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ABSTRACT

Recent studies suggest that the helium content of multiple stellar populations in globular
clusters (GCs) is not uniform. The range of helium varies from cluster to cluster with more
massive GCs having, preferentially, large helium spread. GCs with large helium variations also
show extended-blue horizontal branch (HB). I exploit Hubble Space Telescope photometry to
investigate multiple stellar populations in NGC 6266 and infer their relative helium abundance.
This cluster is an ideal target to investigate the possible connection between helium, cluster
mass, and HB morphology, as it exhibits an extended HB and is among the 10 more luminous
GCs in the Milky Way. The analysis of colour-magnitude diagrams from multiwavelength
photometry reveals that also NGC 6266, similarly to other massive GCs, hosts a double main
sequence (MS), with the red and the blue component made up of the 79 £ 1 per cent and the
21 £ 1 per cent of stars, respectively. The red MS is consistent with a stellar population with
primordial helium while the blue MS is highly helium-enhanced by AY = 0.08 £ 0.01. Fur-
thermore, the red MS exhibits an intrinsic broadening that cannot be attributed to photometric
errors only and is consistent with a spread in helium of ~0.025 dex. The comparison between
NGC 6266 and other GCs hosting helium-enriched stellar populations supports the presence

of a correlation among helium variations, cluster mass, and HB extension.

Key words: stars: abundance—Hertzsprung-Russell and colour-magnitude diagram—
globular clusters: general —globular clusters: individual: NGC 6266 —stars: Population II.

1 INTRODUCTION

Recent studies have shown that the colour-magnitude diagram
(CMD) of a small but increasing number of globular clusters (GCs)
is made of two or more continuous sequences of stars which run
from the bottom of the main sequence (MS) up to the red giant
branch (RGB) and correspond to stellar populations with different
content of light elements and helium (e.g. Milone et al. 2012c; Pi-
otto et al. 2014, and references therein). The most widely accepted
possibility is that GCs have experienced at least two episodes of
star formation, with second-generation star formed from material
polluted by a previous stellar generation (e.g. Ventura et al. 2001;
Decressin et al. 2007; de Mink et al. 2009; Denissenkov & Hartwick
2014, but see Bastian et al. 2013; Cassisi & Salaris 2014, for an al-
ternative scenario).

The knowledge of the helium content of multiple stellar pop-
ulations provides constraint on the nature of the polluters and is
fundamental to shed light on the series of events that led from
massive clouds in the early Universe to the GCs we see today. A
correct determination of the stellar age, mass, and mass function re-
quires accurate measure of Y. Since the 1960s, metallicity has been
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considered as the main parameter governing the horizontal branch
(HB) morphology. However, the presence of clusters with the same
[Fe/H] but different HB, suggests that at least another parameter is
needed (see Catelan 2009; Dotter et al. 2010; Gratton et al. 2010;
Milone et al. 2014, and references therein for recent review). For
a long time helium has been considered a viable second-parameter
candidate (D’Antona et al. 2002; D’ Antona & Caloi 2004). This
idea was however difficult to test as it requires the determination
of helium in a large number of GCs and these measurements were
challenging.

There are three main techniques used in literature to estimate the
helium abundance of stellar populations in GCs. First, helium can be
inferred from spectroscopy of very warm stars, like HB stars (see
Villanova, Piotto & Gratton 2009; Villanova et al. 2012; Marino
et al. 2014). If this method is able to provide direct determination
of helium, it can be applied to stars in a limited temperature interval
where spectroscopic analysis is difficult. Indeed, highly excited He
lines are not visible in stars cooler than temperatures ~8500 K,
while stars with temperatures higher than ~11 500 K are subjected
to phenomena like He sedimentation and the levitation of metals
which alter the original surface abundance. Furthermore, since the
distinct stellar populations in GCs usually occupy different regions
along the HB (Gratton et al. 2011, 2012, 2013; Marino et al. 2011;
Lovisi et al. 2012; Marino, Milone & Lind 2013), the HB segment
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Table 1. Description of the data set used in this paper.

INSTR. DATE N x EXPTIME FILTER PROGRAM PI
WFC3/UVIS  September 18 2010 4 x 35s+5 x 393 s+5 x 421 s F390W 11609 J. Chaname
ACS/WEFC August 01 2004 200 s+2 x 340 s FA35W 10120 S. Anderson
ACS/WEFC August 01 2004 30s+120s+3 x 340 s F625W 10120 S. Anderson
ACS/WEFC August 01 2004 340 s+3 x 350 s+3 x 365 s+3 x 375 s F658N 10120 S. Anderson

with T~ 8500-11 500 K provides partial information only. A second
spectroscopic approach is based on the analysis of chromospheric
infrared lines in red giant stars (Pasquini et al. 2011; Dupree &
Avrett 2013), as done so far for a few stars in NGC 2808 and
w Centauri only. However, chromospheric lines are very difficult to
shape and sophisticated chromospheric models are required to infer
stellar abundances.

A third approach to infer helium variations in GCs is based pho-
tometry. Indeed, recent work suggests that the analysis of multiple
MSs and RGBs in the CMDs may provide a more efficient method
to infer the helium content of multiple stellar populations in GCs
(see Milone et al. 2013, and references therein). In visual bands,
helium impacts the luminosity of the MS star through the stellar
temperature (D’ Antona et al. 2002, 2005). Since helium-enhanced
stars have bluer colours than helium-normal stars with the same lu-
minosity, multiple MSs can provide useful tool to infer the helium
abundance of stellar populations through their colour separation.

Recent investigations on multiple sequences based on high-
precision photometry suggest that multiple stellar populations with
different helium content could be a common feature of GCs (Milone
et al. 2014). The helium variation measured so far ranges from
AY ~ 0.01 in the cases of NGC 6397 and NGC 288 (Milone et al.
2012a; Piotto et al. 2013) up to ~0.12 or more in NGC 2808 and
 Centauri (Bedin et al. 2004; Norris 2004; Piotto et al. 2007; King
et al. 2012). The internal helium variation in GCs seems to cor-
relate with both the cluster mass and the colour extension of the
HB: massive clusters and GCs with very extended HBs also host
stellar populations that are highly helium enhanced (Milone et al.
2014). However, I note that these conclusions are based on a small
sample of GCs, which includes those objects where high-precision
photometry was available to allow the helium measurements from
multiple sequences.

The massive NGC 6266 is an ideal candidate to investigate the
relation between cluster mass, HB morphology and the helium con-
tent of multiple stellar populations. This GC hosts two main stellar
populations with different content of C, Mg, Al, and Na (Yong
et al. 2014) and is among the 10 most luminous Galactic GCs
(My = —9.18, Harris 1996 updated as in 2010). It exhibits a very
extended HB that is well populated both on the red and the blue
side of the RR Lyrae instability strip (e.g. Piotto et al. 2002; Bec-
cari et al. 2006; Valenti, Ferraro & Origlia 2007), and hosts a large
populations of RR Lyrae stars whose periods agree with the Ooster-
hoff type I group (Contreras et al. 2005, 2010). In this paper, I will
exploit Hubble Space Telescope (HST) photometry to investigate,
for the first time, multiple populations along the MS of NGC 6266
and estimate their helium content.

2 DATA AND DATA ANALYSIS

To investigate multiple stellar populations in NGC 6266, I have used
images collected with the Wide-Field Channel of the Advanced
Camera for Surveys (WFC/ACS) and the Ultraviolet and Visual
channel of the Wide Field Camera 3 (UVIS/WFC3) on board of

HST. Details on the data set are provided in Table 1. The poor charge
transfer efficiency in the WFC/ACS and UVIS/WFC3 images have
been corrected by using the recipe and the software by Anderson &
Bedin (2010).

Photometry and astrometry has been performed with
KITCHEN_SYNC2, which is a software program developed by Jay An-
derson and mostly based on KITCHEN_SYNC (Anderson et al. 2008). It
uses different methods to measure bright and faint stars. Briefly, as-
trometric and photometric measurements of bright stars have been
performed in each image, independently, by using the best point
spread function (PSF) model available, and later combined. To do
this, I used library models from Anderson & King (2006) and Ander-
son et al. (in preparation) and accounted for small focus variations
due to the ‘breathing’ of HST, by deriving for each exposure a spa-
tially constant perturbation. Furthermore, the flux and the position
can also be determined by fitting for each star simultaneously all
the pixels in all the exposures. This approach works better for very
faint stars, which cannot be robustly measured in every individual
exposure. Stellar positions have been corrected for geometrical dis-
tortion by using the solution provided by Anderson & King (2006)
and Bellini, Anderson & Bedin (2011). I refer the reader to the
paper by Anderson et al. (2008) for further details.

The software by Anderson et al. (2008) provides a number of
indexes that can be used as diagnostics of the quality of photometry.
Since the study of multiple stellar population in GCs requires high-
accuracy photometry,  have used these indexes to select a subsample
of stars that have small astrometric errors, are relatively isolated,
and well fitted by the PSF as in Milone et al. (2009, section 2.1).
The study of NGC 6266 is limited to this high-precision subsample
of stars, which consists of about the 84 per cent of the total number
of measured sources.

The photometry has been calibrated by following the recipe by
Bedin et al. (2005) and the zero-points provided by the STScI web
page for WFC/ACS and WFC3/UVIS.' The mp300y versus mgzoow —
mreasw CMD of all the stars in the field of view that pass the criteria
of selection is shown in the left-hand panel of Fig. 1.

Since NGC 6266 is projected on a rich Galactic field in the
direction of the Galactic bulge, separating cluster members from
foreground/background objects is an important step towards an ap-
propriate study of the cluster’s CMD. To select a sample of bona
fide cluster members, I have derived proper motions by comparing
the stellar positions measured from 2004 images and the positions
derived from data collected in 2010 and following the procedure
described in detail by Anderson & King (2003), Anderson & van
der Marel (2010), and Piotto et al. (2012).

The middle panels of Fig. 1 show the vector-point diagram of
proper motions in ACS/WFC pixel, over the 6.1-yr baseline spanned
by the data, for stars in six magnitude intervals. Since the zero-point
of the motion corresponds to the average motion of cluster stars the

1 http://www.stsci.edu/hst/wfc3/phot_zp_lbn,
http://www.stsci.edu/hst/acs/analysis/zeropoints/zpt.py
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Figure 1. Left: mp3oow versus mpzgow — mreasw CMD of all the stars in the field of view of NGC 6266. Middle: vector-point diagram of proper motions in
ACS/WEC-pixel units for stars in six intervals of F390W magnitude. Stars within the red circles are considered probable cluster members. Right: CMD for

probable cluster members only.

bulk of stars around is mostly populated by cluster members. The
stars with clearly different motions are likely field objects and I used
the red circles to select a sample of stars with cluster-like proper
motion. The radius of each circle has been chosen by eye with the
criterion of rejecting the most evident field stars. The CMD of stars
with cluster motion is plotted in the right-hand panel of Fig. 1.

2.1 Differential reddening

NGC 6266 suffers for significant amounts of extinction (E(B —
V) = 0.47, Harris 1996, updated as in 2010) and large spatial
variations of reddening (Alonso-Garcia et al. 2011). Fig. 1 reveals
that the CMD of the cluster exhibits broad RGB, HB, and sub gi-
ant branch (SGB). Since the photometric colour error is smaller
than ~0.02 mag for these bright stars, one can expect that most of
the broadening is caused by variations of reddening across the field
of view. In addition to differential reddening, small unmodelable
PSF variations can introduce small shifts in the photometric zero-
point which depend on the star location in the chip and result in a
non-intrinsic broadening of the sequences in the CMD (Anderson
et al. 2008). Previous works show that these PSF variations affect
each filter in a different way and produce a small colour variation

MNRAS 446, 1672-1684 (2015)

which is typically ~0.005 mag (Anderson et al. 2008, 2009; Milone
et al. 2012b).

Correcting the photometry for both differential reddening and
PSF-related variations of the photometric zero-point is a crucial
step to investigate multiple stellar populations in NGC 6266. To
this aim, I used a method mostly based on the recipe from Milone
et al. (2012b, Section 3).

Briefly, I have first determined a map of differential reddening
across the field of view of NGC 6266 and used it to correct the pho-
tometry. To do this I started to define the fiducial line of cluster stars
along the MS, the SGB, and the RGB. Then, I have selected a sam-
ple of cluster members with high photometric quality as reference
stars and calculated for each of them the distance from the fiducial
along the reddening line. To determine the direction of the redden-
ing vector, I used the extinction rates of ACS/WFC bands provided
by Sirianni et al. (2005) for a G2 star: A(F435W) = 4.081 E(B —
V), A(F625W) =2.637 E(B — V), A(F658N) = 2.525 E(B — V), and
assumed A(F390W) = 4.573 E(B — V) (Dotter, private communica-
tion). Only stars along the SGB, the bright MS, and the faint RGB
have been chosen as reference stars because the angle between the
reddening vector and the fiducial line is closer to 90° and the colour
and magnitude displacement due to differential reddening can be
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Figure 2. Upper panels: comparison of the original mp3gow versus mg3gow — mreasw CMD of NGC 6266 (left) and the CMD corrected for differential
reddening (right). A zoom of each CMD around the SGB is plotted in the insets. The reddening vectors are indicated with red arrows. Lower panels: map of
the average differential reddening (left). The levels of grey correspond to different E(B — V) values as indicated by the scale on the right. The right-hand panel
compares of the values of differential reddening inferred from the mpgsw versus mrsoow — mreasw and the mpesgy versus mrazsw — mresgy CMD. The red

line indicates the perfect agreement.

properly separated from the random shift due photometric errors.
I assumed as the differential reddening of each star the median
distance of the nearest 75 reference stars, while the corresponding
uncertainty has been estimated as the 68.27th percentile of the 75
distances divided by the square root of 74. The reference star has
been excluded in the determination of its own differential redden-
ing. The values of reddening have been converted into absorption
in the WFC/ACS F435W, F625W, and F658N bands and in the
WEFC3/UVIS F390W band by using the relations above. Photom-
etry in each band has been corrected for differential reddening by
subtracting to the magnitude of each star the corresponding absorp-
tion. I refer to the paper by Milone et al. (2012b) for further details
on the differential-reddening correction.

As an example, the upper panels of Fig. 2 compare the original
Mpr3gow VEISUS mpzoow — Mpe2sw CMD of NGC 6266 (left) and
the CMD corrected for differential reddening (right). The insets
show the region around the SGB, where the effect of differential
reddening is more evident. An inspection of the obtained differential
reddening map, in the lower-left panel of Fig. 2, reveals significant
spatial variations, up to ~0.15 mag in E(B — V), across the field of
view. The error on differential-reddening determination, is typically
o g - v) ~0.003 mag and never exceeds 0.006 mag.

This procedure has been applied to the each CMD analysed in
this paper, separately. To investigate if the obtained differential red-
dening depends on the adopted colour and magnitude, I compare
results from different CMDs. With photometry in four bands, I can

MNRAS 446, 1672-1684 (2015)
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Figure 3. mpesw versus mezgow — mpepsw CMD for MS and SGB stars in NGC 6266. The arrow indicates the reddening direction. The right-hand panel

shows the Hess diagram of MS stars with 20.25 < mpesw < 21.5.

generate two independent CMDs: mgepsw versus mgsoow — Mrpgasw
and mpgsgy VErsus mpq3sw — Mpesgy. The values of differential red-
dening obtained from each of them, AE(B — V)moow, re2sw and
AE(B — V)rassw, ressy, are compared in the lower-right panel of
Fig. 2. They differ on average by AE(B — V) =0.002, with arandom
median scatter of 0.006 mag which is due, in part, to PSF-related
variations of the photometric zero-point along the chip. Difference
are smaller when I compare AE(B — V) 390w, re2sw With results from
the other CMDs used in this paper.

2.2 Artificial stars

The artificial-star (AS) experiments have been performed by us-
ing the recipe and the software described in detail by Anderson
et al. (2008). Briefly, a list of 10° stars has been generated and
placed along the fiducial line of the MS, the SGB, and the RGB
of NGC 6266. The list includes the coordinates of the stars in the
reference frame and the magnitudes in F390W, FA35W, F625W,
and F658N bands. ASs have been distributed across the field of
view according to the overall cluster distribution as in Milone et al.
(2009).

For each star in the input list, the software by Anderson et al.
(2008) adds, in each image, a star with appropriate flux and position
and measures it by using the same procedure as for real stars. I
considered an AS as found when the input and the output position
differ by less than 0.5 pixel and the input and the output flux by less
than 0.75 mag.

The software provides for ASs the same diagnostics of the pho-
tometric quality as for real star. I applied to ASs the same procedure
used for real stars to select a subsample of relatively isolated stars

MNRAS 446, 1672-1684 (2015)

with small astrometric errors, and well fitted by the PSF. ASs have
been used to estimate errors of the photometry used in this paper.

3 MULTIPLE POPULATIONS ALONG THE MS

The left-hand panel of Fig. 3 shows a zoom of the mpgsy versus
mpoow — Mrgrsw CMD of NGC 6266 around the MS and the SGB.
I have applied the corrections for differential reddening and for
PSF-related colour variations, as described in Section 2.1, and have
excluded stars with radial distance smaller than 50 arcsec from the
cluster centre, to avoid the most crowded regions. The observational
errors are represented with red error bars on the left of the CMD
and account for both photometric errors, as derived from AS exper-
iments, and uncertainties on the differential-reddening correction.

The MS of NGC 6266 is broad with some hint of bimodality.
The majority of MS stars defines a red MS but there is a tail of
stars on the blue side of the main MS. The MS broadening is more
evident in the magnitude interval 20.25 < mpgsw < 21.5, as better
visualized by the Hess diagram in the right-hand panel of Fig. 3.
The observed colour spread for MS stars is much larger than that
expected from observational error, which, in this magnitude inter-
val, ranges from ~0.015 to ~0.035 mag. I note that this observed
multiple MS in NGC 6266 cannot be the consequence of residual
differential reddening for two reasons: (i) the red and the blue MS
can be detected in any region of the field of view; (ii) the effect of
differential reddening would be more evident at the level of the SGB
and the MS turn-off, where, as indicated by the arrow in Fig. 3, the
reddening vector is almost perpendicular to the sequences. Instead,
NGC 6266 exhibits a narrow colour distribution in this region of
the CMD.
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mrazsw — Mresgy CMD of MS stars in NGC 6266 (right). The sample of
red-MS and the blue-MS stars, defined in the left-hand CMD are coloured
red and blue, respectively. The fiducial lines of the red and blue MS are
superimposed on each CMD.

To further investigate whether the MS broadening is entirely
due to photometric errors or it is also intrinsic, I have adapted to
NGC 6266 the method introduced by Anderson et al. (2009) in
their study of multiple populations along the MS of 47 Tuc. Briefly,
I have used the two CMDs shown in Fig. 4 that are derived from
two independent data sets and identified by eye the two groups of
red and blue MS stars in the mpg sy versus mpsoow — Mpgrsw CMD
(represented in red and blue, respectively, in both CMDs). Then, I
have determined the fiducial line of red- and blue-MS in each CMD
by calculating the median colours and magnitude in successive short
intervals of magnitude and interpolated these median points with a
cubic spline.

As discussed by Anderson and collaborators, if the MS broad-
ening is only due to errors, a star that is red or blue in the mrersw
versus mpgow — Mpgazsw CMD has the same probability of being
either red or blue in the mpgsgy Versus mpazsw — Mpgsgy ones. On
the contrary, the fact that the fiducial of the red and the blue MS
are clearly separated in both CMDs demonstrates that the colour of
each star is maintained quite well, with only a small scatter due to
photometric errors. This behaviour is a clear mark of an intrinsic
colour spread.

To determine the fraction of red-MS and blue-MS stars, I used
the Mreosw VEISUS Mp3gow — MEe2sw CMD plotted in the left-hand
panel of Fig. 4 and applied the procedure illustrated in Fig. 5.
The verticalized mpepsw versus A(mpzoow — Mpepsw) diagram (left-
hand panel of Fig. 5) has been obtained by subtracting from the
mpoow — Mrgrsw colour of each star, the colour of the red fiducial
line at the corresponding F625W magnitude. This diagram has been
divided into 10 bins of 0.125 mag as indicated by the grey horizontal
lines. The histogram distribution of A(mg3e0w — Mrersw) for stars
in each bin has been plotted in the middle panel of Fig. 5 and
fitted by a bi-Gaussian function by using the least-squares method.
The fraction of red-MS and blue-MS stars has been derived, for
each magnitude bin, from the area of the two Gaussians. From
the average of the 10 independent measurements, the red and the
blue MS result to host the 79 =+ 1 percent and the 21 =+ 1 percent
of stars, respectively. The errors are derived as the random mean
scatter of the ten measurements divided by the square root of nine
measurements.

The F625W magnitude has been plotted as a function of the
dispersion obtained for the red MS (0eq—ms, squares), the blue MS
(Gble—Ms circles) from the best-fitting Gaussians, and the dispersion
due to observational errors (o, triangles) in the right-hand panel
of Fig. 5. While the colour width of blue-MS stars is comparable to

the spread due to observational errors,? the colour width of the red
MS is significantly larger than that of the blue MS over the whole
range of analysed magnitude. This additional spread, which can
be quantified as o™ o = /024 _ns — 02,, suggests that the red
MS exhibits an intrinsic colour broadening. The values of opjye_ms,
Ored—MS>» O errs and J;:(;_MS, are listed in Table 2 for different intervals
of F625W magnitude.

A spread or split of the MS about one magnitude below the
MS turn-off could be due either to binaries or to multiple stellar
populations. Binary systems composed by two MS stars (MS-MS
binaries) are seen in clusters as a spread sequence on the red of
the MS. However, to ascribe the red-MS stars to a sequence of
binaries would require that about 88 percent of the MS stars in
NGC 6266 are in binary systems, in contrast with observations
of massive GC, where the fraction of MS-MS binaries is smaller
than a few percent (Milone et al. 2012b). Besides, to reproduce
the narrow colour distribution of red-MS stars one could make the
outlandish hypothesis that most binaries have a primary/secondary
mass ratio in the narrow interval ~0.7-0.8. I conclude that very
unlikely binaries can explain the observed MS spread.

A more-plausible hypothesis is that the red and the blue MS of
NGC 6266 correspond to distinct stellar populations, in close anal-
ogy with what observed in most GCs. This is supported by results
presented in the next section, where I demonstrate that observations
are consistent with two populations with different content of helium
and light elements.

4 THE HELIUM CONTENT OF THE STELLAR
POPULATIONS

To further investigate multiple MSs, in Fig. 6, I show the verti-
calized mpgysw versus Ay (panel a) and mpgsgy versus A, diagram
(panel b) for MS stars obtained from two independent data set. The
value of A; has been derived for each star, by subtracting from the
Mmp3oow — Mpeasw colour of that star, the corresponding colour of
the red fiducial line of Fig. 4 at the same F625W magnitude. A
similar approach has been used to determine A,. In panels (c), I
show the Hess diagram of A, versus A; for MS stars in six F625W
luminosity bins. The correlation between A, and A; confirms that
the MS of NGC 6266 exhibits an intrinsic colour spread. The stellar
distribution in each bin is clearly bimodal, with red-MS stars clus-
tered around (A;:A;)~(0:0), plus a less-populated bump of stars
with negative A and A, associated with a blue MS.

The A, versus A; diagrams of Fig. 6 provide the opportunity to
improve the previous identification of red-MS and blue-MS stars
of Fig. 4, which was based on mgsgow and mpeysw only. To this
aim, I identify by eye two groups of red-MS and blue-MS stars, on
the basis of their position in the A, versus A, planes of panel (d)
(coloured in red and blue, respectively, as also in panels a and b).

To infer the average helium difference between the two MSs of
NGC 6266, I started to investigate the CMDs mpgsgy against my —
mpesgy, where X = F390W, F435W, and F625W. For each CMD, 1

2 The fact that the broadening blue MS is slightly larger than expectation
from observational errors is due to a limitation of AS test. Indeed while ASs
are measured with the same PSF used to generate them, the PSF model for
areal star can slightly differ from the real stellar profile. As a consequence,
measurements of real stars will be affected by the errors in the PSF model,
but AS measurements will not (see Anderson et al. 2008; Milone et al. 2009
for details). However, the additional dispersion do not allow us to exclude a
small intrinsic spread.
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Table 2. Colour dispersion observed for blue-MS stars,
red-MS stars and dispersion due to observational errors in
10 magnitude intervals. The intrinsic colour dispersion of
the red MS is listed at the last column.

int

Mmre25sw Oblue—MS Ored—MS Oerr Ored—MS
20.25-20.38 0.020 0.032 0.013 0.029
20.38-20.50 0.024 0.031 0.015 0.027
20.50-20.62 0.021 0.037 0.018 0.032
20.62-20.75 0.025 0.038 0.020 0.032
20.75-20.88 0.027 0.036 0.021 0.029
20.88-21.00 0.031 0.038 0.022 0.031
21.00-21.12 0.030 0.046 0.025 0.039
21.12-21.25 0.033 0.047 0.028 0.038
21.25-21.38 0.032 0.046 0.030 0.035
21.38-21.50 0.028 0.048 0.033 0.035

have determined the fiducial line of the red and the blue MS, as repre-
sented in Fig. 7, by using the method described in Section 3. Then,
I have estimated the colour difference between the red and blue
fiducials (A(colour)) at the reference magnitudes m%os,y = 20.2,
20.4, 20.6, 20.8, and 21.0 mag. Results, listed in Table 3, show

MNRAS 446, 1672-1684 (2015)

that for each choice of mGiky, the mpessy Versus mesgow —
mpessy CMD provides the largest colour difference between red and
blue fiducial. The value of A(colour) decreases for shorter colour
baselines.

Recent papers demonstrate that multiple MSs correspond to stel-
lar populations with difference in helium (e.g. D’ Antona et al. 2002;
Norris 2004; Piotto et al. 2005) and in light-elements abundance
(Marino et al. 2008; Sbordone et al. 2011; Milone et al. 2012a,c).
To infer the average helium difference between the two populations
of NGC 6266, theoretical spectra for the red- and blue-MS stars have
been calculated to compare the predicted colours with the observed
ones. For the synthetic spectra, different values of light-element
abundances and different choices of helium have been considered
for each population. Specifically, for the red-MS stars primordial
helium (Y = 0.246) has been assumed, while for the blue MS a grid
of model with helium ranging from ¥ = 0.246 to 0.400 in steps of
0.001 has been generated.

To account for the chemical composition of stellar populations
in NGC 6266, I exploit results from the analysis of high-resolution
spectraby Yong et al. (2014). They have analysed seven bright giants
and detected significant star-to-star variations in C, Mg, Al, O, and
Na, that define the usual (anti)correlations observed in GCs, with
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versus A diagrams of panel (d).

the presence of two stellar groups: an O-rich (Na-poor) and O-poor
(Na-rich) group of stars. Following Yong et al. (2014), I use for red-
and blue-MS stars the average inferred abundances of O-rich and O-
poor stars, respectively. Specifically, I assumed [C/Fe] = —0.4 and
[O/Fe] = 0.8 for red-MS stars, and [C/Fe] = —0.8 and [O/Fe] = 0.2
for the blue MS. Since no nitrogen abundance are available for
this cluster I arbitrarily assumed that the red and the blue MS have

[N/Fe] = 0.5 and [N/Fe] = 1.6, respectively, as inferred by Bragaglia
et al. (2010) for the red and the blue MS of NGC 2808, which is
another massive GC with an extended HB and almost the same
metallicity as NGC 6266.

For both MSs, a uniform metallicity of [Fe/H] = —1.15 and alpha-
enhancement [«/Fe] = 0.40 has been assumed, as derived from spec-
troscopy by Yong et al. (2014). I adopt reddening, E(B — V) = 0.52,
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Table 3. Colour separation between blue and red MS and stellar parameters of the best-fitting model for red and blue MS for five values of mg‘gsTs ~- The
average helium difference is listed in the last column.

mSdly  Almpsoow — mressy)  Almpassw — mressy) — Almpgrsw — mressy)  Terr (red MS)  log g (red MS)  Tegp(blue MS)  log g (blue MS) ~ AY
20.2 0.081 £ 0.010 0.063 £ 0.009 0.007 £ 0.003 5673 4.54 5831 4.52 0.086
20.4 0.091 £ 0.011 0.066 £ 0.009 0.007 £ 0.004 5548 4.57 5702 4.56 0.079
20.6 0.098 £ 0.012 0.071 £ 0.009 0.007 £ 0.004 5414 4.60 5560 4.59 0.074
20.8 0.104 £ 0.015 0.077 £ 0.011 0.008 £ 0.005 5276 4.62 5425 4.62 0.073
21.0 0.109 £ 0.016 0.079 £ 0.012 0.008 £ 0.006 5136 4.64 5295 4.65 0.078
age of 12.5 Gyr, and a distance modulus, (m — M)y = 15.55, that helium (triangles) provides a very poor fit with the observations
provide the best fit between isochrones from Dotter et al. (2008) and thus demonstrating that the two stellar populations of NGC 6266
the observed CMD. Isochrones with primordial helium (Y = 0.246) have different helium abundance.
have been used to estimate effective temperature (7.¢) and surface To determine the value of Y that best matches the CMD sequences,
gravity (log g) for MS stars with mpesgy = mggsTg > as listed in I have compared observations with synthetic colours derived from
Table 3; while T and log g values for helium-rich blue-MS stars helium-enhanced blue-MS stars with different values of helium
have been inferred from helium-enhanced isochrones. assumed, ranging from ¥ = 0.247 to 0.400 in steps of 0.001. The best
Atmospheric models for the MS stars with mpgsgy = m$ia y have fit between observations at m$U% \ =20.6 corresponds to the case
been calculated by using the arLAs12 code (Kurucz 1993; Sbordone where the O-poor population is enhanced in helium by AY = 0.074
et al. 2004) and have been used to generate synthetic spectra with dex (blue circles).
SYNTHE (Kurucz & Avrett 1981) at a resolution of R = 600 from This procedure has been repeated for m$Y%,, = 20.2,20.4, 20.8,
2800 to 10 000 A. and 21.0 mag. The values of Te¢, log(g), and AY that provide the best
Results are illustrated in Fig. 8 for MS stars at m%ye, = 20.6. fit are listed in Table 3 for each value of m&isy. From the average
Synthetic spectra for these stars are shown in panel (a), which com- I obtain AY = 0.078 % 0.003, where the error is determined as the
pares the spectrum corresponding to the O-rich composition (red), rms of the five determinations of AY divided by the square root of
and those corresponding to the O-poor composition at ¥ = 0.246 four determinations.
(black) and Y = 0.320 (blue). The flux ratios of the black and blue The helium abundance inferred from this method depends on
spectra with respect to the red ones are plotted in panel (b). Finally, the chemical composition assumed for the red and the blue MS.
panel (c) shows the normalized response of the UVIS/WFC3 and The main contribution may come from the nitrogen abundance,
the ACS/WFC filters used in this paper. which affects the F390W magnitude trough the NH band around
Synthetic spectra of O-poor and O-rich stars have been integrated A ~3300 A. To quantify the impact of the choice of N on the
over the transmission curves of the F390W UVIS/WFC3 and the inferred AY, I repeated the same procedure above for two extreme
FA35W, F625W, and F658N ACS/WEC filters to determine syn- scenarios where: (i) the blue MS is highly N-enhanced by 2 dex
thetic colours. The filled circles in the panel (d) of Fig. 8 show with respect to the red MS and (ii) the two MSs have the same N
the my — mpgsgy colour difference between the fiducial line of the abundance. From the first scenario, I infer a value of AY which is
two MSs at mgggg ~ = 20.6 against the central wavelength of the 0.011 dex larger than the previous estimate, while the later scenario
given X filter; the colour differences from theoretical models are corresponds to a AY lower than 0.007 dex with respect to the best
represented with open symbols. The O-poor model with primordial estimate.
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Figure 8. Panel a: comparison of the synthetic spectra of O-rich star (red),
and O-poor stars with ¥ = 0.246 (black) and Y = 0.320 (blue). The spectra
correspond to MS star with m)CrgST8 ~ = 20.6 (see text for details). Panel b: flux
ratio between the spectra of the O-poor/Y-poor and the O-rich star (black)
and the O-poor/Y-rich and the O-rich star (blue). Panel c: transmission
curves of the HST filters used in this work. Panel d: mx — mpgsgy colour

separation between the fiducial lines of the two MSs at mggsTSN =20.6asa

function of the central wavelength of the X filter, where X = F390W, FA35W,
F625W, and F658N. Observations are plotted with black filled circles, while
the colour differences derived from theoretical models are represented with
open symbols.

In order to investigate the impact of the adopted abundance of
C and O on the estimate of helium abundance, I again repeated
the procedure above by changing the values of [C/Fe] and [O/Fe]
adopted for the blue MS by =+ 0.4 dex. In all the cases, the resulting
AY is consistent with the best estimate within 0.001 dex. Similarly,
I verified that variations in Al, Mg, and Na do not affect AY.

It is worth noting that the adopted values of [C/Fe] come from
spectroscopy of RGB stars. As pointed out by the referee, both the-
ory and observations have shown that as a star ascend the RGB,
carbon and nitrogen are exposed to mixing phenomena which alter
the original surface abundance of C and N, while maintaining con-
stant C+N (e.g. Iben 1967; Charbonnel 1994; Gratton et al. 2000;
Martell, Smith & Briley 2008; Angelou et al. 2011 and references
therein). To estimate the effect of mixing on the results of the paper,
I assumed that both the red- and blue-MS stars have 0.3-dex higher
C abundance than that inferred from the RGB by Yong et al. (2014).
The adopted carbon variation between MS and RGB stars approx-
imately matches the predictions from models by Angelou et al.
(2011) for CN-weak and CN-strong stars in M3. [N/Fe] has been
determined with the criteria that the sum of carbon plus nitrogen
remains constant. The obtained nitrogen abundance of red-MS stars

is 0.3-dex lower than that inferred from the RGB, while, in the case
of the helium-rich population of NGC 6266, an enhancement in C
by 0.3 dex leaves N almost unchanged. I again derived AY by using
the procedure above but assuming [C/Fe] = —0.1 and [N/Fe] = 0.2
for the MS, and [C/Fe] = —0.5 and [N/Fe] = 1.6. I infer a value of
AY which is 0.004 dex larger than the best estimate.

This investigation shows that, while the derived helium abun-
dance does not depend on the choice of C, O, Mg, Al, and Na, the
adopted nitrogen abundance can affect the value of AY by ~0.01
dex. I conclude that the group of blue-MS stars analysed in this
paper is enhanced in helium by AY = 0.08 &£ 0.01 dex with respect
to the red MS.

4.1 Comparison with the isochrones

The panel (a;) of Fig. 9 reproduces the mpeysw versus mpsgow —
mpersw CMD of Fig. 3, and the two groups of red-MS and blue-
MS stars defined in Fig. 6 have been represented with red and blue
points, respectively. Two isochrones from Dotter et al. (2008) have
been superimposed on to the CMD. Both of them have the same iron
abundance ([Fe/H] = —1.15) and [«/Fe] = 0.40, but different helium
content of ¥ = 0.246 (orange-dashed line) and Y = 0.324 (cyan-
dashed line). The helium difference corresponds to that derived
from the analysis above. I adopted for all the isochrones reddening,
E(B — V) =0.52, age of 12.5 Gyr, and a distance modulus, (m —
M)y = 15.55 which provide the best fit with the observations.

The mpegrsw versus mesgow — Mmrgasw CMD plotted in the panel (a;)
of Fig. 9 compares the isochrones with the fiducial lines of the red
and the blue MS, which are represented with red and blue continuous
lines, respectively. The helium-rich isochrone has bluer colours than
the fiducial line of the blue MS in almost all the analysed interval of
magnitude. The isochrone with ¥ = 0.246 is almost superimposed
on to the fiducial line of the red MS for mpesw <21.1, but the fit
gets worse at fainter magnitudes where the isochrone is slightly
bluer than the fiducial.

In order to do a more thorough and quantitative analysis of the
relative helium abundance of stellar populations in NGC 6266, 1
have compared in the panel (as) of Fig. 9 the isochrones and the
fiducial lines in the verticalized mpgsw versus A(mmoow — Mpe2sw)
diagram. To derive the two verticalized fiducials, I have subtracted
from the colour of the red and the blue fiducial, the colour of the
red fiducial at the corresponding F625W magnitude. Similarly, to
determine the verticalized isochrones, I have subtracted from the
colour of each isochrone, the colour of the isochrone with Y = (0.246
at the corresponding mpeysy luminosity. In this diagram, both the
fiducial line of the red MS and the isochrone with ¥ = 0.246 have
A(mF390W — mF625w) = 0, by construction.

Panel (a3) of Fig. 9 shows that the verticalized fiducial of the
blue MS is redder than the helium-rich isochrone by ~0.02 mag
in mp3gow — Mpgpsw- A small colour difference between isochrones
and observations is expected, because the adopted isochrones do not
account for the detailed light-element abundance multiple stellar
populations in NGC 6266.

According to the analysis of Section 4 the abundance of C, N, O
have a significant effect on the mg390w — mrersw colour of red- and
blue-MS stars. To estimate it, I have used the procedure described
in Section 4 to calculate two sets of synthetic spectra for blue-MS
stars with ¥ = 0.324 at the reference magnitudes m&y),, = 20.4,
20.8, and 21.2. I assumed different chemical-composition mix-
tures for each set of spectra. For the first one, I adopted the
same C, N, O abundances used for red-MS stars ([C/Fe] = —0.4,
[N/Fe] = 0.5, [O/Fe] = 0.8), and in the second group [ used the same
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chemical composition of the blue MS ([C/Fe] = —0.8, [N/Fe] = 1.6,
[O/Fe] = 0.2). Spectra have been used to derive synthetic mg390w —
mrgrsw colours as in Section 4.

N-rich stars have slightly redder colour than N-poor ones, thus
suggesting that, when the detailed light-element abundance of the
two populations is taken into account, the colour difference between
the isochrones decreases by ~0.02 mag as indicated by the cyan
arrows plotted in the panel (a3) of Fig. 9.

In the panels (b)), (bs), and (b3) of Fig. 9, I have extended the
analysis to the mpgsgy versus mpyzsw — mpessy CMD. In this case,
the colour distance between the fiducial of the blue MS and the
helium-rich isochrone is smaller. Indeed the abundance of C, N, O
affects the mp435w — mpessy by ~0.005 mag as indicated by the cyan
arrows in the panel (bs). The comparison with isochrones of this
section reinforces the conclusion that the two MSs of NGC 6266 are
consistent with two stellar populations with a difference in helium
of ~0.08 dex.

Moreover, as discussed in Section 3, the red MS is broadened
much more than can be accounted for by photometric errors in
mp39ow — Mreasw by ~0.03 mag. I have used isochrones from Dotter
et al. (2008) with [Fe/H] = —1.15 and different helium to estimate
the helium difference that would led to the observed spread and
found that, if helium is the only cause of the MS broadening, then
it would imply a spread in helium by ~0.025 dex.

5 SUMMARY AND CONCLUSION

I used photometry from ACS/WFC and WFC3/UVIS on board of
HST to investigate stellar populations in NGC 6266. The CMDs
have been corrected for differential reddening, and most of the field
stars have been separated from probable cluster members on the
basis of stellar proper motions.

The presented photometric analysis shows, for the first time, that
NGC 6266 exhibits a complex and multiple MS. Specifically, a red
and blue MS have been detected and found to host the 79 £ 1 per cent
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and the 21 £ 1percent of MS stars, respectively. In the studied
luminosity interval, between ~1 and ~2 F658N mag below the MS
turn-off, the colour separation between the red and the blue MS is
about 0.1 mag in mg390w — Mressy, and decreases for shorter colour
baseline like mpy35w — Mmpgsgy and mpgrsw — Mpgsgy. In contrast,
the SGB does not show any significant vertical spread, even at the
level of a few hundreds of magnitude. I have demonstrated that
the double MS in NGC 6266 is intrinsic and cannot be due neither
to photometric errors nor to residual differential reddening. This
fact demonstrates that the red and the blue MS of this massive GC
correspond to distinct stellar populations.

Recent work has shown that the analysis of multiple MSs from
multiwavelength photometry allows us to infer precise determina-
tion of the helium content of multiple stellar populations. To deter-
mine the helium content of stellar populations in NGC 6266, syn-
thetic spectra assuming different chemical-composition mixtures
have been calculated for MS stars, and the corresponding predicted
colours have been integrated through the HST filters to allow the
comparison with the observed ones. The result of this compari-
son is that the red MS is consistent with a stellar population with
primordial helium, and O-rich/N-poor, while the blue MS is con-
sistent with being made of He-enhanced, O-poor/N-rich stars. The
enhancement in the helium mass fraction of the blue-MS stars has
been derived to be AY =0.08 4= 0.01. Moreover, the colour width of
the red MS is much larger than that of blue-MS stars. This additional
broadening could be due by an intrinsic spread in ¥ of ~0.025 dex
among the red-MS stars and suggests that the red MS hosts two or
more subpopulations of stars.

D’ Antona et al. (2002) first investigated the possibility that stel-
lar populations with different helium abundance may be responsible
for the HB morphology of GCs. This group of authors have shown
that the HB of NGC 2808 is consistent with three stellar popula-
tions, each with distinct content of helium. They have suggested
that the red HB of this cluster is made of stars with primordial
(Y~ 0.25), while blue-HB stars are helium-enhanced up to Y ~ 0.32
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Figure 10. Logarithm of the maximum helium difference among stellar
populations in GCs as a function of the GC absolute magnitude. NGC 6266
is marked with a red circle. The dash—dotted line is the best-fitting least-
squares straight line.

and Y ~ 0.38, with the hottest HB stars also having the highest he-
lium content (D’ Antona & Caloi 2004, 2008; D’ Antona et al. 2005).
This scenario has been confirmed by the discovery by Piotto et al.
(2007) that NGC 2808 hosts a triple MS and by the direct mea-
surement of helium abundance from high-resolution spectroscopy
of HB stars (Marino et al. 2014).

Fig. 2 of this paper as well as fig. 4 from Piotto et al. (2002)
shows that NGC 6266 exhibits an extended HB which is populated
on both sides of the RR Lyrae instability strip. As suggested by
the referee, stars in the bluest tail of the HB of NGC 6266 could
be the precursors of blue-MS stars, in close analogy with what
observed in NGC 2808. Spectroscopy of HB stars together with
suitable theoretical HB models (e.g. D’ Antona et al. 2005; Busso
et al. 2007; Di Criscienzo et al. 2014) are mandatory to firmly
establish the location of multiple stellar populations along the HB.

The range of helium abundance variations has been estimated in
a few GCs to date. So far, helium variations larger than AY ~ 0.07
have been detected in four massive GCs with extended HB, namely
w Centauri, NGC 6441, NGC 2808, and NGC 2419. Less-massive
GCs, with less-extended HB, like NGC 288, NGC 6397, and
NGC 6752, also have smaller helium variation (e.g. Piotto et al.
2007, 2013; di Criscienzo, D’ Antona & Ventura 2010; di Criscienzo
etal. 2011; King et al. 2012; Milone et al. 2012a, 2013; Bellini et al.
2013).

Fig. 10 shows the logarithm of the maximum helium difference
among stellar populations in GCs based on the analysis of multiple
MSs or multiple RGBs, as a function of the absolute magnitude of
the host cluster. Black dots mark the 11 GCs studied in literature?
while the value for NGC 6266, inferred here, is marked with a red
circle. An inspection of this plot immediately suggests that there is

3 This sample includes the nine GCs listed by Milone et al. (2014, see their
table 2), and the values inferred for NGC 6121 (AY ~ 0.02; Nardiello et al.
2014) and NGC 7089 AY ~ 0.07, Milone et al. (in preparation).

a significant correlation between logAY and My with a Spearman’s
rank correlation coefficient » = —0.70.

The recent discovery that multiple stellar populations with dif-
ferent helium abundance are a common feature of GCs, provides
a new perspective to understand the morphology of their HB and
shed light on the second-parameter phenomenon. Freeman & Nor-
ris (1981) suggested that both a global parameter that varies from
cluster to cluster, and a non-global parameter that varies within
the cluster, are needed to explain the HB shape in GCs. Milone
et al. (2014) analysed the HB morphology of 74 GCs observed with
ACS/WEFC and found that the colour distance between the RGB and
the reddest part of the HB (L1) correlates with the metallicity and
age of the hosting GC. They concluded that metallicity and age are
the main global parameters defining the HB morphology in GCs.
The same authors also found that the colour extension of the HB
(L2) correlates with the cluster mass. The relation between the GC
mass and AY shown in Fig. 10 suggests that the range of helium,
associated with the presence of multiple stellar populations, is the
main non-global parameter.

The reported results for NGC 6266, which is among the 10 most-
massive GCs in the Milky Way and exhibits a very extended HB,
fit very well in the observational scenario for the HB morphology
presented in Milone et al. (2014). Indeed, the large helium difference
between the two MSs of this massive GC further supports the idea
of a close relationship among AY, GC mass, and HB extension.
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