simulations assuming theONIG51 cil through Discovery Project grant DP120100475.
various groups formed in a self-pollution scenario are &bleetter
reproduce the observations.

The lack of a drop in the velocity dispersion profile is anothe
piece of evidence that makes NGC 1851 hardly compatibletivéh

confirm the lackdeficiency of fSGB stars in the halo that result
from the present study.
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