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ABSTRACT

We present high-precision multi-band photometry for thabglar cluster (GC) M 2. We com-
bine the analysis of the photometric data obtained fromHhbble Space Telescopdv
Legacy Survey of Galactic GCs GO-13297, with chemical abuaeds by Yong et al. (2014),
and compare the photometry with models in order to analygenthltiple stellar sequences
we identified in the color-magnitude diagram (CMD). We finceamain stellar components,
composed of metal-poor, metal-intermediate, and metal-stars (hereafter referred to as
population A, B, and C, respectively). The components A anddhide stars with dfer-
ents-process element abundances. They host six sub-popudatitndifferent light-element
abundances, and exhibit an internal variation in heliuma¥~0.07 dex. In contrast with
M 22, another cluster characterized by the presence of ptipok with diferent metallicities,
M 2 contains a third stellar component, C, which shows neigwalence for sub-populations
nor an internal spread in light-elements. Population C da¢exhibit the typical photomet-
ric signatures that are associated with abundance varg&atb light elements produced by
hydrogen burning at hot temperatures. We compare M 2 witbrdBCs with intrinsic heavy-
element variations and conclude that M 2 resembles M 22t nutludes an additional stellar
component that makes it more similar to the central regiothefSagittarius galaxy, which
hosts a GC (M54) and the nucleus of the Sagittarius galaeif.its
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1 INTRODUCTION otto et al. 2014 — paper | hereafter — for details). GO-13297 w

} complement the F606W and F814W database from the Advanced
The Hubble Space TelescoféiST) “Legacy Survey of Galac-  amera for Survey (ACS) GC Treasury program (GO-10775, Pl.
tic Globular Clusters: Shedding UV Light on Their Populago A. Sarajedini, see Sarajedini et al. 2007) to provide homegas

and Formation” is designed to image 47 Galactic GlobulaisClu 4 - rate photometry of GCs in five bands, fre@75 to~814
ters (GCs) through the filters F275W, F336W and F438W of the || The main goal of this project is to detect and characteriz

ultraviolet and visual channel (UVIS) of the Wide Field Cam- multiple stellar populations in GCs. Indeed, these fiver§lieave
era 3 (WFC3) on board dfiST (GO-13297, PI. G. Piotto, see Pi-
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shown a high sensitivity to abundance variations includigbt-
element and helium (see Milone et al. 2012a, 2013 and Paper| f
details).

In the present paper we focus on NGC 7089 (M 2), which is
one of the few GCs that exhibits a split sub giant branch (SGB)
in the visual color-magnitude diagram (CMD, see thggosw
VS.Mesosw — Meg1aw CMD in Piotto et al. 2012). Th& vs.U -V
CMD of M 2 shows a poorly-populated red-giant branch (RGB) on
the redward side of the main RGB (Grundahl et al. 1999; Lardo
et al. 2012). Spectroscopy has revealed that stars in thRBBs
have diferent abundances in terms of their overall metallicity
(Yong et al. 2014, hereafter Y14) and in terms of theprocess
elements, with the red-RGB being alsaich (Lardo et al. 2013;
Y14). More specifically, Y14 have shown that the metallicitgtri-
bution of M 2 stars has three peaks, aroundiffe —-1.7,-1.5, and
—1.0. Therefore M 2 also is one of the very few Galactic GCs with
a large intrinsic dierence in iron abundanca[Fe/H]>0.1 dex),
where Supernovae (SNe) have likely played a major role in the
internal chemical-enrichment hist(ﬂ)ﬂ'he other presently known
members of this short list are Centauri, M 22, Terzan5, M 54,
and NGC5824 (e.g.Norris & Da Costa1995; Johnson & Pila-
chowski 2010; Marino et al. 2009, 2011a,b; Da Costa et aP200
2014; Ferraro et al. 2009; Carretta et al. 2010a,b). NGC 18ah
intriguing candidate as it exhibits two main stellar popiolias with
distinct s-element abundance and dfdrence in [FAH] of ~0.05
dex (Yong et al. 2008; Carretta et al. 2010c; Gratton et 8220
Marino et al. 2014). Following Marino et al. (2012), we widfer
to these non-mono-metallicity GCs as ‘anomalous’. Thisepale-
scribes the stellar-population properties of one of theseralous
GCs: M 2. We combine high-precision multi-wavelength photo
etry from GO-13297 and GO-10775 with information from high-
resolution spectroscopy to investigate multiple stellgpylations
in M 2 and understand their formation and evolution. The pape
organized as follows: in Sedfl 2 we describe the data andethe r
duction procedures. Th@ez7sw VS.Me275w — Megraw CMD of M 2
is discussed in Sect. 3, while in Sect. 4 and Sect. 5 we igethig
stellar populations along the RGB and the MS, respectiaglg,in-
fer their abundance of iron and light elements. We estinfetage
and the helium content of multiple stellar populations i0tSé& and

compare M 2 with other anomalous GCs in Sect. 7. Summary and

conclusions are given in Sect. 8.

2 DATA AND DATA ANALYSIS

In order to investigate multiple stellar populations in M 2 vave
used images taken with AQ&FC and WFCAJVIS on board the
HST. The ACSWFC dataset consists 0f340s long exposures
in F606W and F814W plus one 28hort exposure taken through

each of the same filters. These images were taken on April, 16,

2006 as part of the ACHST Treasury Survey of GCs (GO 10775,
Pl. A. Sarajedini). The astro-photometric catalog of starghe
ACS/WFC field used in this paper has been published by Ander-
son et al. (2008).

The WFC3UVIS dataset includes>6 ~700s exposures in
F275W, 6 ~300sin F336W, and & ~60sin F438W. These im-
ages were taken on August, 14, August, 29, and October, 13, 20

1 Small star-to-star iron variations, at the level ¢8.05 dex are likely
present in most GCs and can been detected from high-precsiectro-
scopic measurement (Yong et al. 2013).

as part of GO-13297. These data were corrected for chamye-tra
fer deficiencies by using an algorithm that was developeditpe
ically for UVIS and is based on the method and the software
of Anderson & Bedin (2010). The reduction has been performed
with img2xym.WFC3, software developed by Bellini et al. (2010)
mostly based on img2xytVFI (Anderson et al. 2006). Photome-
try and astrometry have been independently carried outith ex-
posure by using a set of spatially-variable empirical P$¥shave
corrected the stellar positions for geometrical-distortby using

the solution from Bellini et al. (2009, 2011) and have calibd

the photometry into the VEGA-mag flight system as in Bedin et
al. (2005). Stellar proper motions have been obtained asdeA

son & King (2003) by comparing the average stellar positioes.-
sured from GO-10775 and from GO-13297 data. Our data cover a
temporal baseline of 7.5 yr. Since the cluster has been reghie
both the AC3VFC and WFCAJVIS fields of view, five-band pho-
tometry and proper motions are available for stars 2arx2.7
arcmin region around the center of M 2.

As the photometric separation among sequences populated by
different stellar populations is typically small, the study afitiple
populations along the CMD of any GC requires very accurate ph
tometry. Because of this, we have selected the best-mebstaes
in our sample, by following the same selection criteria acdbed
in Milone et al. (2009), which are based on several diagossin-
cluding the amount of scattered light from neighboring st&SF-
fit residuals, and rms scatter in position measurementsoRtary
has been corrected forftérential reddening by using the method
explained in detail in Milone et al. (2012a). Briefly, we idiéied
for each star the 55 nearest well-measured main-sequengg (M
stars and determined the color distance from the MS ridge lin
along the reddening direction. The median color distancthef
55 neighbors has been assumed as the best estimat&evbai
tial reddening for each target star, and has been appliedcas a
rection to its color. The reddening in the direction of NG@J0
is E(B-V)~0.06 mag, (Harris 1996 updated as in 2010, see also
Sect. 6). We have found that reddening variations in theyaedl
field of view are, on averag&\E(B-V)~0.007 mag and never ex-
ceed 0.021 mag.

3 THE F275W VS, F275W-F814W CMD

The left panel of Fig[Jl shows the complete,zsw VS. Me27sw —
Meg14w CMD of M2 members (black dots), and field stars (gray
crosses), selected on the basis of their proper motionsvatter-
point diagram (VPD) of proper motions in WF@B/IS pixel units
per year is plotted in the inset and includes all the startquldn
the CMD. Since we have used M2 members as reference stars to
calculate proper motions, the bulk of stars around the megithe
VPD is mostly made of clusters members while field stars have
larger proper motions. We have thus drawn a red circle toragpa
the probable cluster members from field stars. In this pageany
alyze cluster members only. To identify them, we have cha@sen
radius of 0.03 pixéyr that corresponds to five times the average
proper-motion dispersion along the X and Y direction for ik
of stars around the origin of the VPD. There are 47 canditiate-
stars with proper motions larger than 0.03 pjiyel This sample
likely includes also cluster stars with large proper matiardeed,
from the Galactic model by Girardi et al. (2005) we expect thsin
20 field stars in a 2572.7 arcmin region in the direction of M 2.

The CMD of Fig[1 reveals that M 2 hosts a complex multiple-
sequence pattern, with a multiplicity of RGBs and SGBs andia m
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timodal horizontal branch (HB). The most surprising featis a
poorly-populated sequence, which runs on the red side afntre
jority of the stars in M2 and can be followed continuouslynfro
the lower part of the MS to the SGB, up to the RGB tip. The wide
separation from the bulk of M 2 stars is an unusual featureds
tiple MSs and RGBs in ‘normal’ GCs usually merge around the
SGB. Furthermore, in GCs, the color separation betweeniprault
MSs typically increases when moving from the MS tuffitowards
fainter magnitudes, in contrast with what is observed fer tihy
reddest MS in M 2.

An additional, sparsely-populated, SGB is clearly visiloe-

3

Figure[2 shows thenrgzgw VS. Meszew — Megzsw CMD and the
Meg1aw VS. Crazswrssewrassw diagram of proper-motion-selected
M 2 members. We have marked stars that, on the basis of their po
sition in the left-panel CMD, are likely HB and asymptotiizat
branch (AGB) stars with green dots and red crosses, while blu
stragglers (BSSs), have been selected from the right-igamlam
and have been represented with blue circles. A visual ingpec
of the latter diagram reveals that the RGB of M 2, which shotvs a
most a small color dispersion usingsssw— Me43sw COlOr, Spans a
wide range irCra7swrasswrassw, With distinct RGBs. AGB stars are
also distributed over a wide interval 6%,75wr3zewrassw, iN close

tween the main SGB and the faintest SGB. The three SGBs areanalogy with what is observed for the RGB, suggesting that th

more clearly seen in the upper-right panel of Fij. 1, whicka is
zoom of the left-panel CMD around the SGB.

In order to explore the origin of the multiple sequences ob-
served on themgs7sw VS. Mes7sw — Meg1aw CMD we took advan-
tage of the high-resolution spectroscopic data recenthflighed
by Y14. This study shows that red giants in M2 exhibit a mul-
timodal abundance distribution for iron and for those nauir
capture elements that are associated &iffiocesses in solar sys-
tem material. Specifically there is a large metallicity a#ion, with
three groups of metal poor ([A¢]=~ —1.7), metal-intermediate
([FeH]=~ -1.5), and metal-rich ([Fel]l=~ -1.0) stars. Metal-
intermediate stars are also enhanced in Yttrium and Zitcorby
~0.5 dex with respect to the remaining stars of M 2.

The lower-right panel of Fid.11 shows [Fe] vs. [FgH] from
Y14, with black, red, and aqua symbols representing thetaime
poor, metal-intermediate and metal-rich stars, respagtivihe
ten stars for whictHST F275W and F814W photometry is avail-
able are superimposed on the,zsw VS.Mep7sw — Megiaw CMD.
The three metallicity groups populatefférent RGBs: the bright,
the middle, and the faint RGB correspond to metal-poor, meta
intermediate, and metal-rich populations of Y14, respedtti

4 MULTIPLE POPULATIONSALONG THE RGB

A number of recent studies (see Paper | and referencesrihbesie
shown that the RGB, SGB, and the MS of GCs can often be sep-
arated into distinct sequences of stars, and that apptepram-
binations of F275W, F336W, F438W, and F814W magnitudes are
powerful tools for identifying these multiple populations

The dficiency of these filters in separatingfférent stellar
populations is closely connected to the chemical propedfeGC
sub-populations. The fact that the F275W filter includes Gli¢
molecular band, F336W the NH band, and F438W the CH and CN
bands make them very sensitive to tHeeet of molecular bands
in the stellar atmosphere, hence on the degree of CNO process
ing of the various sub-populations. First-generationsstae en-
hanced in carbon and oxygen, have low nitrogen content, eind a
relatively faint in F275W and F438W, and bright in F336W. €on
versely, second-generation stars, which are cddxygen poor
and nitrogen rich, are relatively bright in F275W and F438W
and faint in F336W. The result is that first-generation stage
bluer meszew — Meazgw colors than second-generation stars at the
same luminosity (Marino et al. 2008; Bellini et al. 2010; &hmne
et al. 2011; Milone et al. 2012b), while, for the same stahns, t
Me27sw — Measew Color order is reversed. As a consequence, the
Crarswrasswrassw=(Mr275w — Meazew) —(Messsw — Meazsw) PSeudo-
color defined by Milone et al. (2013) is an extremely powedind
valuable tool to maximize the separation among the variobs s
populations.

© 2013 RAS, MNRAS000, [1-7?

AGB of M 2 also hosts multiple stellar populations.

Multiple populations are also characterized byfetient he-
lium content. Typically, second-generation stars are eoéd in
helium and are hotter than first-generation stars at the samie
nosity. Theme,7sw — Meg14w CoOlOr is quite sensitive to the oxygen
abundance of the stellar populations through the OH matedal
addition, the wide color baseline provided by F275W and K812l
very sensitive to thefeective temperatures of stars, thus providing
a valuable tool to identify stellar populations withfdirent helium
content or metallicity (see Milone et al. 2012b for details)

To further investigate stellar populations along the RGB of
M2 we combined information from three distinct diagran(3:
Meg1aw VS. Me275w — Megaaw, (i) Meg1aw VS. Crazswrasswrasews (iii)
Meg14w VS. Mezzew— Meg3sw. We show these three CMDs in the pan-
els a, by, and g of Fig.[3, respectively. In the rest of this Section,
we have excluded AGB and HB stars, and restricted our asalysi
to RGB stars with 12.4 megy4w <17.6. We started by deriving by
hand the blue and the red fiducial lines that are shown in panel
a, by, and g of Fig.[3 and mark the blue and the red envelope of
the main RGB. The fiducials are then used to rectify the RGB in
such a way that the blue and the red fiducials translate intcae
lines with abscissa equal tal and 0, respectively. The abscissa in
panels g b,, and ¢ of Fig.[3 are namedy, ;c.re1am Arssewrazsw
and AY e, swrssswrasswe T€SPECively, and have been calculated for
each star as\} =[(X—Xpiue fiducia)/(Xred fiducia— Xolue fiducia)]-1 Where
X=(Me275w — Meg1an), (Mezzsw — Meazaw), OF Crazswrasswrasew:

Panel d of FigllB showay, ;s\ rasewrassw @S @ function of
A 7swrsaw 1N this section we exploit this diagram to identify the
three main stellar components of M2 (A, B, and C) and the two
sub-populations of the component B (namBJyandB;) along the
RGB. Most of the stars, including those of the most metalrpoo
metallicity peak detected by Y14, are distributed in thé fefjion
of the diagram and follow a well-defined pattern. In this pape
will refer to these stars as population A and represent thém w
black symbols. Noticeably, a small fraction of RGB stars irf2 M
exhibit large values oAY, ¢\ o1 s ANAAR L) 75 yr 33604z AN AT€
separated from RGB-A stars by the dashed line that we havendra
by hand. We have arbitrarily divided stars on the right o tirie
into two samplesi) a group of stars WithY, ;¢ s14, > 2.5, which
we have represented with aqua symbols and named population C
andii) another group with intermediate}, ¢, 5, 4 Values, marked
with red triangles and named population B. These colors gmd s
bols are used consistently in the other panels of this figure.

Because of their colors, stars on RGB-C correspond to the red
dest RGB discussed in Sddkt. 3 and include the only metakgeb-
troscopic targets for which F275W, F336W, F438W, and F814W
photometry is available.

RGB-B has bluemezzsw — Meg1aw and Meazsw — Meg3gw COI-
ors with respect than the RGB-C, but it is redder than the RGB-
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Figure 1. Left panel me75w vS.Me275w — Meg14w CMD of stars in the WFGRIVIS field of view centered on M 2. Cluster members and fieldsstselected

on the basis of their proper motions, are represented watbkhdiots, and gray crosses, respectively. The vector-piagiram of proper motions is plotted

in the inset and the stars within the red circle are consitlasecluster members. A zoom-in of the same CMD around the S@Bited in the upper-right
panel.Lower-right panel [Y /Fe] vs. [F¢H] for RGB stars from Y14. Metal-poor, metal-intermediaa@d metal-rich stars are represented as black circles, red
triangles, and aqua stars, respectively. Inléfiepanelwe used the same symbols to highlight the Y14 stars we coakbeddentify in our photometric catalog.

RGB-B stars span a widek27sw — Meg1aw and Mezzew — Meszew
color range and appear to cluster around twiedént regions in
the ARes7swrasswrassw VS- Ararswrsiaw PlaN€, indicating the exis-
tence of at least two stellar populations within group B. Vdene
them populations Band B, as illustrated in Fig[]3. The four
metal-intermediate targets studied by Y14 for which phattn

is available belong to the RGB-B group. Among them, two stars
are highly enhanced in sodium ([Nre]~0.55) and the other two
have lower sodium abundance ([[Na}~0.15). Na-rich and Na-
poor stars, marked as magenta and large green trianglesutied p
(d) of Fig [3 occupy the Band B, regions in theA¥r, ;s\ rasewrazsew
VS. AN, swes1aw diagram, respectively. This fact confirms that these
star groups representfiirent stellar sub-populations that have dif-

ferent sodium abundance.

Lardo et al. (2012) have performed a CN- and CH-index study
of 38 red giants of M2 and have identified two groups of CN-
strong (CH-weak) and CN-weak (CH-strong) stars. Furtheemo
they have determined the abundance of carbon and nitrog@s in
stars and found significant star-to-star variations of méments
at all the luminosities that form an extended C-N anticatieh.
HSTphotometry is available for only one star (#6609) analyzgd b
Lardo and collaborators. It is CN weak (Lardo et al. 2012)phgs
to population A, and has been represented with a black latge-a
isk in Fig.[3. Unfortunately, Lardo et al. (2012) have notiméd C

and N abundances for this star because of the low signabisen
ratio of their spectra.

From the number of stars in theffdirent groups of panel d of
Fig.[3 we infer that in the central region of M 2 9&2.2% of stars
belong to population A, 2:80.4% to population B, and 1+.2%
to population C. Populations,Bnd B, contain approximately the
same number of stars (482% and 5212% of RGB-B stars, re-
spectively).

The upper-left panel of Fifll 4 shows the Hess diagram in the
Assowrassw VS-Ararswrsiaw Plane. Here RGB-A stars exhibit an
even more complex pattern, defining a kind of semi-circle.

About half of the stars are clustered around
(ArswrsianArssowrazsw)  =(-0.5-0.2). The presence of
three additional clumps suggest that the RGB-A hosts faitast
sub-populations and we use the diagram plotted in the ldgfer-
panel to define them. To do this, we have somewhat arbitrarily
separated four groups of stars in e, cisew VS-Ars7swrsiaw
diagram and we have named them, A, A;, and Ay, and
colored them in black, green, magenta, and cyan, respBctive
The same colors are used consistently in 8, c cascrasew

VS.AY, s wrs1aw diagram plotted in the lower-right panel.

In order to estimate the fraction of stars in each sub-
population, we have introduced the polar reference franoevsh
in the upper-left panel of FidJ4. To do this, we have arbitrar
ily translated the origin to the point indicated by the rectle

© 2013 RAS, MNRASO00, [T-7?



T T T I T T T T I T | T T I II,I | _I I T T T T I T T T T I T T I"I:. II)(1 T |_
16 4 14l
16
= =
o 18 — =
@ 3 B
g 15 L
i ) i 08306 o cn
i 1 18 e
20 — - B o °::
20 —
22 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 I. | .
-1 0 0.5 1 1.5
M ggzew 1T ragew CF‘275W,F‘336W,F‘438W

Figure 2. Left mea3gw VS. Mrazsw — Meazsw CMD (left panel);Right meg1aw Vs. Cra7swirazswrazsw diagram for M 2 stars. AGB, HB, and BSSs, selected
by eye, have been marked with red crosses, green dots, amdifles, respectively.

(AR 75wrs1anArssswrassw) =(—0-55-0.7) and rotated the axes by
208 counterclockwise. The histogram distribution of the palar
gle, 8, in the upper-right panel clearly shows four main peaks. We
have fitted this distribution with a least squares fit of the s four
Gaussians and estimated the fraction of stars in each canpon
from the area of the four Gaussians. We infer theB®, 23:4%,
51+5%, and 18&4% of stars belong to populations-A,,, respec-
tively.

The nature of these fierent stellar populations on RGB-A
can be clarified by again combining our photometric reswith
the chemical abundances from the spectroscopy in Y14. The
green, magenta, and cyan circles superimposed on the diagra
of Fig. [4 refer to sodium-poor stars ([Neel=—0.16+0.13),
sodium-intermediate  ([NRe}=0.18:0.13), and sodium-rich
([INa/Fe=0.35:0.13) in Y14, respectively. The star marked by
the black asterisk is CN weak (Lardo et al.2012) and belongs
to population A. The fact that populations ,Aand A, host the
Na-poor and the Na-intermediate stars, respectively, estgghat
these two stellar populations host stars witfiedient light-element
abundances. The most Na-rich star of Y14 is not clearly #stsut
to any bump of stars, although it is possible that it mightddated
to population Ay, at least for theAR, s \razenrazsw Value. Its
anomalous position in thay, ¢ ey ANA AR 5 e a0, diagrams
may be intrinsic, but we cannot exclude the possibility tihas
due to photometric errors.

5 MULTIPLE POPULATIONSALONG THE MS

In sectior’B we have shown that M 2 includes a poorly-popdlate
sequence of stars that is associated with population C dfiere
MS-C) and is clearly visible in the CMD of Figl 1 on the redward
side of the main MS. We postpone the analysis of MS-C to thé nex

© 2013 RAS, MNRAS000, [1-7?

section and analyze in this section the bulk of MS stars whieh
mostly associated with population A (MS-A). It is not podsito
identify population-B stars along the MS from our dataset.

In order to identify possible multiple stellar populaticalsng
MS-A of M 2, we followed the same approach adopted in $éct. 4
for the RGB. Themggiaw VS. Mex7sw — Meg1qw Hess diagram for
MS stars is shown in the left panel of Fig. 5. Belowgiaw ~20,
the MS of M 2 is widely spread in color with a tail of stars on the
blue side of the bulk of MS stars. The color separation betvee
red and the blue sides of MS-A is about 0.2 magrag;sw ~20
and increases towards fainter magnitudes, reackih® mag at
Meg1aw ~21. It is significantly larger than th@ep7sw— Meg14w color
error, which is between 0.03 and 0.08 mag in the same magnitud
intervall. The verticalizednegiaw vs. AN, 7swrs1aw 1S Plotted in the
inset for stars with 20.05meg 4w <21.1. Here, the MS-A spread is
more-clearly visible. The histogram distribution &F, ¢\, cc: 4 iS
skewed towards the blue, further confirming the presencebbfe
tail of stars.

The Megiaw VS.Crarswrasswrassw Hess diagram of MS stars
in the upper-right panel of Figl5 furthermore reveals a rtl t
of stars, confirmed by th@nsiaw VS. AR yrsweasewrazsw VeT-
ticalized diagram and the histogram of tW! ., c\\ssswrassw
distribution shown in the inset. In the lower-left panel wietp
AL rarswrasewrazsw S @ TUNCLON O, 6 eg: 4 fOr MS-A stars
with 20.05< Megiaw <21.10. The comparison of this figure with
the corresponding plot shown in the lower-right panel of. Bifor

2 Themea7sw— Megraw error has been estimated k275w — MEg14aw) =
V8(Me275W)2 + 6(MEs1aw)2, Whered(Mez7sw) andd(Megiaw) are the r.m. s.
of magnitude measurements from the six F275W and five F814§8-ex
sures, respectively divided by the square root of the nurabenages mi-
nus one.
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Figure 3. Zoom-in of themggiaw VS. Mr275w — Meg1aw (Panel @), Megiaw VS. Meszsw — Megzsw CMD (panel ), and vs.Cra7swrasswrassw diagrams
around the RGB. The two fiducials used to verticalize the R@&Bshown as thick red and blue lines (see text for detailsg Viétticalized diagrams are
plotted in panels A by, and ¢. Large black dots, red triangles, and aqua stars resplgctivark the metal-poor, metal-intermediate, and metdi-stars
observed by Y14. Panel d shows mgFNSWFSSGWF 13w VS AN diagram for RGB stars. RGB-A, RGB-B, and RGB-C stars areredldlack, red,

F275WF814W

and aqua, respectively. The mean error bar in shown the {@ftecorner. The magenta and green large triangles marknéteal-intermediag®a-rich stars
and metal-intermedigtda-poor stars, respectively. The star analyzed by Lardb @2) has been represented with a large asterisk.

the RGB reveals that MS-A stars and the RGB-A share similari- stars selected in Fif] 5 correspond to the groups of starhtva

ties. In both cases there is a tail of stars with smﬁ@ljmwmw

N :
andAg ¢, 7swrazewrassw @nd second one with largeY, ¢\ ce1 . @Nd
AN

¢ F275WF336WF438W

To further investigate multiple populations along the MS-A
we selected by eye two groups of stars with extramg;sy —
MEg1aw and CF275WF336WF438W and hlghllghted them in the lower-
right panel of Fig[b with cyan and green colors, respegtivel
To minimize the &ect of binaries or stars with large photomet-
ric errors we have excluded stars with very large, and vergllsm
Me27sw— MEg14W andCF275WF336W,:438an|ueS. We will use the same
color code in Figlb.

Milone et al. (2013) have shown that RGB stars with both ex-

trememez7sw—Meg1aw @NACE275wr3zswrassw Values are the progeny
of MS stars with correspondingly extrenma:,7sw — Megiaw and
Crarswrasswrassw: According to this scenario, the cyan and green

been defined asi\and A, respectively, along the RGB (see lower
left panel of Fig[#). The majority of both MS-A and RGB-A star

are clustered at intermedial®, ;¢\ re14w 8NA AR £575urasswrassw
values and are the progenitors of group A the RGB (Fig[#).
The present data set does not allow us to identify the progsmf

RGB-A, along the MS.

The extremeAR, s\ egiaw aNA AR £o7swrasewrassw Values of

the A, and Ay stellar groups imply that they must have extreme
contents of helium and light elements. In the next secticaywl
estimate the helium spread within MS-A. We remind the reader
that both themgo75w— Meg1aw color and thé:F275WF336WF438WindEX

are sensitive to light-element abundances such as OH, CN, NH
CH molecules of dferent strength féect the flux in the F275W,
F336W, F438W filters. As expected, the three groups of RGB-A
stars in M 2, which are clearly distinguishable in Hi§. 4, avere

© 2013 RAS, MNRAS000, [T-?7?
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Figure 4. Upper-left panel Agaaewmasw VS. Aynswpsuw Hess diagram for stars in the RGB-A. The reference frametaddp measure the polar angle,
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See text for detailsUpper-right panel Histogram distribution of) for RGB-A stars. The least-squares best-fit multi-Gausgiation is represented with
gray line, while its four components are colored black, greeagenta, and cyahower paneIsA’;‘336WF 438st.A’;‘275WF81 awdiagram for RGB-A stars (left
panel). Stars observed by Y14 are represented with largbagmVe have defined four groups of stars-@&4v), and colored them black, green, magenta,
and cyan, respectively. The same stars are plotted withaime €olor codes in thAgF275WF336WF 138w VS A§275WF81 4w diagram shown in the lower-right
panel. The filled and open red triangles represent RGB-BR®B-BII stars, respectively. The mean error bar is plottethée lower-left corner of each panel.

confused along MS-A. This is both due to the photometricrerro  megoew — Meg1aw CMD of M 2 from ACSWFC photometry (An-
and to a temperatureftitrence, as the MS stars are hotter than the derson et al. 2008). MS-C stars are highlighted with aqundral
RGB. As a consequence, light-element variations have arlowe symbols.

fluence on the photometric passbands used in our study, dbe to
diminished strengths of the OH, CH and CN molecular bands (se
Shordone et al. 2011; Cassisi et al. 2013).

In order to measure the age and helium content, we have used
the photometry from the F606W and F814W bands, as it is net sig
nificantly afected by the light-element abundance variations (Sbor-
done et al. 2011; Milone et al. 2012b). A set of isochronesfro
Dotter et al. (2007) corresponding toffdirent chemical composi-

6 AGE AND HELIUM CONTENT OF THE STELLAR tion and ages has been superimposed on the CMD of Fig. 6. We
POPULATIONS have used a primordial-helium €0.246) isochrone (solid black),

Y14 have determined abundances for 34 elements for 16 M2 red With metallicity ande-element content as in Y14 ([f¢]=-1.7,
giants, thus providing an accurate chemical pattern of théim  [@/F€lF0.4) tofit populationd.

ple stellar populations of M 2. In the following, we will uskeir To do this, we compared the CMD with a grid of isochrones
measurements to constrain age and helium-abundaffegetices with the same composition butftirent age, distance modulus, and
among stars in M 2. The left panel of FIg. 6 shows thgiw Vs. reddening. The best fit corresponds to an apparent distaoda-m

© 2013 RAS, MNRAS000, [1-7?
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Figure 5. Upper panels mgg1aw Vs.Mea75w — Meg1aw (1€ft), Megiaw vs. Cra7swrasswrassw (right) diagrams of MS stars. The insets showg1aw against

A

N
F275WF814W

andmegiawagainstaN

andAN

C F275WF336WF438W

for stars with 20.08 meg1aw <21.10, and the corresponding histogram distribution. A\ ca1 a1y
have been obtained by subtracting to each star the coloedidtcial line drawn by hand to reproduce the CMDwer-left panel

C F275WF336WF438W

Ag Fo75WF336WE438w VS A Hess diagram. In the right panel we have colored green amttbgestars we consider to be the progeny of groyp A

N
\ i - BF275WF814W
and Ay identified along the RGB.

lus (m— M)y = 1555, age 13.80.75 Gyr, and E(BV)=0.07, in
agreement with values from the Harris (1996, 2010 update)am for populationA;; and its uncertainty corresponds to 0.75 Gyr.
Reddening has been converted into absorption in the/)ACE As a consequence, populations A and C are consistent with
F606W and F814W band as in Bedin et al. (2005). We assumed being coeval within~1 Gyr and with having almost primordial
the same values of reddening and distance modulus for thee oth helium content. For completeness, we also plot a metalaiuh
isochrones of Fid.]6. The best-fit age was estimated as ireDott helium-rich isochrone (¥0.33, blue line). This isochrone crosses
et al. (2010) by determining the isochrone that best fit theDdm the metal-poor one aieg:4w ~18.8, and gets bluer than it towards
the region between the MS turiff@nd the SGB. The correspond-  fainter magnitudes. The fact that population-C stars hadeler
ing uncertainty was inferred from the intrinsic magnitude aolor Mesosw— Meg14w Colors than the bulk of M 2 stars at the same lumi-
spread of the MS turnfband the SGB stars and we considered as nosity further supports our conclusion that the popula@ois not
lo-uncertainty the range of age that envelope the bulk of thess consistent with being significantly helium enhanced.
(see Dotter et al. 2010 for details). In the upper-right panel of Fi§l 6 green and cyan color codes
The aqua and the yellow isochrones both have age 12.0 Gyr, mark the two stellar group8;, and A, of MS stars that we iden-
primordial helium, and the same iron abundance as measyred b tified in Fig.[3. The corresponding fiducial lines have beeiree
Y14 ([FeH]=-1.0) for population C, but dierente-element con- sented with the same colors. It is clear that MiSstars are redder
tent. The aqua isochrone corresponds#&€}=0.2, consistent with than stars in the M3y, .
spectroscopic measurements by Y14, and provides the best fit In the lower-right panel, we have superimposed onto the fidu-

population C. The best-fit age has been inferred as desciimmc

© 2013 RAS, MNRASO00, [1-7?
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Figure 6. Left meg1aw VS. Megosw — Meg1aw CMD of M 2, with five superimposed isochrones with the valueg-e/H], [a/Fe], age, and Y listed in the figure
inset. Aqua symbols highlight population C staRéght panelsZzoom-in of the same CMD shown in the left panel around the M%éu panel). A and
Ay stars, as defined in Fif] 5, are plotted with green and cyamtspaiespectively. The green and the cyan line are the fiduofad and Ay MSs. In the
lower-right panel we have superimposed the two metal-psmrhirones on the fiducials.

cial lines defined in the upper-right panel the metal-pooctisones
from the left panel, using the same distance modulus anceredd
ing. PopulationA, is well fitted by an isochrone with primordial
helium (Y=0.246, black continuous isochrone), [Ag=—1.7, and
[a/Fel=0.4. PopulatiorA, is reproduced by an isochrone corre-
sponding to a stellar population with the same age, and time sa
content of iron andr-elements ag\y, but with enhanced helium

7 COMPARISON WITH OTHER CLUSTERS

In order to better understand the properties of the sevaresegs
photometrically identified in M 2, in this Section we will cduime
the available spectroscopic information with photometesults.
In Fig[d we summarize what we currently know about clusters
that show an intrinsic variation in iron content. Figlie &wh the

(Y=0.315, black dashed line). We obtain the same result when we abundance of sodium, aluminum, and barium vs. iron contnt f

adopt BaSTI isochrones (Pietrinferni et al. 2004, 2006) abe
and helium content of stellar populations inferred froncleone
fitting are summarized in Table 1 together with the values effai
licity, [@/Fe] and [N@Fe] used in this paper, and with the fraction
of stars within each sub-population.

© 2013 RAS, MNRAS000, [1-7?

five GCs: M2 (Y14), M 22 (Marino et al. 2011a), M 54 including
the Sagittarius (Sgr) dwarf galaxy nucleus (Carretta €2Qdl0a),

w Cen (Marino et al. 2011b) and Terzan 5 (Origlia et al. 20118. W
have represented with red triangles stars of M22 and M 2 tfeat a
enhanced irs-processes elements. Stars in the Sgr dwarf galaxy, in
the population C of M 2, and metal-rich stars of Terzan 5 ao&tedl

with aqua star symbols, while blue diamonds represent stdhe
most-metal-rich RGB of» Cen.

Figure[T shows that populations A and B of M 2 hav&edi
ent content ok-elements with iron-intermediate stars also besng
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Figure7. Left [Na/Fe] vs. [F¢H] for four GCs with intrinsic variations in metallicity: M2(Marino et al. 2011a); M 2 (Y14} Centauri (Marino et al. 2011b);
M54 and the Sagittarius dwarf galaxy (Carretta et al. 201R@ht the three upper panels show [Be] against [Fg#] for M 22 (Marino et al. 2011a); M 2
(Y14); w Centauri (Marino et al. 2011b), while the two lower panelevsifAl/Fe] vs. [F¢H] for M 2 (Y14) and Terzan 5 (Origlia et al. 2011). Tlkeich stars

of M22 and M 2 are represented with red triangles, while the ldiamonds mark stars in the RGB-aww€entauri. Population-C stars of M 2, stars in the
Sagittarius dwarf galaxy nucleus, and the metal-rich gifif®rzan 5 are plotted with aqua symbols.

POP Population [Fe] [Na/Fe] [o/Fe] Y age SectFig. Sect/Fig.
ratio [dex] [dex] [dex] [dex] [Gyr] RGB MS
A 0.076:0.028 -1.7 - 0.4 - 13.20.75 44 -
Ay 0.222:0.039 -1.7 -0.16 0.4 0.246 13£0.75 44 55
An 0.490:0.048 -1.7 0.18 0.4 - 13.80.75 44 -
Ay 0.173:0.036 -1.7 0.35 0.4 0.315 134.75 44 55
B 0.014:0.003 -15 0.15 - - - 43 -
By 0.015:0.003  -1.5 0.55 - - - 3 -
C 0.01G:0.002 -1.0 -0.15 0.2 0.248 12:4£0.75 43 56

Table 1. Fraction of stars, and summary of the main properties of ¢éhersstellar populations of M 2 used throughout this workdissussed in the paper
the values of [F&], [Na/Fe], and {/Fe] are derived from Y14. The last two columns indicate thetise and the figure where the populations have been
identified along the RGB and the MS.

rich (Y14). In addition, Fig-¥ shows that RGB-A and RGB-Brsta  properties that are rarely observed in any GC. In this seatie
host stellar sub-populations withfiirent light-element abundance  focus on the population C of M2 and compare it with the three
in close analogy with what is observed in M22. Y14 suggested extreme cases @ Cen, M54, and Terzan5.

that the populations A and B of M2, and other anomalous GCs
(M22, NGC 1851, andvCen) have experienced a similar com-
plex star-formation history. We refer the reader to papgfglarino

et al. (2009, 2011a,b), Carretta et al. (2010a), Da Costa &inda

e wCen exhibits a multimodal iron distribution that spans a
wide range of metallicity, with [F#1] ranging from~ —2.0 up to~
—0.7 dex (Norris & Da Costa 1995; Johnson & Pilachowski2010;

(2011), Y14 and reference therein for a discussion of thpgcto
Y14 noticed that the RGB-C stars of M2 exhibit chemical

Marino et al. 2011b; Villanova et al. 2014). The MS is multiiab
(Bedin et al. 2004), with three main components: a red MSclvhi

© 2013 RAS, MNRASO00, [1-7?



is made of metal-poor and helium-normal stars, a blue MSchvhi
hosts metal-intermediate stars and is highly helium erddnoy

up toY ~0.39, and a metal-rich MS, named MSa in Piotto et al.
(2005).

Bellini et al. (2010) have used multi-wavelengt8T photom-
etry to investigate the multiple MSs i@ Cen and showed that
MSa stars have reddenezzsw — Megiaws Mezzsw — Meg1aws and
Mea3sw — Meg14w COlOrs than the red MS and the blue MS. They
also noticed that, when usim:=gosw — Meg1aws Mes25w— MEg1aws OF
Megsen— Mig1aw COlOrs, MSa becomes bluer than the red MS. Since
MSa stars are the progenitors of the RGBa (Pancino et al)2002
they are significantly more metal-rich than the red MS. Tfoeee
the blue colors of MSa would imply that its stars are enriclred
helium, as suggested by Norris (2004).

M2 is similar to w Cen in having stellar populations that are
highly enhanced in iron relative to the others, but theretesxe
important diferences: (1) inv Cen, the stars of the most metal-
rich population are strongly enhanced in sodium, aluminumd a
s-process elements (Norris & Da Costa1995; Johnson & Pila-
chowski 2010; Marino et al. 2011b, D’Antona et al. 2011), ane
trast with the population C of M 2, where the content of Na, Al,
Y, and Zr are comparable with those of first-generation, rabrm
population stars (Y14, see also Hig. 6). (2) The populatioaf C
M 2 is not consistent with a high helium abundance. We coreclud
thatw Cen and M 2 have certainly experienced figtent chemical-
enrichment history.

e M54 is another massive GC with star-to-star variations in
metallicity (Sarajedini & Layden 1995; Bellazzini et al.G®) Car-
retta et al.2010a,b). It lies in the nuclear region of the Sgr
dwarf galaxy, although it is not clear whether it formed itusi
or was pushed into the center by dynamical friction. Caarett
al. (2010a,b) have derived chemical abundances for Fe, by a
elements for 103 red giants in the Sgr nucleus (Sgr-N). Tisegu
both radial velocities and photometry to identify 76 M54 mem
bers and 27 Sgr stars. Carretta and collaborators showel th&
stars span a wide range in metallicity, with [Ag¢ ranging from
~ —1.9 dex up to-1.2 dex ¢~ ~0.2 dex), while Sgr stars are dis-
tributed towards higher iron content. In the left panels wf. @
we plotted [N#Fe] vs. [F¢H] for RGB stars in M 54 (black circles)
and Sgr (aqua stars) from Carretta et al. (2010b). Stars ia bk5
hibit a large star-to star variation in [N#e], and, on average, high
[Na/Fe]. By contrast, Sgr-N stars exhibit a low sodium abundance
(see Figly) .

11

between M2 and Terzan5, we show in the lower-right panels of
Fig[d [Al/Fe] vs. [F¢H]. We note that all the metal-rich stars of
both M2 and Terzan 5 have almost-solar aluminum /fA}~0.1-
0.2), while the metal-poor populations of both clusterst lsbars
with higher aluminum content. A similar pattern has beereoked

for M54 and the Sgr-N with the latter having, on average, lowe
aluminum content.

8 SUMMARY AND CONCLUSIONS

We have exploited multi-wavelength photometry from H&T UV
Legacy Survey GO-13297 to investigate the stellar popratiof
the GC M 2. We have identified three main components, which we
named A, B, and C. Within these three main components, we iden
tified seven stellar sub-populations.

The main component, A, which includes sub-populations A
Ay, Ay, and Ay, hosts the metal-poor stars identified by Y14. It
exhibits an intrinsic spread in helium, with Y ranging fromi-p
mordial values (¥%0.25) up to ¥~0.31 and includes96% of stars.
Noticeably, the three stars withffBrent sodium abundance iden-
tified by Y14 are located on theftiérent sequences, with helium-
rich stars also having higher [Nze]. Therefore the component A
is similar to the multiple stellar populations we have idiéed in
the majority of GCs. These multiple sequences host statstivit
same heavy element abundance, have almost-homogenedestcon
of s-elements, and exhibit star-to-star variations in heliuna ght
elements as expected for material which has been gone thigug
drogen burning at high temperatures (CNO cycle).

Component B has intermediate metallicity and includes
~3%of stars, is enhanced in neutron-capture elements whéeh a
usually associated with s-processes in solar-system iaatend
includes two sub-populations, namely, By, with a diferent light-
element abundance. It could be the analogous ofsthHeh and
iron-rich stellar population of M 22, and shares similastiwith
the iron-rich stellar populations af Cen and M 54.

Component C includes1% of stars, is highly enhanced in
iron ([FeH]~ —1.0), and exhibits a lowerfFe] and [AJFe] ratio
than populations A and B. Its stars arpoor and are not enhanced
in helium. Such properties are not compatible with seligdmment
due to either AGB or fast rotating massive stars and are nwiso
tent with the early-disc accretion scenario.

The combination of the photometric and spectroscopic stud-

The stellar system including M54 and the Sgr-N shares some ies of M2 presented in this paper and in Y14 suggest that M2

similarities with M2. M54 seems to include populations $ani

to M2’s A and B, while the Sgr-N star chemistry is similar t@th
abundance pattern of M 2 population C. Unlike the case Gkn,
however, where most of the metal-rich stars are stronglyecéd

in sodium, both the Sgr-N stars and population C of M 2 exhibit
low [Na/Fe]. In addition, population C of M 2 is depleted iw/Fe]

by ~0.2 dex, with respect to population A (Y14). This is similar
to what observed in the Sagittarius dwarf galaxy, where tireNs
stars have a lower abundancengélements than M 54 stars.

e Terzan5 also exhibits a very peculiar chemical composition
with two main groups of stars with [Ad]~ —0.25 and [F(H]~
+0.30 (Ferraro et al. 2009; Origlia et al. 2011). The group efah
rich stars has a lower-element abundance with respect to the more
metal-poor population, thus suggesting that Type la SNe imasg
played a role in the star-formation history of this clustéatice-
ably, at odds with the populations A and B of M 2, there is ne evi
dence for light-element variations among neither the raéthlnor
the metal-poor stars of Terzan 5. To further investigatdlaiities

© 2013 RAS, MNRAS000, [1-7?

is composed by at least two distinct entities. The main oos; ¢
taining most of the stars in M2, includes populations A and B
and can be further separated into six distinct sub-pofmuiatiThe
minor component (population C), which makes +4f% of the
cluster stars and apparently has not produced any secosdary
populations, is populated by stars rich in metals and withosess
elements in nearly solar proportion. Due to the chemicapgro
ties of population-C stars, one possibility is that popgalaC stars
formed from material that made the first A sub-populationtau-
ing been slightly contaminated by supernovae of either.type

In any event, the component+8 and the component C of
M2 must have experienced independent star-formation riesto
and as an alternative M 2 may be final result of the merger of two
stellar systems. The fact that M 2 shares many similaritiés tive
stellar system composed by M 54 and the nucleus of the Sagitta
dwarf galaxy, makes it very tempting to speculate that itdde
the remnant of a much larger stellar system which mergedtivith
Milky Way in the past.
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