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ABSTRACT

Aims. We present the photometric analysis of the external regions of three Galactic globular clusters: NGC 6121, NGC 6397, and
NGC 6752. The main goal is the characterization of multiple stellar populations along the main sequence (MS) and the study of the
radial trend of di� erent populations hosted by the target clusters.
Methods. The data have been collected using the FOcal Reducer and low dispersion Spectrograph 2 (FORS2) mounted at the
Very Large Telescope (VLT) UT1 of the European Southern Observatory (ESO) inUBVI �lters. From these data sets we ex-
tracted high-accuracy photometry and constructed color–magnitude diagrams (CMDs). We exploit appropriate combinations of col-
ors and magnitudes, which are powerful tools for identifying multiple stellar populations, such asB versusU Š B and V versus
cU,B,I = (U Š B) Š (B Š I) CMDs.
Results. We con�rm previous �ndings of a split MS in NGC 6752 and NGC 6121. Apart from the extreme case of� Centauri, this is
the �rst detection of multiple MS from ground-based photometry. For NGC 6752 and NGC 6121, we compare the number ratio of the
blue MS to the red MS in the cluster outskirts with the fraction of �rst and second generation stars measured in the central regions.
There is no evidence for signi�cant radial trend.
The MS of NGC 6397 is consistent with a simple stellar population. We propose that the lackof multiple sequences is due both to
observational errors and to the limited sensitivity ofU, B,V, I photometry to multiple stellarpopulations in metal-poor GCs.
Finally, we compute the helium abundance for the stellar populations hosted by NGC 6121 and NGC 6752, �nding a mild (� Y � 0.02)
di� erence between stars in the two sequences.

Key words. globular clusters: individual: NGC 6752 – globular clusters: general – globular clusters: individual: NGC 6397 –
globular clusters: individual: M 4

1. Introduction

In recent years, the discovery thatthe color–magnitude diagrams
(CMDs) of many globular clusters (GCs) are made of multiple
sequences has provided overwhelming proof that these stellar
systems have experienced a complex star-formation history. The
evidence that GCs host multiple stellar populations has reawak-
ened interest in these objects both from the observational and
theoretical point of view.

Multiple sequences have been observed over the entire
CMD, from the main sequence (MS, e.g.,Piotto et al. 2007)

� Based on observations at the European Southern Observatory using
the Very Large Telescope on Cerro Paranal through ESO programme
089.D-0978 (P. I. G. Piotto).
�� Catalogs of photometry for all globular clusters presented are only
available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5 ) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/573/A70

through the subgiant branch (SGB, e.g.,Piotto et al. 2012) and
from the SGB to the red giant branch (RGB, e.g.,Marino et al.
2008), and even in the white dwarf cooling sequence (Bellini
et al. 2013a).

Multiple populations along the RGB have been widely stud-
ied in a large number of GCs (e.g.,Yong et al. 2008; Lee et al.
2009; Monelli et al. 2013) using photometry from both ground-
based facilities and from theHubbleSpace Telescope (HST). In
contrast, with the remarkable exception of� Centauri (Sollima
et al. 2007; Bellini et al. 2009b), the investigation of multiple
MSs has been carried out with HST only (e.g.,Bedin et al. 2004;
Piotto et al. 2007; Milone et al. 2012aand references therein;
Bellini et al. 2013b).

We will exploit the FOcal Reducer and low dispersion
Spectrograph 2 (FORS2), mounted at the Very Large Telescope
(VLT) of the European Southern Observatory (ESO) to obtain
accurateU,B, V, I photometry of MS stars in the outskirts of
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three nearby GCs, namely NGC 6121 (M 4), NGC 6397, and
NGC 6752, and we aim to study their stellar populations.

The paper is organized as follows: in Sect.2 we provide an
overview of the three GCs we studied. The observations and data
reduction are described in Sect.3. The CMDs are analyzed in
Sect.4, where we also show evidence of bimodal MSs for stars
in the outskirts of NGC 6121 and NGC 6752 and calculate the
fraction of stars in each MS. In Sect.5, we study the radial dis-
tribution of stellar populations in NGC 6752 and NGC 6121.
In Sect.6, we estimate the helium di� erence between the two
stellar populations of NGC 6121 and NGC 6752. A summary
follows in Sect.7.

2. Properties of the target GCs

Multiple stellar populations have been widely studied in the
three GCs analyzed here. In this section, we summarize the ob-
servational scenario and provide useful information to interpret
our observations.

2.1. NGC 6121

NGC 6121 is the closest GC (d � 2.2 kpc) and has intermediate
metal abundance ([Fe/ H] = Š1.16Harris 1996, 2010 edition).

The RGB stars of this cluster exhibit a large spread in the
abundance distribution of some light-elements such as C, N, O,
Na, and Al (Gratton et al. 1986; Brown et al. 1990; Drake et al.
1992; Smith & Briley 2005). There is evidence of a CN bimodal-
ity distribution and Na-O anticorrelation (e.g.,Norris 1981;
Ivans et al. 1999).

The distribution of sodium and oxygen is also bimodal.
Sodium-rich (oxygen-poor) stars de�ne a red sequence along the
RGB in theU versusU Š B CMD, while Na-poor stars populate
a bluer RGB sequence (Marino et al. 2008). Further evidence of
multiple sequences along the RGB of NGC 6121 are provided
by Lee et al.(2009) andMonelli et al.(2013). NGC 6121 has a
bimodal HB, populated both on the blue and red side of the in-
stability strip. The HB morphology of this cluster is closely con-
nected with multiple stellar populations. Indeed, blue HB stars
are all Na-rich and O-poor (hence belong to the second stellar
generation), while red-HB stars have the same chemical compo-
sition as �rst-generation stars (Marino et al. 2011).

2.2. NGC 6397

Located at a distance of 2.3 kpc, NGC 6397 is a very metal-poor
GC ([Fe/ H] = Š2.02;Harris 1996, 2010 edition).

In the late 1970s,Bell et al. (1979) already demonstrated
that the RGB stars of this cluster show a spread in light-
element abundance. NGC 6397 exhibits modest star-to-star vari-
ations of oxygen and sodium and a mild Na-O anticorrelation
(e.g.,Ramírez & Cohen 2002; Carretta et al. 2009). Similar to
NGC 6121, the distribution of sodium and oxygen is bimodal
and the groups of Na-rich (O-poor) and Na-poor (O-rich) stars
populate two distinct RGBs in the Strömgreny versuscy index
diagram (Lind et al. 2011).

The MS of NGC 6397 is also bimodal, but the small color
separation between the two MSs can be detected only when
appropriate �lters (like theF225W, F336Wfrom HST/WFC3)
are used. Observations of the double MSs from multiwavelength
HST photometry have been interpreted as two stellar populations
with di� erent light-element abundance and a modest helium

variation of� Y � 0.01 (di Criscienzo et al. 2010; Milone et al.
2012a).

2.3. NGC 6752

NGC 6752 is a nearby metal-poor GC (d = 4.0 kpc, [Fe/ H] =
Š1.54;Harris 1996, 2010 edition).

Since the 1980s spectroscopic data reported “anomalies” in
the light-element abundances of the RGB stars of this cluster
(Norris et al. 1981; Cottrell & Da Costa 1981). More recent
works con�rm star-to-star light-element variations in NGC 6752
(Grundahl et al. 2002; Yong et al. 2003, 2008, 2013; Carretta
et al. 2005), O-Na, Mg-Al, and C-N (anti)correlations for both
unevolved (Gratton et al. 2001; Shen et al. 2010; Pancino et al.
2010) and RGB stars (Yong et al. 2005; Carretta et al. 2007,
2012) in close analogy with what was observed in most Galactic
GCs (see e.g.Ramírez & Cohen 2002; Carretta et al. 2009and
references therein). In particular, there are three main groups of
stars with di� erent Na, O, N, Al, which populate three di� er-
ent RGBs when appropriate indices are used (like thec1 andcy
Stromgren indices or thecU,B,I visual index;Yong et al. 2008;
Yong et al. 2003; Carretta et al. 2012; Monelli et al. 2013).

As shown byMilone et al.(2013, hereafter Mi13), the CMD
of NGC 6752 is made of three distinct sequences that can be
followed continuously from the MS to the SGB and from the
SGB to the RGB. These sequences correspond to three stellar
populations with di� erent light-element and helium abundance.

3. Observations and data reduction

We used 2× 2 binned images taken with the ESO/FORS2
(2 × 2k × 4k MIT CCDs) mounted at the VLT, using the stan-
dard resolution collimator. With this con�guration, the �eld of
view of FORS2 is reduced to� 6.�8 × 6.�8 by the MOS unit in
the focal plane and the pixel scale is� 0.�� 25/ pixel. The dithered
images of NGC 6121, NGC 6397, and NGC 6752 were acquired
usingu_HIGH, b_HIGH, v_HIGH, andI_Bessel broadband �l-
ters between April 14, 2012 and July 23, 2012. A detailed log of
observations is reported in Table1. Figure1 shows the combined
�eld of view for each cluster.

We used a modi�ed version of the software described in
Anderson et al.(2006) to reduce the data. Brie�y, for each im-
age we obtained a grid of 18 empirical point spread functions
(PSFs, an array of 3× 3 PSFs for each chip of FORS2) that vary
spatially, using the most isolated, bright and not saturated stars.
In this way, each pixel of the image corresponds to a PSF that
is a bilinear interpolation of the closest four PSFs of the grid.
This makes it possible to measure star positions and �uxes in
each individual exposure using an appropriate PSF and to ob-
tain a catalog of stars for each frame. We registered, for each
cluster and for each �lter, all star positions and magnitudes of
each catalog into a common frame (master-frame) using linear
transformations. The �nal result is a list of stars (master list) for
each cluster. We plot in Fig.2 the rms of the photometric resid-
ual and of the position as a function of the mean magnitude for
each �lter and each star measured in NGC 6121. In the case of
NGC 6752 and NGC 6397, the distributions are similar.

We specify here that we used magnitude to express the lumi-
nosities of the stars under study.

We noted that all the CMDs of the three GCs showed un-
usually spread out sequences (see panel (a) of Fig.3 for an ex-
ample of theV versusU Š V CMD of NGC 6397). Part of this
spread is due to di� erential reddening, but this is not the only
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