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ABSTRACT

The horizontal-branch (HB) morphology of globular clusters (GCs) is mainly determined by metallicity. However,
the fact that GCs with almost the same metallicity exhibit different HB morphologies demonstrates that at least one
more parameter is needed to explain the HB morphology. It has been suggested that one of these should be a global
parameter that varies from GC to GC and the other a nonglobal parameter that varies within the GC. In this study we
provide empirical evidence corroborating this idea. We used the photometric catalogs obtained with the Advanced
Camera for Surveys of the Hubble Space Telescope and analyze the color—-magnitude diagrams of 74 GCs. The HB
morphology of our sample of GCs has been investigated on the basis of the two new parameters L1 and L2 that
measure the distance between the red giant branch and the coolest part of the HB and the color extension of the
HB, respectively. We find that L1 correlates with both metallicity and age, whereas L2 most strongly correlates
with the mass of the hosting GC. The range of helium abundance among the stars in a GC, characterized by AY
and associated with the presence of multiple stellar populations, has been estimated in a few GCs to date. In these
GCs we find a close relationship among AY, GC mass, and L2. We conclude that age and metallicity are the main
global parameters, while the range of helium abundance within a GC is the main nonglobal parameter defining the
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HB morphology of Galactic GCs.
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1. INTRODUCTION

Since the early 1950s, metallicity has been considered the
main parameter that determines the horizontal-branch (HB)
morphology in globular clusters (GCs; e.g., Arp et al. 1952).
Within a few years, evidence that some GCs with similar
metallicity exhibit different HB morphologies suggested that
at least a second parameter (2ndP) is required to properly
characterize the HB morphology of GCs (e.g., Sandage &
Wallerstein 1960; van den Bergh 1965). Since then, the so-called
2ndP problem has been widely investigated by many authors.

Several candidates have been suggested as possible 2ndPs,
including mass loss (e.g., Peterson 1982; Catelan 2000), stellar
rotation (e.g., Mengel & Gross 1976; Fusi-Pecci & Renzini
1978), planetary systems (e.g., Soker 1998; Siess & Livio 1999),
magnetic fields (e.g., Rood & Seitzer 1981), and GC ellipticity
(Norris 1983), but a comprehensive picture is still lacking. Age
(e.g., Searle & Zinn 1978; Catelan & de Freitas Pacheco 1993;
Lee et al. 1994), GC central density (e.g., Fusi Pecci et al.
1993), GC mass (e.g., Recio-Blanco et al. 2006), and helium
abundance (e.g., Sandage & Wildey 1967; van den Bergh 1967)
are among the best candidates. We refer the reader to the papers
by Freeman & Norris (1981), Catelan (2009), Dotter et al.

* Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by
AURA, Inc., under NASA contract NAS 5-26555.

(2010), and Gratton et al. (2010) and references therein for
reviews on HB stars and the 2ndP phenomenon in GCs.

The study of GCs has changed dramatically in recent years
because of the overwhelming evidence for the existence of
multiple stellar populations in GCs. In this way of thinking, a GC
is made up of a first generation of stars, formed from the GC’s
primordial gas cloud, and at least one later generation, formed
from a dilution of the primordial gas and the chemical yields of
the high- and intermediate-mass stars of the first generation.

The possibility of GC self-enrichment, especially as it relates
to enhanced helium, as the cause for the variation of the
HB morphology has been investigated by several authors, as
multiple stellar populations with different helium abundance
can indeed explain features such as tails and multimodalities
in the HBs of GCs (e.g., Ferraro et al. 1998; D’ Antona et al.
2002, 2005; Piotto et al. 2007; Caloi & D’ Antona 2008; Gratton
et al. 2010). The idea of a connection between multiple stellar
populations and HB morphology arose in the early 1980s, when
pioneering papers showed that the cyanogen distribution is
closely connected to the shape of the HB (e.g., Norris 1981;
Norris et al. 1981; Smith & Norris 1993); this result has been
confirmed by recent studies of HB stars.

In this context the GC M 4 is exemplary. High-resolution
spectroscopy of red giant branch (RGB) stars reveals that this
GC hosts two stellar populations with different Na and O abun-
dances, while photometry reveals two RGBs in the U versus
U — B color-magnitude diagram (CMD). The HB of M 4 is
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bimodal and well-populated on both sides of the RR Lyrae gap
(Marino et al. 2008). The bimodality in Na and O is also present
among the HB stars. Blue-HB stars belong to the second pop-
ulation and are O-poor and Na-rich, while red HB stars are
first population (Marino et al. 2008, 2011b). Similar analyses of
Na and O in HB stars in other GCs show that first-generation
HB stars preferentially populate the reddest HB segment, while
second-generation HB stars tend toward bluer colors (Villanova
et al. 2009; Gratton et al. 2011, 2012, 2013; Lovisi et al. 2012;
Marino et al. 2013). More recently (Marino et al. 2014) inferred
from direct spectroscopic measurements that Na-rich HB stars
of NGC 2808 are also strongly helium enhanced.

Several factors influence HB morphology, and it is difficult
to disentangle the different effects. An important point in the
study of the 2ndP is that the metric used to characterize HB
morphology is not objective; the chosen way of representing
the HB stars in a GC as a number has a nontrivial influence
on the results of the investigation. Most studies to date adopt a
single HB morphology metric. Different studies, using different
metrics, can easily reach conflicting conclusions about the
identity of the 2ndP.

Consider the following two examples. Recio-Blanco et al.
(2006) defined their HB morphology metric as the maximum
effective temperature along the HB and found that more massive
GCs tend to have hotter HBs. Dotter et al. (2010) measured the
median color difference between the HB and the RGB at the
level of the HB (A(V — 1)) from Hubble Space Telescope (HST)
Advanced Camera for Surveys (ACS) photometry of 60 GCs and
demonstrated that after the metallicity dependence is accurately
removed, A(V — I) correlates most strongly with GC age.

Dotter et al. (2010, see their Figure 2) compared A(V —1)
with the widely used HB Type index® and the maximum effec-
tive temperature along the HB as defined by Recio-Blanco et al.
(2006). The comparison shows that A(V —I) and HB Type are
closely correlated but that A(V —1I) and Recio-Blanco et al.’s
maximum HB temperatures are not: they have very different
sensitivities. It is not surprising that a metric sensitive to the
extremes of the distribution correlates with a different (second)
parameter than a metric sensitive to the center of the distribu-
tion. The problem is that 2ndP studies typically select only one
HB morphology metric and the conclusions are influenced by
that choice.

We suggest that a more effective way to proceed is to
consider more than one HB morphology metric simultaneously.
For maximum effect, these metrics should share a simple,
common definition but not be closely correlated with each
other. The motivation for this approach is not only based on the
practicalities outlined above. Freeman & Norris (1981) argued
that two parameters, one global and one local, may be needed to
fully describe the observed variations in HB morphology. The
local parameter is one that varies within a single GC; the global
parameter is one that varies among the GC population.

The aim of this paper is an empirical investigation of the
parameters governing the HB morphology of GCs, in the context
of the classical 2ndP phenomenon. To do this we use the
homogeneous high-accuracy photometry from GO 10775, the
ACS Survey of Galactic GCs (PI: A. Sarajedini; Sarajedini et al.
2007), and from GO 11586 (PI: A. Dotter; Dotter et al. 2011),
and additional photometry from HST to reinvestigate the HB

9 Defined as (B — R)/(B + V + R), where B, R, and V are the numbers of
blue HB, red HB, and variables stars. It measures the relative contributions of
stars bluer or redder than the RR Lyrae instability strip and is known variously
as HB Type and HB Ratio (HBR).
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morphology in GCs in light of the new findings on multiple
stellar populations in GCs and of the global versus nonglobal
parameter idea by Freeman & Norris (1981). The paper is
organized as follows. Section 2 describes the observational data.
Section 3 introduces the quantities adopted to describe the HB
morphology and defines the new HB morphology parameters L1
and L2. Section 4 assembles a variety of GC parameters from
the literature. Section 5 compares these parameters with L1 and
L?2. Section 6 discusses our findings in the context of similar
studies in the literature. Finally, we summarize our findings in
Section 7.

2. THE DATA SAMPLE

We used the photometric catalogs obtained from GO 10775
and GO 11586 that include homogeneous photometric and
astrometric measurements for 65 and 6 GCs, respectively. For
each of them, the data set consists of one short and four or
five long exposures in the F606W and F814W bandpasses. We
excluded from GO 10775 three GCs: Pal 1 and E 3 for the lack
of identifiable HB stars and Pal 2 for the extreme differential
reddening. The details concerning the data, the data reduction,
and the calibration are given in Anderson et al. (2008) and Dotter
etal. (2011).

In their study of the HB in GCs, Dotter et al. (2010)
emphasized the importance of properly accounting for the outer
halo, where the 2ndP is more evident. To increase the number of
outer-halo GCs, we have extended the GO 10775 and GO 11586
to six more GCs: AM-1, Eridanus, NGC 2419, Pal 3, Pal 4, and
Pal 14. For both Pal 4 and Pal 14, we used 2 x 60 s F606W
and 2 x 80 s F814W ACS/WEFC images from GO 10622 (PI:
Dolphin), while for NGC 2419 we used the F606W and F814W
magnitudes published by di Criscienzo et al. (2011). These
data have been reduced as already described in Anderson et al.
(2008), Dotter et al. (2011), and di Criscienzo et al. (2011).
For Pal 3 and Eridanus we used ground-based V, I photometry
from Stetson et al. (1999) and for AM-1 Wide Field Planetary
Camera 2 (WFPC2) photometry from Dotter et al. (2008) in
F555W and F814W. Photometry for these three GCs has been
transformed into F606W and F814W ACS/WFC bands by using
the relationships given in Sirianni et al. (2005).

Photometry has been corrected for spatial photometric zero-
point variation both due to differential reddening and small
inaccuracies in the point-spread function model (Anderson et al.
2008). For most GCs we used the corrected magnitudes and
colors published by Milone et al. (2012b; 59 GCs), Piotto et al.
(2012; NGC 6715), di Criscienzo et al. (2011; NGC 2419), and
Bellini et al. (2010; @ Centauri). For the remaining GCs we
corrected the photometry following the procedure described in
Milone et al. (2012b).

3. TWO NEW PARAMETERS TO DESCRIBE THE HB
MORPHOLOGY: L1 AND L2

To investigate the HB morphology, we defined two quantities:
L1, the color difference between the RGB and the coolest border
the HB, and L2, the color extension of the HB.!°

10 We emphasize that we have not introduced L 1 and L2 because we believe
that they are more (or less) efficient than any other diagnostic previously used
in the study of the HB morphology. Nevertheless, results of the empirical
analysis presented in this paper will show that L1 and L2 are useful tools to
shed light on the 2ndP phenomenon. Any search for the best diagnostic of the
HB morphology is obviously outside the scope of our paper and is possibly
naive; one would need to understand a priori which parameters determine HB
morphology and then compare the sensitivity of L1, L2, and the other
diagnostics of the HB morphology used in the literature with these parameters.
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The procedure to determine L1 and L2 is illustrated in
Figure 1 for the case of NGC 5904 (M 5). We selected by
eye a sample of HB stars that we plotted as blue circles in the
lower panel and a sample of RGB stars that we represented with
red points. The RGB sample includes all the RGB stars with
luminosity differing by less than £0.1 F606W mag from the
mean level of the HB (F606Wyg), where the FOO6Wyg values
are taken from Dotter et al. (2010, Table 1). The histograms of
the normalized mggoew — MEgiaw color distribution for the HB
and RGB sample are shown in the upper panel and colored blue
and red, respectively. We have defined two points on the HB,
P and Pg, whose colors correspond to the fourth and the 96
percentile of the color distribution of HB stars. The color of the
third point Pc is assumed as the median color of RGB stars; L1
is defined as the color difference between Pc and Py and L2 as
the color difference between Py and P. Uncertainties on Py,
Pg, Pc, L1, and L2 are estimated for each GC by bootstrapping
with replacements performed 1000 times on both the RGB and
the HB. The error bars indicate one standard deviation (68.27th
percentile) of the bootstrapped measurements. The colors of Py,
Pg, Pc, the values of L1 and L2, and the corresponding errors,
are listed in Table 1.

RR Lyrae have been observed at random phases, and some of
them could lie outside the instability strip. Similarly to what
has been done in previous papers on the second parameter
(e.g., Gratton et al. 2010; Dotter et al. 2010), we included
in our analysis only those RR Lyrae that are close to the
instability strip. In the Appendix we investigate the impact of
excluding RR Lyrae that might be out of the instability strip in
the determination of L1 and L2 and conclude that this does not
affect the conclusions of our paper.

4. GC PARAMETERS

In the next section we shall compare the L1 and L2 HB
morphology indicators with the physical and morphological GC
parameters described here. Metallicity ([Fe/H]), absolute visual
magnitude (My ), central velocity dispersion (ov), ellipticity (€),
central concentration (c), core relaxation timescale (z.), half-
mass relaxation timescale (thy), logarithm of central stellar
density (pp), central surface brightness (uv), and Galactocentric
distance (Rgc) are extracted from the 2010 edition of the Harris
(1996) catalog. The specific frequency of RR Lyrae variables
(SRR Lyrae) 1 taken from the 2003 edition of the Harris (1996)
catalog. The fraction of binary stars have been measured by
Milone et al. (2012b, 2012¢) in the core of the GC (£S,), in the

region between the core and the half-mass radius ( fbcin_ HMy "and
outside the half-mass radius ( 5f™). We also use age and helium
measurements, and some indicators of light-element variations,

as discussed in detail in Sections 4.1 and 4.2, respectively.

4.1. Age

We adopt GC age measurements from De Angeli et al. (2005),
Marin-Franch et al. (2009), VandenBerg et al. (2013), Leaman
et al. (2013), and Dotter et al. (2010, 2011). De Angeli et al.
(2005) determined ages for 55 GCs by measuring the difference
between the HB and the turnoff in two internally photometrically
homogeneous HST and ground-based databases (Piotto et al.
2002; Rosenberg et al. 1999). Among the GCs studied by De
Angeli et al. (2005), 41 are in common with the ACS data.

Marin-Franch et al. (2009) used the same GO 10775 photo-
metric database analyzed in the present paper to estimate relative
ages for 64 GCs that are included in our data set with internal
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Figure 1. Upper panel: normalized histogram color distribution of stars in the
HB sample (blue histogram) and RGB sample (red histogram) for NGC 5904.
The RGB sample includes all the RGB stars with luminosity differing by less
than +0.1 F606W mag from the mean level of the HB. The two samples of HB
and RGB stars are colored blue and red, respectively, in the lower-panel CMD,
where we also show the points Pa, Pg, and Pc and the L1 and L2 segments
(see the text for details).

(A color version of this figure is available in the online journal.)

uncertainties of 2%—7%. Ages are derived by comparing the
observed relative position of the GC main sequence turnoff
(MSTO) with an isochrones-based grid of MSTOs.

More recently, VandenBerg et al. (2013) and Leaman et al.
(2013) compared Victoria-Regina isochrones with photometry
from Sarajedini et al. (2007) and Anderson et al. (2008) to
derive ages for 61 GCs that are also included in our paper. To do
this, they adopted an improved version of the classical “vertical
method,” which is based on the luminosity difference between
the MSTO and the zero-age HB.

Age estimates by Dotter et al. (2010, 2011) are determined
by using isochrone fitting to the CMDs for 59 of the GCs
studied in this paper; note that these authors omitted six GCs
present in the ACS Survey of Galactic GCs because of the
presence of multiple stellar populations with either large helium
variation or double subgiant branch (SGB). For the remainder
of the ACS Survey GCs (NGC 1851, NGC 2808, NGC 6388,
NGC 6441, NGC 6656, and NGC 6715), we calculated ages
following the same recipes from Dotter and collaborators. We
obtained 11.00 £ 0.50 Gyr (NGC 1851), 11.50 £+ 0.75 Gyr
(NGC 2808), 11.75 £ 0.75 Gyr (NGC 6388), 12.00 £ 1.00 Gyr
(NGC 6441), 13.50 £ 1.00 Gyr (NGC 6656), and 13.25 £
0.75 Gyr (NGC 6715).

NGC 1851, NGC 6388, NGC 6656, and NGC 6715 each
exhibit a double SGB (Milone et al. 2008; Marino et al. 2009;
Piotto et al. 2012) that is consistent with two groups of stars
that have either an age difference of 1-2 Gyr or almost the
same age and different C+N+O abundance (Cassisi et al. 2008;
Ventura et al. 2009). High-resolution spectroscopy of SGB and
RGB stars in NGC 6656 showed that the faint SGB of this
GC is indeed made of C+N+O enhanced stars (Marino et al.
2011a; Alves-Brito et al. 2012) and that by accounting for the
chemical content of the two stellar groups, isochrone fitting
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Table 1
Horizontal-branch Parameters
ID Pa Pg Pc L1 L2 Group
AM-1 0.558 £+ 0.003 0.627 £ 0.003 0.720 £ 0.006 0.093 £ 0.007 0.069 £ 0.004 G2
ARP 2 0.105 £ 0.013 0.289 £ 0.020 0.780 £ 0.003 0.491 £ 0.021 0.184 £ 0.021 G3
ERIDANUS 0.584 £ 0.011 0.642 £ 0.005 0.755 £ 0.011 0.111 £ 0.009 0.058 £ 0.012 G2
IC 4499 0.307 £ 0.031 0.815 £ 0.024 0.928 + 0.008 0.113 £ 0.026 0.508 £ 0.041 G2
LYNGA 7 1.387 £ 0.008 1.480 + 0.003 1.534 + 0.004 0.055 £ 0.050 0.093 £ 0.009 Gl
NGC 104 0.658 + 0.005 0.726 £ 0.004 0.804 £ 0.002 0.078 £ 0.005 0.068 £ 0.006 Gl
NGC 288 —0.125 £ 0.002 0.212 £ 0.086 0.749 £ 0.007 0.534 £ 0.086 0.337 £ 0.086 G3
NGC 362 0.049 £ 0.063 0.656 £ 0.004 0.742 £ 0.002 0.086 + 0.005 0.608 £ 0.064 G2
NGC 1261 —0.017 £ 0.037 0.628 £+ 0.003 0.716 £ 0.004 0.088 £ 0.005 0.644 £+ 0.038 G2
NGC 1851 —0.018 +0.010 0.660 £ 0.004 0.758 £ 0.002 0.098 + 0.004 0.679 £ 0.010 G2
NGC 2298 0.150 £ 0.014 0.417 £0.019 0.902 + 0.007 0.486 £ 0.020 0.267 £+ 0.023 G3
NGC 2419 —0.238 +0.016 0.614 £ 0.047 0.806 + 0.003 0.192 + 0.046 0.852 £ 0.052 G2
NGC 2808 —0.094 +£0.010 0.812 £ 0.003 0.906 + 0.001 0.094 + 0.003 0.904 £+ 0.010 G2
NGC 3201 0.231 £ 0.021 0.881 £0.014 0.986 + 0.007 0.106 £ 0.015 0.649 £ 0.022 G2
NGC 4147 —0.029 £ 0.015 0.447 £ 0.026 0.718 £ 0.003 0.271 £ 0.027 0.476 £ 0.029 G2
NGC 4590 0.016 £+ 0.013 0.541 £ 0.029 0.746 £ 0.005 0.205 £ 0.029 0.524 £ 0.030 G2
NGC 4833 0.193 £ 0.004 0.731 £ 0.037 1.018 £ 0.002 0.287 £ 0.037 0.538 £ 0.037 G2
NGC 5024 —0.049 £+ 0.008 0.553 £ 0.035 0.711 £ 0.002 0.158 £+ 0.035 0.602 £ 0.036 G2
NGC 5053 —0.016 = 0.016 0.483 £ 0.009 0.706 £ 0.009 0.223 + 0.090 0.439 £ 0.090 G2
NGC 5139 —0.158 £ 0.003 0.676 £ 0.039 0.842 £ 0.002 0.167 £ 0.039 0.834 £ 0.039 G2
NGC 5272 —0.061 £ 0.011 0.552 £ 0.016 0.702 £ 0.002 0.150 £ 0.016 0.613 £0.018 G2
NGC 5286 0.056 £ 0.034 0.726 £ 0.034 0.939 £ 0.002 0.213 £ 0.034 0.670 £ 0.035 G2
NGC 5466 0.035 £ 0.015 0.492 + 0.061 0.717 £ 0.007 0.225 + 0.062 0.457 £ 0.063 G2
NGC 5904 —0.088 £+ 0.008 0.593 £0.012 0.743 £ 0.002 0.150 £ 0.012 0.681 £0.014 G2
NGC 5927 1.108 + 0.003 1.171 £ 0.002 1.214 £ 0.003 0.043 + 0.003 0.062 £ 0.004 Gl1
NGC 5986 0.080 £ 0.013 0.524 £ 0.051 0.984 £ 0.003 0.460 £ 0.052 0.443 £ 0.053 G3
NGC 6093 —0.019 £ 0.011 0.401 £ 0.059 0.090 £ 0.002 0.464 £ 0.059 0.447 £ 0.062 G3
NGC 6101 0.088 £ 0.005 0.311 £0.024 0.796 £ 0.005 0.485 £ 0.025 0.223 £0.025 G3
NGC 6121 0.468 + 0.006 1.037 £+ 0.019 1.157 £ 0.007 0.120 £ 0.020 0.569 £ 0.020 G2
NGC 6144 0.364 £ 0.009 0.593 £0.023 1.126 £ 0.009 0.533 £ 0.024 0.229 £ 0.023 G3
NGC 6171 0.526 + 0.072 1.039 + 0.014 1.139 £ 0.004 0.100 £ 0.014 0.513 £0.074 G2
NGC 6205 —0.243 +£0.003 0.198 £0.013 0.725 £ 0.002 0.527 £ 0.013 0.441 £0.012 G3
NGC 6218 0.042 £ 0.009 0.341 £ 0.033 0.902 £ 0.004 0.561 £ 0.034 0.299 + 0.035 G3
NGC 6254 0.120 £ 0.005 0.380 £ 0.032 0.968 £ 0.003 0.588 £ 0.032 0.260 £+ 0.033 G3
NGC 6304 1.164 + 0.003 1.225 + 0.003 1.287 £ 0.005 0.062 + 0.007 0.060 £ 0.004 Gl1
NGC 6341 —0.097 £ 0.004 0.445 £ 0.074 0.705 £ 0.003 0.261 £ 0.075 0.542 £ 0.075 G2
NGC 6352 0.906 + 0.003 0.962 + 0.002 1.035 £ 0.007 0.072 £ 0.007 0.056 £ 0.003 Gl1
NGC 6362 0.054 £ 0.039 0.675 £ 0.002 0.797 £ 0.003 0.122 £ 0.004 0.621 £ 0.039 G2
NGC 6366 1.360 + 0.001 1.436 + 0.005 1.494 £ 0.018 0.076 £ 0.005 0.058 £0.018 Gl1
NGC 6388 0.228 £ 0.007 1.064 + 0.002 1.120 £ 0.003 0.057 £ 0.004 0.836 £+ 0.008 Gl
NGC 6397 0.095 + 0.021 0.327 £ 0.023 0.861 £ 0.005 0.534 + 0.023 0.232 £ 0.030 G3
NGC 6426 0.403 £0.016 0.922 £0.018 1.100 £ 0.003 0.178 £ 0.018 0.519 £0.023 G2
NGC 6441 0.298 £ 0.024 1.202 + 0.001 1.250 £ 0.003 0.048 + 0.003 0.904 £ 0.024 Gl
NGC 6496 0.891 £+ 0.003 0.946 £ 0.004 1.020 £ 0.011 0.074 £ 0.011 0.056 £ 0.005 Gl
NGC 6535 0.322 + 0.020 0.593 £ 0.022 1.103 £ 0.010 0.510 £ 0.026 0.271 £0.031 G3
NGC 6541 —0.104 £ 0.026 0.242 £ 0.025 0.805 £ 0.003 0.563 £ 0.026 0.347 £ 0.033 G3
NGC 6584 0.097 + 0.024 0.654 £ 0.011 0.756 £ 0.003 0.102 £ 0.012 0.558 £ 0.026 Gl1
NGC 6624 0.892 + 0.004 0.977 £ 0.005 1.005 + 0.004 0.077 £ 0.006 0.085 £ 0.006 Gl
NGC 6637 0.786 + 0.004 0.851 £ 0.005 0.928 + 0.002 0.078 £ 0.004 0.065 £ 0.005 Gl
NGC 6652 0.733 £ 0.008 0.812 £0.010 0.885 £ 0.004 0.073 £ 0.011 0.080 £ 0.012 Gl
NGC 6656 0.135 £0.010 0.712 £ 0.088 1.048 £ 0.027 0.336 + 0.088 0.577 £ 0.087 G2
NGC 6681 —0.081 £+ 0.007 0.253 £ 0.045 0.794 £ 0.002 0.558 £ 0.046 0.334 £ 0.045 G3
NGC 6715 —0.140 4+ 0.003 0.726 £ 0.007 0.860 £ 0.001 0.134 £ 0.007 0.866 £ 0.007 G2
NGC 6717 0.111 £0.010 0.421 £ 0.031 0.916 £ 0.007 0.495 £ 0.032 0.310 £ 0.033 G3
NGC 6723 —0.033 4+ 0.008 0.671 £ 0.006 0.798 + 0.003 0.127 £ 0.007 0.704 £ 0.010 G2
NGC 6752 —0.211 £ 0.006 0.171 £0.024 0.749 £ 0.002 0.378 £ 0.024 0.578 £ 0.025 G2
NGC 6779 0.134 + 0.007 0.418 £ 0.031 0.926 + 0.005 0.508 + 0.031 0.284 £ 0.030 G3
NGC 6809 0.014 £ 0.012 0.327 £ 0.054 0.803 £ 0.004 0.476 £ 0.055 0.313 £ 0.053 G3
NGC 6838 0.863 + 0.006 0.920 £ 0.007 1.003 £ 0.010 0.084 £+ 0.012 0.057 £0.010 Gl
NGC 6934 0.039 £ 0.010 0.718 £0.013 0.815 £ 0.003 0.097 £ 0.013 0.678 £ 0.016 G2
NGC 6981 0.415 £ 0.011 0.612 £ 0.016 0.754 £ 0.003 0.142 £ 0.016 0.570 £0.019 G2
NGC 7006 0.089 + 0.009 0.670 £ 0.016 0.793 £ 0.007 0.123 £ 0.016 0.581 £0.018 G2
NGC 7078 —0.119 £ 0.015 0.594 £ 0.011 0.768 £ 0.001 0.174 £ 0.011 0.713 £0.019 G2
NGC 7089 —0.189 £ 0.013 0.601 £ 0.035 0.751 £ 0.001 0.150 £ 0.035 0.790 £ 0.037 G2
NGC 7099 —0.007 £ 0.006 0.253 £0.102 0.716 £ 0.003 0.462 + 0.103 0.261 £ 0.103 G3
PALOMAR 3 0.391 £ 0.014 0.545 £ 0.016 0.727 £ 0.014 0.182 + 0.030 0.154 £ 0.027 G2

4
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Table 1
(Continued)
1D Pa Py Pc L1 L2 Group
PALOMAR 4 0.544 £ 0.007 0.634 £ 0.002 0.737 £ 0.007 0.103 + 0.007 0.090 + 0.007 G2
PALOMAR 12 0.672 £ 0.002 0.693 £ 0.003 0.766 £ 0.012 0.069 £ 0.012 0.019 £ 0.002 Gl
PALOMAR 14 0.595 + 0.009 0.679 £ 0.013 0.762 £ 0.026 0.084 + 0.030 0.083 £ 0.015 G2
PALOMAR 15 0.419 £ 0.007 0.617 £ 0.037 1.102 £ 0.007 0.485 £ 0.038 0.198 £ 0.037 G3
PYXIS 0.827 £ 0.008 0.898 £ 0.006 0.964 £ 0.006 0.066 £ 0.008 0.071 £ 0.010 G2
RUPR 106 0.531 £ 0.031 0.741 £ 0.008 0.876 £ 0.009 0.135 £ 0.012 0.210 £ 0.032 G2
TERZAN 7 0.746 £ 0.003 0.778 £ 0.004 0.835 £ 0.004 0.057 £ 0.007 0.032 £ 0.008 Gl
TERZAN 8 0.099 + 0.004 0.322 £ 0.050 0.822 £ 0.003 0.500 + 0.050 0.223 £ 0.050 G3
Table 2
Literature Estimate of the Maximum Helium Difference between Stellar Populations Based on the Analysis of Multiple MSs or Multiple RGBs

D AY Reference

NGC 104 (47 Tuc) ~0.03 di Criscienzo et al. (2010); Milone et al. (2012d)

NGC 288 0.013 £ 0.001 Piotto et al. (2013)

NGC 2419 ~0.17 di Criscienzo et al. (2011)

NGC 2808 ~0.14 Milone et al. (2012c)

NGC 5139 (@ Cen) 0.14 +0.01 King et al. (2012)

NGC 6397 ~0.01 Milone et al. (2012a)*

NGC 6441 ~0.07 Bellini et al. (2013)

NGC 6752 0.04 +0.01 Milone et al. (2013)

NGC 7078 0.053 £0.015 A. P. Milone et al. (in preparation)

Notes. * Accurate analysis of the MS width by di Criscienzo et al. (2011) previously showed that any
helium variation in NGC 6397 must be smaller than AY ~ 0.02.

of the double SGB indicates that their ages do not differ by
more than ~300 Myr (Marino et al. 2012). Large star-to-star
C+N+O variations, with faint SGB-stars being also enhanced
in C+N+O, have been also observed in NGC 1851 (Yong et al.
2009, and D. Yong et al. in preparation) even if this result is not
confirmed by Villanova et al. (2010). For GCs with a double
SGB, we assume the age obtained from fitting the bright SGB.
To distinguish between GCs with single or bimodal SGBs, the
statistical analysis of the relation between HB morphology and
age presented in Section 5 will be presented with and without
these double SGB GCs.

When investigating the effect of age on HB morphology, a
challenge comes from the fact that the population of Milky Way
GCs mainly consists of old objects. Young clusters are hence
important in the present investigation as any effect of age on
the HB morphology would be better identified when comparing
clusters with large age differences. In order to better sample the
Galactic GC population at all Galactocentric distances, Dotter
et al. (2010, 2011) expanded the sample studied by Marin-
Franch et al. (2009) to include several more-distant GCs: AM-1
and Pal 14 (Dotter et al. 2008); Pal 3, Pal 4, and Eridanus (Stetson
etal. 1999); and IC 4499, Pal 5, Pyxis, and Ruprecht 106 (Dotter
et al. 2011). It turns out that several of them are also young
clusters.

Ages from Dotter and collaborators are available for 73
GCs, but only 61, 41, and 61 of them are included in the
age compilations published by Marin-Franch et al. (2009), by
De Angeli et al. (2005), and by VandenBerg et al. (2013) and
Leaman et al. (2013), respectively. Since the sample by Dotter
and collaborators is the most complete and is based on the best
data set available, we began by using their ages to investigate
possible relations with L1 and L2. Although the other age
compilations include a smaller GC sample, they can be used
to demonstrate that our conclusions do not rely on a particular
set of ages.

Another challenge comes from age errors that can be as
large as 1.25 Gyr for the Dotter et al. (2010, 2011) sample.
To minimize the impact of error measurements, our conclusions
are based on the average properties of groups of GCs that will
be defined in Section 5.1.

4.2. Light-element and Helium Variations

Our analysis makes use of several indicators of the intracluster
light-element variations as well as of measurements of the
helium differences among the multiple stellar populations in
GCs. Some of these parameters have been defined several
decades ago and are widely discussed in the context of the 2ndP
phenomenon, while others have been introduced more recently.

Norris (1987) defined the ratio (Rcn) between CN-strong
and CN-weak stars and provided Rcy measurements for a
sample of 12 GCs, which was increased to 16 by Smith &
Mateo (1990). The interquartile range of the [O/Na] ratio,
IQR[O/Na], can be considered as another indicator of the
internal light-element variation to quantify the extension of the
sodium—oxygen anticorrelation (Carretta 2006). This parameter
is available for 24 GCs: for 14 GCs, namely NGC 104,
NGC 1904, NGC 2808, NGC 3201, NGC 4590, NGC 5904,
NGC 6171, NGC 6218, NGC 6254, NGC 6388, NGC 6441,
NGC 6809, NGC 6838, and NGC 7078, we used the IQR[O/Na]
values listed by Carretta et al. (2010b). For the other 10
GCs, we have calculated IQR[O/Na] by using oxygen and
sodium abundances available in the literature. We obtained
IQR[O/Na] = 0.61 and 0.67 for NGC 288 and NGC 362,
respectively (Shetrone & Keane 2000); IQR[O/Na] = 0.68 for
NGC 1851 (Villanova et al. 2010); IQR[O/Na] = 0.54 and
1.04 for NGC 5272 and NGC 6205, respectively (Sneden et al.
2004); IQR[O/Na] = 0.28 for NGC 6397 (Lind et al. 2011);
IQR[O/Na] = 1.16 for NGC 6715 (Carretta et al. 2010a);
IQR[O/Na] = 0.91 for NGC 6752 (Yong et al. 2008); and
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IQR[O/Na] = 0.49, 0.67, and 1.07 for NGC 6121, NGC 6656,
and NGC 5139, respectively (Marino et al. 2008, 2011b, 2011a).

In their survey of multiple stellar populations in GCs,
Monelli et al. (2013) defined the photometric index cyp; =
(U — B)—(B —I) and found that all the GCs they analyzed show
a multimodal or spread RGB in the V versus cyp diagram, with
the cyp; value of each star being related to its light-element
abundances. The cyg; index width of the RGB (Wggg) is listed
by Monelli et al. (2013) for 22 GCs.

Some stars in GCs have light-element abundance similar to
halo-field stars of the same metallicity (e.g., Kraft 1994). It
is widely accepted that these stars constitute the first stellar
population and can be distinguished from the other GC stars
either on the basis of their abundance of C, N, Na, and O or
their position in the CMD. For 47 Tuc, NGC 6397, NGC 6752,
and NGC 288 we adopted the fraction of first-population stars
with respect to the total population (fpop;) determined from
photometric studies (Milone et al. 2012c, 2012d, 2013; Piotto
etal. 2013). For NGC 2808 and NGC 6121 we used the fractions
derived by Marino et al. (2008) and Marino et al. (2014), and
for NGC 3201, NGC 4590, NGC 5272, NGC 5904, NGC 6171,
NGC 6205, NGC 6218, NGC 6254, NGC 6388, NGC 6496,
NGC 6838, NGC 7078, and NGC 7079 we used the value given
by Carretta et al. (2010b).

While the quantities Ren, IQR[O/Na], and Wrgp are mainly
related to the internal variations of light elements, recent
analyses based on multiwavelength photometry made it possible
to estimate the helium difference between stellar populations in
a single GC. These studies have revealed that the CMD of a GC
is typically composed of intertwined sequences, the separate
identities of which can be followed continuously from the MS
up to the RGB. These sequences are associated with stellar
populations with different light-element and helium abundances
(e.g., Milone et al. 2012a, 2012d). The comparison of the
observed multicolor difference between the different MSs and
RGBs with colors obtained from appropriate theoretical stellar
atmospheres provides an estimate of the maximum helium
difference (AY) between the stellar populations that is not based
on HB stars. Although this technique has been applied to only a
few GCs to date, we shall use the available AY measurements,
summarized in Table 2, to investigate possible relations with
HB morphology in the next section.

While AY indicates the maximum internal variation in helium,
the R-parameter (R) defined by Iben (1968) as the number ratio
of HB to RGB stars brighter than the HB level is sensitive
to the initial helium content of GCs. At a given metallicity, a
higher initial He-content implies a brighter HB and, in turn, a
lower number of RGB stars. In this paper we used the values
of R determined by Salaris et al. (2004). Gratton et al. (2010)
introduced a similar parameter R’ = Nugp/Nggp, Where Nyg is
the number of HB stars, Ny the number of RGB stars brighter
than V(HB)+1, and V(HB) is the V magnitude of the HB taken
from the Harris (1996) catalog. Gratton and collaborators used
the R-parameter method (Iben 1968) to derive the He abundance
for GCs (Y(R')). As suggested by the referee, we extend our
analysis to the Y (R’) values provided by Gratton et al. (2010).

5. RELATIONSHIP BETWEEN HB-MORPHOLOGY AND
GLOBULAR CLUSTER PARAMETERS

In this section we investigate the correlations among L1,
L2, and several physical and morphological parameters of their
host GCs. Specifically, relations with metallicity, absolute mag-
nitude, and age are discussed in Sections 5.1, 5.2, and 5.3,
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respectively. Section 5.4 investigates the correlations with the
internal variations of the light elements and helium, while rela-
tions between L1 and L2 and the other parameters introduced
in Section 4 are analyzed in Section 5.5.

When we compare two variables, as we do in the next section
for L1, L2, and [Fe/H], we use the Spearman’s rank correlation
coefficient r to estimate the statistical dependence between the
two. Uncertainties in r are estimated by means of bootstrapping
statistics. We generated 1000 resamples of the observed data
set, of equal size, and for each resample (1) (which is generated
by random sampling with replacement from the original data
set) we estimated r;. We considered the dispersion of the r;
measurements (o;) as indicative of the robustness of r and
provide the number of included GCs (N).

5.1. Metallicity

The left panel of Figure 2 shows L1 against the GC metallic-
ity. An inspection of this plot reveals that all the metal-rich GCs
have small L1 values and, hence, red HBs. At lower metallici-
ties, there are GCs with almost the same iron abundance and yet
different L1 values.'! This reflects the basic 2ndP phenomenon.
Indeed, if the all of the GCs followed the same relation in the
L1 versus [Fe/H] plane, we would assume that metallicity alone
is sufficient to determine L1. The fact that we observe clusters
with the same [Fe/H] but different L1 values indicates that apart
from metallicity, at least one more parameter is at work.

Our finding that the analyzed GCs populate distinct regions
in the L1 versus [Fe/H] plane and that the 2ndP phenomenon
is absent among the majority of metal-rich GCs motivated us to
define three groups of GCs as follows:

1. The first group, Gl, includes all the metal-rich GCs
([Fe/H] > —1.0).

2. The second, G2, is made of GCs with [Fe/H] < —1.0 and
L1 <04.

3. The remaining GCs with L1 > 0.4 belong to G3.

Since the 2ndP phenomenon is absent among the majority of G1
GCs, we will also consider a group that includes all the GCs in
G2 and G3, hereafter G2+G3. The statistical analysis presented
in the following will be provided for all the GCs together, as
well as for the different groups separately.

There is a significant anticorrelation between L1 and [Fe/H]
among G2 GCs, with a Spearman’s rank correlation coefficient
rgz = —0.70 (0y,g2 = 0.08, Ng, = 38) thatdropsto —0.88 if we
consider G1 and G2 GCs together, an even stronger correlation.
The Spearman’s correlation coefficients and the corresponding
o, values are listed in Table 3 for the groups of GCs defined
above. There is no correlation between L2 and [Fe/H], either
for G1 or G3 GCs.

Apart from NGC 6388 and NGC 6441, all G1 GCs host a
purely red HB and have L2 values smaller than the majority of
the other GCs. In G2 and G3, GCs metallicity is not responsible
for the extension of the HB (L2) as shown in the right panel of
Figure 2.

5.2. Absolute Magnitude

The left panel of Figure 3 shows that there is no significant
correlation between L1 and the GC absolute luminosity for

11 The fact that L1 possesses a dependence on metallicity is expected from
theory. Similarly, it is well known from theory that several other parameters
may determine HB morphology and hence can affect the values of L1 and L2.
This paper is an attempt to investigate those parameters that are actually at
work by following a fully empirical approach.
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Figure 2. Left panel: L1 vs. GC metallicity for the 72 GCs studied in this work. The G1, G2, and G3 GCs are colored red, green, and blue, respectively. Right panel:

L2 against metallicity.
(A color version of this figure is available in the online journal.)
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Figure 3. L1 (left panel) and L2 (right panel) as a function of GC absolute magnitude.

(A color version of this figure is available in the online journal.)

any of the groups of GCs defined above. In contrast, both
G2 and G3 GCs exhibit significant anticorrelations between
L2 and the absolute GC magnitude, which relates to the GC
mass assuming all GCs have roughly the same mass-to-light
ratio. This is shown in the right panel of Figure 3, where we
plot L2 as a function of My. The Spearman’s rank correlation
coefficient is rgy = —0.89 (0,62 = 0.05, N = 38) and rg3 =
—0.71 (01,63 = 0.13, Ngz = 21) for the G2 and G3 samples,
respectively, 7g2+g3=—0.80 (0r.G2+G3 = 0.06, Nga+gz = 59) for
G2+G3 GCs.

5.3. Age

Histograms of the age distributions for G1, G2, and G3
GCs are shown in the upper panels of Figure 4 for the age
measurements from Dotter et al. (2010, 2011; left panel) and
Marin-Franch et al. (2009; right panel) and in Figure 5 for the
age measurements of De Angeli et al. (2005; left panel) and
VandenBerg et al. (2013) and Leaman et al. (2013; right panel).
On average, G3 GCs are systematically older than G2 GCs, and
this result is independent of the adopted age scale. Specifically,
independently from the four adopted age scales, G2 GCs are,
on average, younger than G3 ones by ~1 Gyr with G3 GCs
clustered around the value of ~13 Gyr and G2 GCs spanning a
wider age interval. The mean ages of G2 and G3 GCs are listed
in Table 4.

The L1 is plotted as a function of GC age in the middle
panels of Figures 4 and 5. There is a positive correlation
between age and L1 for G2 GCs, with older G2 GCs having, on
average, greater L1 values. The Spearman’s coefficient is high

rg2 = 0.70, except when we adopt ages from Marin-Franch
et al. (2009), indicating that in the latter case the significance
level is low.'

As a further check we have divided GCs into three subgroups
with almost the same metallicity. We have defined a metal-poor
([Fe/H] < —1.7), a metal-intermediate (—1.7 < [Fe/H] <
—1.4), and a metal-rich ([Fe/H] > —1.4) group, and we
investigate the age—L 1 relation for GCs in each of them. Results
are listed in Table 4. In all the cases, G3 GCs are systematically
older even if, especially for metal-poor GCs, the statistical
significance of the measured age difference is marginal, but
we are limited by small number statistics. The fact that G3
GCs are systematically older than G2 GCs and the presence of
significant correlation between age and L1 for G2 GCs indicate
that GC age is partly responsible for the color distance between
the RGB and the reddest part of the HB, with metallicity being
the other parameter for L1 extension.'3

There is no significant correlation between L2 and age as
shown in the lower panels of Figures 4 and 5. GCs with a

12 As pointed out by the referee, there are three G3 GCs that, according to
Marin-Franch et al. (2009), are younger than ~12.25 Gyr. Their ages are in
agreement with the average age of G3 GCs only to within 1.5-2.50. We are
not able to say if this difference is due to measurement errors or is intrinsic.

13 Gratton et al. (2010) also derived ages for a subsample of the clusters
studied in the present paper. To determine these ages, they used stellar masses
derived from isochrones that include ages from Marin-Franch et al. (2009) and
De Angeli et al. (2005) already analyzed in this paper. In addition, the way
these ages are derived is closely related to the HB morphology. For these
reasons we prefer to avoid using them in the context of this paper.
Nevertheless, we verified that our conclusions remain unchanged when ages
from Gratton et al. (2010) are used.
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Table 3
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Spearman’s Rank Correlation Coefficients Indicating the Statistical Dependence between L1 (Columns 2-5), L2 (Columns 6-9), and
Several Parameters of the Host GCs for G1, G2, G3, and G2+G3 GCs

Parameter L1 L2
Gl G2 G3 G2+G3 Gl G2 G3 G2+G3
[Fe/H] r=-—0.13 r=-0.70 r=042 r=-0.47 r = —0.08 r=0.19 r=0.57 r=024
N=15 N=38 N=21 N=59 N=15 N=38 N=21 N=59
or =0.26 or =0.08 or =0.18 or =0.11 or =0.31 o =0.16 or =0.13 o =0.13
My r =0.09 r=-—0.23 r =—0.08 r =0.09 r=-0.57 r=—0.89 r=-0.71 r =—0.80
N=15 N=738 N=21 N=59 N=15 N=38 N=21 N=159
o =0.13 o =0.16 or =0.24 or =0.13 or =0.23 or = 0.05 o =0.13 or =0.06
AGEpo r=0.35 r=0.76 r=-0.22 r=0.72 r=023 r=0.28 r=-—0.07 r = —0.06
N=15 N=37 N=21 N=158 N=15 N=37 N=21 N=158
or =0.20 or =0.08 or =0.20 or =0.08 or =0.29 o =0.18 o =0.24 o =0.16
AGEmFro9 r=0.38 r=047 r = —0.05 r=0.38 r=0.30 r=-0.29 r=0.17 r=-—0.30
N=15 N=26 N=20 N=46 N=15 N=26 N=20 N=46
or =0.26 o =0.18 or =0.20 or =0.15 or =0.30 or =0.16 or =0.22 o =0.14
AGEpaos r =0.60 r=0.72 r=-0.32 r=0.57 r = —0.60 r=-—0.50 r=0.03 r=-049
N=5 N=25 N=11 N=36 N=5 N=25 N=11 N=36
oy =0.37 o =0.13 or = 0.36 or =0.13 or = 0.40 o =0.14 or = 0.36 o =0.13
AGEvy 3 r=0.62 r=20.73 r=-0.21 r =0.68 r =0.62 r =0.01 r=-0.22 r=-0.34
N=12 N=31 N=18 N=49 N=12 N=31 N=18 N=49
or =0.20 or =0.09 or =0.25 or =0.10 or =0.21 or =0.20 or =0.25 o =0.16
AGEp o r=0.35 r=0.76 r=-0.22 r=0.74 r =0.39 r =0.30 r=-0.08 r=-0.08
N=14 N=34 N=21 N=55 N=14 N=34 N=21 N=55
o =0.20 o, = 0.08 or = 0.20 or = 0.07 oy = 0.26 o, =0.19 o, =0.24 o, =0.17
AGEMFoo® r=041 r =0.40 r = —0.05 r=2033 r =031 r=-0.29 r=0.17 r =-—0.30
N=14 N=23 N=20 N=43 N=14 N=23 N=20 N=43
or = or =0.21 or =0.20 or =0.16 or =0.30 o =0.16 or =0.22 o =0.14
AGEpaps* r =0.60 r=0.71 r=-0.32 r=20.53 r = —0.60 r=-0.53 r =0.03 r=-047
N=5 N=23 N=11 N=34 =5 N=23 N=11 N=34
o =0.37 o, =0.14 oy = 0.36 oy =0.15 oy = 0.40 o, =0.14 o, = 0.36 o =0.13
AGEy 3 r=0.62 r=0.70 r=-0.21 r =0.65 r=0.62 r =0.07 r=-0.22 r=-0.32
N=12 N=28 N=18 N=146 N=12 N =28 N=18 N =46
or =0.20 o =0.10 or =0.25 or =0.10 or =0.21 or =0.22 or =0.25 or =0.16
log(AY) — r=—0.30 — r=-0.71 — r=0.70 — r=0.89
N=2 N=5 N=2 N=17 N=2 N=5 N=2 N=17
— o =0.54 — or =0.31 — or =0.37 — o, =0.17
oy r=-0.54 r =—-0.07 r=0.10 r=-0.02 r =0.66 r=0.79 r =040 r =0.46
N=6 N=17 N=13 N=38 N=6 N=7 N=13 N=38
or =0.38 oy =0.22 or = 0.30 or =0.15 or =0.29 o =0.12 or =0.28 o =0.14
c r=0.13 r =0.08 r =0.26 r=-0.10 r =0.07 r=0.54 r=0.52 r=0.55
N=14 N=34 N=16 N=50 N=14 N=134 N=16 N=150
o =0.25 o =0.17 or =0.23 or=0.14 or =0.31 o =0.14 or =0.23 o =0.10
j7a% r=-0.01 r=-0.07 r=-0.23 r=-0.07 r=—0.65 r=-0.76 r=—0.68 r=-0.57
N=14 N=37 N=21 N=158 N=14 N=37 N=21 N=158
o =0.28 o =0.18 or =0.23 or=0.14 or =0.21 o =0.10 o =0.15 o =0.11
P r =—0.09 r =0.05 r=0.29 r=0.14 r =0.69 r =0.69 r =0.56 r=047
N=14 N=37 N=21 N=158 N=14 N=37 N=21 N=158
or =0.26 o =0.18 or =0.21 or=0.14 or =0.18 or =0.12 or =0.19 o =0.13
log(zc) r=-0.31 r =0.09 r=-0.28 r=-0.21 r=-0.15 r =-0.35 r=-0.8 r=-0.20
N=14 N=37 N=21 N=58 N=14 N=37 N=21 N=158
o, =0.21 o, =0.18 oy = 0.20 o, =0.13 o =0.32 o, =0.18 o, =0.23 o, =0.15
log(zh) r=-0.29 r=0.19 r=-—0.21 r =—0.33 r=-0.28 r=-—0.13 r=-—0.23 r =0.08
N=15 N=37 N=21 N=158 N=15 N=37 N=21 N=158
or =0.28 o =0.18 or =0.18 or =0.13 or =0.27 o =0.18 or =0.24 o =0.15
€ r=-0.10 r =045 r=20.14 r =0.07 r =0.05 r=-0.05 r=-0.16 r =0.09
N=12 N=30 N=17 N=47 N=12 N=30 N=17 N=47
o =0.32 o, =0.14 or =0.27 or =0.15 or =0.33 or =0.20 o, =0.27 o =0.15
log(Rgclkpe) r = —0.08 r=-—0.18 r=-0.29 r=—0.45 r=-—0.50 r=-—044 r =—0.50 r=-—0.17
N=15 N=38 N=21 N=59 N=15 N=38 N=21 N=59
or =0.27 o =0.16 or =0.19 or=0.11 or =0.22 o =0.16 or =0.19 o =0.15
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Table 3
(Continued)
Parameter L1 L2

Gl G2 G3 G2+G3 Gl G2 G3 G2+G3

SRR Lyrae r=-001 r=-026 r=—0.48 r=—0.66 r=-0.12 r=—0.68 r=-051 r=-032
N=14 N=36 N=20 N=56 N=14 N=36 N=20 N=56

0 =0.27 o =0.17 0 =0.17 o =0.11 0r =022 0y =0.19 oy =024 0y =0.13

fon r=0.19 r=-0.03 r=-022 r=-0.18 r=-0.12 r=—0.68 r=-051 r=-032
N=9 N=16 N=15 N=3l1 N=9 N=16 N=15 N=31

0 =040 oy =030 0y =026 0y =0.18 0y =0.36 0y =0.15 0y =025 0 =0.17

fom r=—0.09 r=-0.19 r=—0.18 r=-0.15 r=—0.67 r=—047 r =056 r=-027
N=11 N=24 N=16 N=40 N=11 N=24 N=16 N=40

0, =035 0, =0.19 or = 0.29 0, =0.14 or = 0.23 o = 0.20 o, =0.23 0; =0.15

ofiM r =049 r=-0.14 r=-0.07 r=-0.02 r=-0.75 r=-045 r=—0.69 r=-0.39
N=11 N=18 N=17 N=35 N=11 N=18 N=17 N=35

o =0.29 o =024 o, =0.28 oy =0.17 o, =0.18 o, =0.21 or =0.19 o, =0.15

WrGB — r=-045 r=-0.08 r=-023 — r =050 r=035 r=0.30
N=3 =9 N=9 N=18 N=3 N=9 N=9 N=18

— or =031 0 =035 0r =022 — 0 =035 o =037 0r =023

IQR([O/Na]) — r=-0.13 r =0.00 r=-0.02 — r =082 r=0.90 r =041
N=4 N=13 N=38 N=21 N=4 N=13 N=8 N=21

— o, =0.26 o, =0.38 o, =0.21 — o, =0.13 o, =0.17 o, =0.21

Ren — r=029 — r=0.13 — r =047 — r =038
N=2 N=11 N=3 N=14 N=2 N=11 N=3 N=14

oy =030 — o =027 — 0r =024 — 0 =0.27

R r=0.07 r=0.17 r=—0.07 r=0.11 r =026 r=0.19 r=-032 r =0.07
N=38 N=19 N=7 N=26 N=38 N=19 =7 N=26

or = 0.40 o, = 0.26 o = 0.39 0, =0.19 0, =035 0, =024 oy =042 0, =022

feopt — r=0.38 r=-032 r=-0.03 — r=-0.12 r=—0.07 r=-0.02
N=4 N=8 N=7 N=15 N=4 N=8 N=7 N=15

— o =039 0, =036 0y =029 — 0y =038 o =036 0 =027

Y(R") r=-027 r=-0.16 r=0.12 r=0.07 r=0.15 r =044 r=—0.06 r=0.04
N=11 N=25 N=17 N=42 N=11 N=25 N=17 N=42

o = 0.36 o, =0.23 o = 0.28 0; = 0.15 or =034 or =021 o, =026 o, =0.16

L2 r=-035 r=0.05 r=0.10 r=-035 r=1.00 r =100 r = 1.00 r =1.00
N=15 N=38 N=21 N=59 N=15 N=38 N=21 N=59

0p =024 o =0.17 0 =025 oy =0.15 or = 0.00 0 =0.00 o = 0.00 0 = 0.00

HBR r=043 r=0.79 r =048 r =091 r=-0.24 r =044 r=—0.04 r=-0.15
N=13 N=37 N=21 N=58 N=13 N=37 N=21 N=58

o = 0.28 o, = 0.07 0, =0.16 0, =0.02 or =027 0, =0.16 0, =026 0y =0.17

M r=—0.48 r=-036 r=0.12 r=-0.19 r =039 r =0.66 r=0.80 r =048
N=12 N=25 N=17 N=42 N=12 N=25 N=17 N=42

0y =024 0 =020 0y =029 0y =030 o = 0.30 0y =0.14 0y =0.15 0y =0.13

AMinedian r=-047 r=-0.68 r =050 r = 0.00 r =039 r=0.63 r =035 r=0.14
N=11 N=24 N=17 N=41 N=11 N=24 N=17 N=41

o, = 0.28 0, =0.10 0y =0.19 0, =0.17 or =030 0, =0.17 0, =022 0 =0.17

Ly — r=-021 r=0.68 r=-0.06 — r =062 r =038 r =044
N=4 N=23 N=11 N=34 N=4 N=23 N=11 N=34

— or =0.19 o =0.21 oy =0.19 — oy =0.17 or = 0.33 o, =0.18

log(Tetr, MAX) r=0.10 r=0.10 r=-0.14 r=0.27 r=0.71 r=0.77 r=0.90 r=0.20
N=8 N=17 N=38 N=25 N=8 N=17 N=8 N=25

o =044 o =025 0r =034 0y =020 0y =0.26 0y =0.16 oy =0.14 0r =021

AV 1) r=021 r=0.66 r =0.64 r=0.76 r =049 r=0.57 r=0.75 r=0.10
N=15 N=38 N=21 N=59 N=15 N=38 N=21 N=59

0, =026 oy =0.12 0, =0.14 o, =0.08 0, =023 0, =0.14 o, =0.14 0, =0.14

Notes. The values of oy, which provide an estimate of the robustness of » measurements, and the numbers of analyzed GCs (N) are also listed.
2 GCs with double SGB excluded from the analysis.
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(A color version of this figure is available in the online journal.)

double or multimodal SGB, namely NGC 1851, NGC 6388,
NGC 6656, and NGC 6715, have been excluded from the
statistical analysis above. As discussed in Section 4.1, the
large fraction of faint-SGB stars observed in these GCs can
affect the age measurements. For completeness we provide
in Table 3 the values of the Spearman’s rank correlation
coefficients to estimate the statistical significance of L1, L2,
and age correlations, together with results for the whole sample
of GCs. The main results of this section remain unchanged when
the GCs above are included in the analysis.

5.4. Helium and Light Elements

As mentioned in Section 1, the recent findings that in some
GCs, groups of stars with different light-element abundances
populate different HB segments strongly suggest that certain
aspects of HB morphology may be strictly connected with
multiple populations. To further investigate this scenario, in
Figures 6—8 we show the relations between L1 and L2 and those
quantities indicating intracluster chemical variations, which we
introduced in Section 4.2. As shown in Figures 6 and 7, there is
no significant correlation between L1 and Wrgg, IQR([O/Na]),
Ren, or feopr and no correlation between L2 and Wgrgp or fpopr.
No significant correlations are observed between L1 and R or
Y(R’) orbetween L2 and Ror Y (R’). A mild correlation between

10

L2 and Y(R’) cannot be ruled out for G2 GCs (rg, = 0.44,
0rG2 = 021)

Figure 7 also shows that, on average, GCs with extended HBs
have more extended Na—O anticorrelations, as demonstrated
by the significant correlation between L2 and IQR([O/Na])
obtained for GCs in both G2 and G3. This result confirms the
findings by Carretta et al. (2007) and Gratton et al. (2010).
Among G2 GCs, those with large CN-strong and CN-weak
populations (Rcn > 2) have, on average, a more extended HB.
The small number of G2 and G3 GCs where Rcy measurements
are available prevents us from making any strong conclusion
regarding the significance of the correlation with L1 and L2.

Theoretical models predict that star-to-star light-element
variations observed in GC stars are associated with helium
differences that lead to HB stars with different masses because of
the well-known inverse relationship between helium abundance
and stellar mass for fixed metallicity and age (e.g., Ventura &
D’ Antona 2005, and references therein).!# The relation between

14 The helium content of a star affects its location along the HB as follows.
When compared with helium-normal stars (Y ~ 0.25) of the same age and
metallicity, He-enhanced stars have shorter main sequence lifetimes and hence
smaller masses at the main sequence turnoff for a fixed age. Assuming the
He-normal and He-enhanced stars lose a similar amount of mass on the RGB,
the He-enriched stars will have a smaller H-rich envelope on the HB and thus
populate a hotter, bluer portion of the HB than the He-normal stars (e.g.,
Cassisi et al. 2012).
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Figure 5. Same as in Figure 4 but for age measurements from De Angeli et al. (2005; left panels) and for ages derived by VandenBerg et al

(2013; right panels).

(A color version of this figure is available in the online journal.)

Table 4
Average Ages for G2 and G3 GCs
Author Agegn Agegs
(Gyr) (Gyn)
All
Dotter et al. (2010, 2011) 123+ 0.1 13.2+ 0.1
Marin-Franch et al. (2009) 128 £0.2 13.4+0.2
De Angeli et al. (2005) 123+0.3 13.2+0.3
VandenBerg et al. (2013) and Leaman et al. (2013) 11.8 £0.1 12.5 £ 0.1
Metal-rich sample
Dotter et al. (2010, 2011) 12.1 £0.2 129+0.3
Marin-Franch et al. (2009) 127+£0.3 13.3£0.1
De Angeli et al. (2005) 11.6 £ 0.5 12.8 £ 0.1
VandenBerg et al. (2013) and Leaman et al. (2013) 114+£02 123 +£0.5
Metal-intermediate sample
Dotter et al. (2010, 2011) 11.9+0.2 13.0 £ 0.1
Marin-Franch et al. (2009) 125+03 13.3+0.3
De Angeli et al. (2005) 11.7+£0.5 13.0+£0.5
VandenBerg et al. (2013) and Leaman et al. (2013) 11.6 £ 0.1 122 +£0.2
Metal-poor sample
Dotter et al. (2010, 2011) 13.1 £ 0.1 133+ 0.1
Marin-Franch et al. (2009) 13.0+0.3 134+0.3
De Angeli et al. (2005) 13.5+0.3 140+ 0.5
VandenBerg et al. (2013) and Leaman et al. (2013) 12.4 £ 0.1 12.7 £ 0.1

11

. (2013) and Leaman et al.
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Figure 7. Same as in Figure 6 but for L2.

(A color version of this figure is available in the online journal.)

L1, L2, and the maximum internal helium difference measured
from MS studies is plotted in Figure 8. The tight correlation
between L2 (rga+gz = 0.89, Or,G24G3 = 0.17, Nga+gz = 7) and
the small corresponding value of o, for G2+G3 clusters confirms
theoretical indications that helium-enhanced stellar population
are responsible of the HB extension.

5.5. Relationships with Other Parameters of
the Host Globular Clusters

Figure 9 shows other monovariate relations involving L1.
There is no significant correlation between L1 and central

12

velocity dispersion, King (1962) model central concentration,
central brightness, central density, core and half mass relax-
ation time, GC ellipticity, Galactocentric distance, and binary
fraction. This is confirmed by the values of the Spearman’s
correlation coefficient listed in Table 3.

In Figure 10 we see that L2 correlates with p and oy for
G2 and G3 GCs and anticorrelates with py and ftfi:;lC*HM"’HM
for each group of GCs, even if the anticorrelation is less or
not significant for the G2+G3 sample. These results are not
unexpected as these quantities also correlate with GC mass
(Djorgovski & Meylan 1994).
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Figure 8. L1 (left panel) and L2 (right panel) as a function of the logarithm of the maximum helium difference among stellar populations in GCs. The black line is

the best-fitting straight line for G2+G3 GCs.

(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

6. COMPARISON WITH THE LITERATURE

According to Gratton et al. (2010), in the ADS database there
are more than 200 papers dedicated to the 2ndP phenomenon.
Hence, any comparison here with the wide literature on the HB
2ndP can only be very far from complete. In this section we
discuss some of the more relevant results. We refer the reader
to review papers (e.g., Freeman & Norris 1981; Catelan 2009)
and references therein for a complete view on this topic.

13

As already mentioned in Section 1, works on HB morphology
in GCs make use of different HB metrics. In Figures 11
and 12, we compare L1 and L2 with other quantities used to
parameterize HB morphology. The parameter to describe HB
morphology that is mostly used in literature is the HB Type
index or HBR (see Section 1). Figures 11 and 12 compare L1
and L2 with HBR. There is a linear correlation between L1 and
HBR for G2 GCs, and then HBR saturates for G1 and for G3
GCs; L2 does not correlate with HBR.
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(A color version of this figure is available in the online journal.)
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eff, MAX)

(A color version of this figure is available in the online journal.)
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(A color version of this figure is available in the online journal.)

The wide literature on the 2ndP includes several works,
similar to the present investigation, that are based on a fully
observational approach, together with others that also use a
series of theoretical assumptions. A recent example of the latter
is the paper by Gratton et al. (2010), in which the authors
used HST/WFPC2 and ground-based photometry of about 100
GCs to derive median and extreme colors and magnitudes of
stars along the HB. They used isochrones and HB evolutionary
models to transform these colors into median and extreme
masses of stars on the HB and adopted the median mass loss
(AM pedian = MRrGB — Mmedian) and the difference between the
median and the minimum HB masses (6 M = Median — Mmin,
where MrGg, Mmedian, and My, are RGB, median, and minimum
HB masses, respectively) as parameters of the HB morphology.
To determine AM edian and M, Gratton et al. (2010) assumed
for each cluster the value of metallicity and age from Carretta
et al. (2009). They find that the median mass loss correlates
with metallicity and suggest that if the mass-loss law they used
is universal, age is the 2ndP. They conclude that age can explain
the behavior of the median HB when it is coupled with a given
mass-loss law that is a linear function of [Fe/H]. Gratton et al.
also suggest that at least another parameter is needed to explain
the HB morphology in GCs and argue that He abundance is
the most likely candidate. They show that star-to-star helium
variations, when combined with a small random quantity, can
reproduce the HB morphology, thus supporting the results of
other authors (e.g., D’Antona et al. 2002; D’ Antona & Caloi
2008; Dalessandro et al. 2013). They find that the HB extension
correlates with the interquartile of the Na—O anticorrelation, as
previously noticed by the same group of authors (Carretta et al.
2007). Figures 11 and 12 show that M correlates with L2 in G2
and G3 GCs, while there is no significant correlation between L2
and AM egian. The relation between L1 and AMegian 1S Similar
to that of L1 and [Fe/H]. This reflects the tight correlation
between AM edian and metallicity.

Fusi Pecci et al. (1993) analyzed 53 GCs and found that the
net length (L) of the HB and the presence and extent of blue
tails are correlated with the GC density and concentrations,

15

1 T T T { T T T { T T T 4_‘
X s ]

0.8 r x éé}% 7
oo £ % % | ;
3 : ZN}I\ 4 % ]
0.4 C B
L i:
0.2 - % -
: 4 ]

O k&? 1 l 1 1 1 l 1 1 1 lA
0.2 0.4 0.6

Figure 13. L2 as a function of L1 for the 74 GCs studied in this paper.
(A color version of this figure is available in the online journal.)

with more concentrated or denser GCs having bluer and longer
HB morphologies. A correlation between HB morphology and
absolute magnitude has been also detected by Recio-Blanco
et al. (2006), who analyzed the CMDs of 54 GCs obtained
from homogeneous HST WFPC2 data (Piotto et al. 2002) and
concluded that the maximum effective temperature (7t max)
encountered along the HB correlates with My, with more-
luminous GCs having also more-extended HBs.

As discussed in Section 1, the way an HB morphology metric
is defined influences the outcome. It explains why some studies
conclude that mass and/or He content are the main driver of HB
morphology, while others indicate age as the main 2ndP. The
definition of the two parameters L1 and L2 and their comparison
with other quantities commonly used to parameterize the HB
morphology (like L, Tetr max, and A(V — 1)) may help to shed
some light on this controversy. Figure 11 shows that on the
one hand there is no significant correlation between either L
or Termax and L1. On the other hand, among G2 GCs, L1
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correlates with A(V —I), and G3 GCs have, on average, larger
L1 values than G2 GCs (indicative of older ages in G3 than
G2). From Figure 12 we note that L2 correlates with Teg max
for both G2 and G3 GCs, and a correlation between L2 and L,
is also observed for G2 GCs. Figure 12 reveals no significant
correlation between L2 and A(V — I). Finally, in Figure 13 we
compare the two parameters introduced in this paper and show
that L2 and L1 are not significantly correlated.

We conclude that both the metric defined by Fusi Pecci
et al. (1993) and Recio-Blanco et al. (2006), as well as L2,
are sensitive to some properties (possibly helium variations)
of the HB morphology but lack sensitivity to others (such us
age). In contrast, A(V — I) and L1 are more sensitive to different
properties of the HB (e.g., metallicity and age). The use of
a pair of parameters, such as L1 and L2, can provide a more
exhaustive description of the HB morphology than one alone.

7. SUMMARY AND CONCLUSIONS

In this paper we exploit both recent observational findings
and ideas provided in the early 1980s to investigate the relation
between HB morphology and various properties in GCs. These
new findings come from studies on multiple stellar populations
in GCs that show that the position of a star along the HB is
connected to its chemical composition. First-generation stars
populate the cooler side of the HB, and second-generation
(He-enriched) stars populate the hotter side.

Freeman & Norris (1981) suggested that apart from metal-
licity, at least two parameters are needed to explain the HB
morphology. One of these should be a global parameter that
varies from GC to GC and the other a nonglobal parameter that
varies within the GC. Driven by this idea we defined two new
parameters to describe the HB morphology: L1, which indicates
the distance between the RGB and the coolest part or the HB,
and L2, which measures the color extension of the HB. Our
analysis reveals that L1 depends on GC age and metallicity,
while L2 correlates with the GC luminosity (hence, the mass)
and the range of He content (AY).

These results suggest that, along the lines suggested by
Freeman & Norris, age and metallicity are the main global
parameters of the HB morphology of GCs, while GC mass
is related to the HB extension. Works on multiple stellar
populations in GCs show that more massive GCs exhibit, on
average, larger internal helium variations, AY, than less massive
GCs; AY is positively correlated with L2 and GC mass, though
this analysis is limited to a small number of GCs at present.
This makes it very tempting to suggest that internal star-to-star
helium variation, associated with GC mass and the presence
of multiple populations, is the main nonglobal parameter.'> The
use of two quantities L1 and L2, that share a common definition
(Section 3) but are sensitive to different phenomena allow us to
discriminate the effects of global and nonglobal parameters on
the HB morphology.

We thank F. D’Antona and J. Lattanzio for useful discus-
sion and suggestion. We are grateful to P. Stetson for provid-
ing unpublished light curves of RR Lyrae. A.P.M., J.E.N., and
H.J. acknowledge the financial support from the Australian Re-
search Council through Discovery Project grant DP120100475.

15 1f this scenario is correct, in some metal-intermediate GCs with very small
L2 values, like AM-1, Eridanus, Pal 3, Pal 4, Pal 14, Rup 106, and Pyxis, any
internal helium variation, if present, should be very small. These GCs are
hence good candidates to host a simple stellar population.
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APPENDIX

THE IMPACT OF THE RR LYRAE PHASE ON L1
AND L2 MEASUREMENTS

To investigate the impact of excluding RR Lyrae that might
be out of the instability strip in the determination of L1 and
L2, we have simulated a number of CMDs for different choices
of the fraction of RR Lyrae (fy), red-HB (fr), and blue-HB (fg)
stars. We assumed that RR Lyrae are distributed along the whole
instability strip and that all the RR Lyrae ab have the same light
curve (this corresponds to the light curve observed for V27 in
M 4, P ~ 0.612 day, and is one of the RR Lyrae ab in M 4).
We assumed for all the RR Lyrae c the light curve of V40 in
M 4, P ~ 0.299 day. The reason why we have chosen these
two RR Lyrae is that their amplitude and period are typical of
RR Lyrae ab and c. The light curves have been kindly provided
by Peter Stetson. They are based on more than 1000 observations
in B, V, and R bands and have been converted into F606W and
F814W by using the color—temperature relations by Dotter et al.
(2008). We choose V40, for which we have a light curve with the
largest amplitude available to us, to maximize possible effects
on the determination of L1 and L2.

F606W and F814W magnitudes have been simulated at
different phases to account for the fact that F6O6W and F814W
images are taken at different times. We assumed fR = N X
(fs + fr) (N=0.0, 0.04, 0.10, 0.50, 0.90, 0.96, 1.0) and fv =
M x (fs + fr+ fv) (M =0,0.10,0.25,0.50) and simulated 1000
CMDs for each combination of fg, fy, fr. For each CMD we
have calculated L1y, L2; and L1y, L2y. These are the values of
L1 and L2 obtained when all RR Lyrae lie within the instability
strip and when RR Lyrae are at random phase, respectively.
The differences AL1 = L1; — L1y and AL2 = L2; — L2y are
maximal in the case of an HB made of RR Lyrae only (ALl =
0.10, AL2 = 0.22). Large difference are also detected in the
case of an HB with a very small fraction of red HB stars and
a large fraction of RR Lyrae variables (fg = 0 or fr = 0.04).
We obtain ALl = AL2 ~ 0.08 when assuming fy = 0.50;
AL1 = AL2 ~ 0.04 for fy = 0.25; and AL1 = AL2 ~ 0.01 for
fv = 0.1. We obtain similar results for AL2 and AL1 ~ 0 when
the blue HB hosts a very small fraction of stars (fs = 0 and fg =
0.04). The AL1 and AL?2 get closer to zero for larger values of
/b and fr.

According to the literature values (Lee et al. 1994; Harris
1996, 2010 edition; Gratton et al. 2010, and references therein),
extreme cases of fy > 0.25 and fr < 0.1 are not present
among the clusters studied in this paper, which suggests that
any error related to the RR Lyrae phase should be smaller than
~0.03-0.04 mag.

As a further test, for each GC studied in this paper we
assumed the corresponding values of f3, fv, and fg (Lee et al.
1994; Harris 1996, 2003 edition, and references therein) and
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simulated 10,000 CMDs. For most GCs we found AL1 < 0.02
and AL2 < 0.02; AL1 is greater than 0.03 mag only in a few
GCs, namely NGC 4590, NGC 7078, and NGC 5466. The AL2
exceeds 0.03 mag also in the cases of Pal 3 and Rup 106. Both
AL1 and AL2 never exceed 0.04 mag. Our tests suggest that the
uncertainties on L1 and L2 measurements due to the random
phase of RR Lyrae should be negligible for our purposes. This
conclusion is similar to that of Gratton et al. (2010), who showed
that RR Lyrae should not affect the determination of the median
colors of HB stars.
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