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ABSTRACT

We use Hubble Space Telescope (HST) imaging from the ACS Treasury Survey to
determine fits for single population isochrones of 69 Galactic globular clusters. Us-
ing robust Bayesian analysis techniques, we simultaneously determine ages, distances,
absorptions, and helium values for each cluster under the scenario of a “single” stel-
lar population on model grids with solar ratio heavy element abundances. The set
of cluster parameters is determined in a consistent and reproducible manner for all
clusters using the Bayesian analysis suite BASE-9. Our results are used to re-visit the
age-metallicity relation. We find correlations with helium and several other param-
eters such as metallicity, binary fraction, and proxies for cluster mass. The helium
abundances of the clusters are also considered in the context of CNO abundances and
the multiple population scenario.

Keywords: (Galaxy:) globular clusters: general, (stars:) Hertzsprung-Russell and
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1 INTRODUCTION

Although it is clear that most, if not all, globular clusters
harbor two or more populations of stars, these multiple pop-
ulations do not obviously affect the color-magnitude dia-
gram (CMD) at the visual wavelengths. This is true for many
clusters even with CMDs of high photometric quality, such
as those obtained from HST imaging. After decades, the
visual CMD is well-studied and well-modeled theoretically.
Multiple population scenarios agree on a mutual distance
and absorption for all populations of stars within the clus-
ter, and most suggest little to no spread in the iron abun-
dances for most clusters. Internal differences in age are also
expected to be small for the majority of clusters. Therefore,
value remains in using the visual filters F606 W and F814W
to determine single population CMD-based estimates of var-
ious cluster parameters, especially to obtain relative ages,
chemical composition, and distances to a high degree of ac-
curacy and precision. This will continue to be true until the-

oretical models at ultraviolet wavelengths are able to model
clusters with similar quality as the visual wavelengths.

For decades, CMDs have been fit with isochrones “by
eye”. Occasionally, various numerical techniques (including
Bayesian approaches) have been implemented to attempt
a determination of the best isochrone (Andreuzzi et al.
[2011}; [Jorgensen & Lindegren![2005; [Naylor & Jeffries|[2006};
Hernandez & Valls-Gabaud|[2008} [Janes et al.| 2013} [Valls-]
Gabaud||2014). However, uncertainties in distances, redden-
ings, and metallicities continue to complicate isochrone fit-
ting attempts, making absolute age measurements of Galac-
tic globular clusters (GGCs) difficult. Many previous studies
have focused on comparing the relative ages, which are still
capable of increasing our understanding of the formation
and evolution of the Galaxy. Studies often focus on measur-
ing differences in color or magnitude from key points in the
CMD, such as the main sequence turnoff, red giant branch,
and zero age horizontal branch (Gratton|[1985; [Sarajedini|
& King|[1989; [VandenBerg|2000). An alternative method by
Marin-Franch et al| (2009) used main sequence fitting of
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deep photometry from Hubble Space Telescope (HST) Ad-
vanced Camera for Surveys (ACS) to determine relative ages
and distances.

In this paper, we focus on Bayesian analysis, which in-
corporates many of the above insights as well as a broad
range of what we know about globular clusters. We employ
principled probability-based methods that embed physics-
based models into an overall statistical model that accounts
for the complexity of the astronomical sources, thereby lead-
ing to greater reliability in practice (van Dyk et al.[2009}
[De Gennaro et al|[2009} [Stein et al.|2013). With the com-
putational power available in the modern era, implement-
ing a Bayesian technique is preferable. Besides being more
objective than the chi-by-eye approach, Bayesian methods
allow simultaneous fitting of multiple characteristics of a
cluster along with principled measures of uncertainty
[Dyk et al|[2009} [Jeffery et al][2016). Bayesian methods also
can produce the joint posterior distribution for two or more
parameters, allowing us to fully characterize complex non-
linear correlations among the fitted parameters. We use a
large grid of theoretical models and simultaneous fitting of
multiple filters and multiple parameters to obtain greater
precision compared to traditional methods. Additionally,
unlike standard point estimates and error bars, Bayesian
methods allow us to recover the full posterior distribution
for each parameter. Together, this makes Bayesian analy-
sis a powerful tool for examining globular clusters and for
accurately and precisely determining their characteristics.

With well-determined ages and metallicities derived us-
ing Bayesian methods, we can re-visit the age-metallicity
relation. The grouping of globular clusters into two groups
in the age-metallicity relation is often cited as evidence for
the Milky Way halo’s two-part formation. A group of old
clusters appears to have no dependence on metallicity, while
the remaining group of clusters are old and metal-poor, then
become younger at higher metallicities (Sarajedini & King
[T989; [Chaboyer, Sarajedini & Demarque|[1992; [Richer et al
[1996}; [Rosenberg et al[1999; Dotter et al 2010} [Dotter, Sara-|
jedini & Anderson| 2011} [Leaman, VandenBerg & Mendel
@. The older clusters likely formed during a rapid initial
assembling of the inner halo, while the other clusters were
possibly accreted from the cannibalization of dwarf galaxies
over time to the outer halo.

Our Bayesian analysis provides estimates of the overall
helium abundances of the clusters, and we use this to ex-
plore possible relationships among helium enrichment and
other global cluster parameters. Helium is tightly tied to
the multiple population scenario in globular clusters (e.g.:
Bedin et al|[2004} [Milone et al][2009; [Gratton, Carretta &J
Bragaglia)|2012; [Milone et al|2012} [Piotto et al.|[2015) and
we investigate the possible connections herein.

The paper is organized as follows: Section [2] discusses
the data and Section [3| provides an overview of the Bayesian
software suite. Section [f] presents the results of the Bayesian
fitting, compares our results to recent studies, and explores
the correlations we find for the clusters. In Section [o we
discuss the possible implications of our results. We present
our conclusions in Section

2 DATA

The data used in this work are primarily from the ACS
Globular Cluster Treasury program (GO Cycle 14 Proposal
10775; |Sarajedini et al|[2007). This program observed 65
Galactic globular clusters over 132 orbits and produced a
consistent set of deep photometry in the HST F606W and
F814W filters. Additional data of 6 clusters were obtained
from GO-11586 (PI: Dotter) obtained during Cycle 17 (see
[Dotter et al.|[2010). We employ a Bayesian analysis to char-
acterize 69 of the 71 clusters. Palomar 2 is left out of our
analysis due to high differential reddening and E3 is removed
from the sample due to lack of red giant branch (RGB) stars.

The ACS Globular Cluster Treasury program has pro-
vided observations of several hundred thousand stars. To
help BASE-9 perform effectively, we make modest quality
cuts on the photometry for the clusters before randomly se-
lecting a subsample of stars. To rid the data of any stars
with poorly determined photometry, we remove stars for
which both filters fall into the outer 5% tail of the pho-
tometric error distributions. Additionally, we remove stars
in the outer 2.5% tails of the distributions of X and Y pixel
location errors from frame to frame, as high pixel location
errors may indicate non-cluster members. The exceptions to
this are the clusters NGC 5986, NGC 6397, and NGC 6779.
For these clusters, we ignore the location error constraint
as it removes the majority of bright stars above the main
sequence turn-off that were observed in the short exposure
images. However, we still remove stars in the outer 5% tail
of the photometric error distributions for both filters.

With the cleaned photometry, we randomly select a
subsample of < 3000 stars, with half above the main se-
quence turnoff point (MSTOP) of the cluster and half be-
low the MSTOP. If there are fewer than 1500 stars above the
MSTOP, we match the number of stars above and below the
MSTOP. This procedure is adopted to ensure a reasonable
sample of stars on the sub-giant and red-giant branches,
while balancing their contribution with MS stars, without
the computational cost of running 10,000 or more stars per
cluster.

3 METHODS
3.1 Bayesian Framework

Our software suite, known as BASE-9, is a tool for fitting
and characterizing observations of open clusters (von Hippel

et al.|2006; [De Gennaro et al.|2009; |Jeffery et al.|2011} [Stein
et al|/2013} Hills et al|[2015), globular clusters (Stenning

et al.|2016; [Wagner-Kaiser et al.|[2016alb)), and even individ-
ual stars (O’Malley, von Hippel & van Dyk|[2013)). BASE-9
provides reproducible and precise fits to stellar clusters, de-
termines the cluster-wide parameters of age, distance, metal-
licity, absorption, and helium fraction, as well as individual
stellar parameters of membership, binarity, and mass.
Whether using a numerical method or chi-by-eye, fit-
ting isochrones to stellar clusters often relies on previous
studies to assume fixed values of one or several parameters
(e.g.: a study interested in age may use [Fe/H] or distance
determinations from previous work, or may assume helium
abundances). BASE-9 allows us to fix one or more param-
eters in this way, to use these externally-derived parame-
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ters when specifying prior distributions, or, if the data are
rich enough, to fit the cluster’s parameters simultaneously.
Our results presented here also provide a baseline measure-
ment to compare to multiple population studies using simi-
lar Bayesian methods (Stenning et al.|2016; [Wagner-Kaiser|
2016a).

BASE-9 uses adaptive Metropolis (AM) Markov chain
Monte Carlo (MCMC) to estimate model parameters and
map their full posterior distributions (Stenning et al[2016).
It does so by sampling from the joint posterior distribution
of distance, metallicity, absorption, age, and helium of a clus-
ter as well as individual parameters of membership, binarity,
and mass. In our analyses we fix two of these parameters: bi-
narity and metallicity (as discussed below) and marginalize
over the individual stellar parameters.. The adaptive MCMC
sampler is designed to explore the joint posterior distribu-
tion and use the empirical variance-covariance matrix of
past MCMC draws to optimize the proposal distribution.
One advantage of the AM algorithm is that the user need
only provide starting values for the chain and adaptation
is done automatically, such that additional tuning is gener-
ally unnecessary. After an initial burn-in period (typically
1000 iterations), we run the AM MCMC chain for at least
10,000 additional iterations. We use one chain per cluster
due to computational limitations. Additional details regard-
ing our statistical computation methods and implementa-
tion of the adaptive Metropolis algorithm are provided in
[Stenning et al.| (2016]).

We assume a fixed value of 0 for R;, thus not includ-
ing binaries in our model due to computational limitations.
Globular clusters tend to have low binary fractions, thus
we do not expect that treating stars as singletons should
have a significant effect on the final results (see Section
for further discussion). Future development of the BASE-9
software will enable the inclusion of binaries in large stellar
clusters at reasonable computational cost.

Metallicity values are assumed for our clusters from the
spectroscopic measurements in the catalog.
Because the theoretical models have a strong correlation be-
tween metallicity and helium, we cannot gain enough lever-
age to constrain both simultaneously with BASE-9 using
only F606W and F814W. However, fixing metallicity at a
reasonable value obtained from the literature allows us to
gain precise determinations of helium abundances for a large
sample of clusters.

We define a statistical model based on a hierarchy of
properties belonging to individual stars or the entire cluster
(De Gennaro et al.|2009; ivan Dyk et al|[2009} [Stein et al.
2013). The individual parameters are the zero-age main se-
quence masses of the stars (M;; additional individual param-
eters are defined shortly). The cluster level parameters are
age (base-10 logarithm, .z ), metallicity (0}p.,m)), distance
modulus (0m—nr, ), absorption (04, ), and helium fraction
(¢v). We represent the observed photometric data as X,
for the ith star in the jth filter (for N stars and n filters), as
described by |De Gennaro et al.|(2009), [van Dyk et al.|(2009),
[Stein et al.| (2013), and |Stenning et al| (2016). The known
Gaussian measurement errors are in the variance-covariance
matrix X; for each star 7.

For a given set of proposed individual and cluster level
parameters, we predict photometry for each of N stars. The
function G is the stellar evolution model that uses M;, ©,

Table 1. BASE-9 Model

Notation Symbol  Description
M; Primary initial stellar mass
R; Ratio of secondary to primary initial stellar masses
Z; Cluster membership indicator
© Cluster-level parameters
(eagea 0[Fe/H]7 OmeV 5 eAv)
Dy Helium abundance of the cluster
X Photometry for N stars in n filters
3 Photometric uncertainties for N stars in n filters

and ¢y to predict an n-length vector of magnitudes for 1,
..., N stars (where ® = (Oage, Oipe/m], Om—My, 04y ), TED-
resented as p, = G(M;, ©, ¢y ). Although for our purposes
helium is a cluster-level parameter, it is treated separately
because it is allowed to vary within the cluster in other con-
texts (Stenning et al|[2016} [Wagner-Kaiser et al|2016a). As
in jvan Dyk et al.| (2009)), binaries can be included in the
model by treating each star as a binary system and fitting
the component masses. The ratio of the companion mass
relative to the primary mass is referred to as R;.
We represent the predicted magnitude for star i as

p; = —2.5log, (10" G M@ .0v) /25 @

where p, is the vector of predicted magnitudes. We also
account for the possibility that each star could belong to
the Milky Way field population rather than to the cluster
itself with a two-component finite mixture distribution
Dyk et al][2009). As such, we define indicator variables, Z;
for i=1, ..., N, that take the value of 0 for a field star and 1
for a cluster star. We provide a brief description of the main
components of the statistical model in Table [I] for reference.
The likelihood function for a single population of stars

is
N
L(M,R,Z,0,¢y|X, %) =[]

i=1

Z;

1 1 T 1 )
NI ——— G, SRR LIS Setl( Ry
e p( X (Xi— )

Equation [2] may be rewritten as

N
L(M,R,Z,0,¢y|X,%) =[] %
=1

XP(X¢|E7;,M1‘,RZ‘, O, py,Z;= 1)+(17Z’L') XP(XZ‘ZZ ZO)] s
3)

where M = (M, ..., Mn), R = (R4, ..., Rn), Z = (Za, ...,
Zn), X = (X1, ..., Xn),and X = (X4, ..., ). The condi-
tional distribution of observed photometric magnitudes for
a star belonging to the cluster is represented by P(X; | X,
M;, R;, ©, ¢y, Z;=1). Essentially, the first term inside the
bracket in Equation [3] models the star as if it were a cluster
star (Z;=1), while the second term models it as belonging
to the field star population.

In this way, photometry is predicted at each iteration
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for a proposed set of stellar and cluster parameters. Over
many iterations, we use BASE-9 to explore the parame-
ter space of age, distance, absorption, and helium. The es-
timates we report are posterior medians of these parame-
ters, from which we can generate a single isochrone for each
cluster. Parameters that are not of interest to this study
are either marginalized over or fixed, as discussed above.
The user inputs to BASE-9 include the photometry and
photometric uncertainty for each star in each filter, prior
distributions, and starting values for each cluster parame-
ter. The Dartmouth Stellar Evolution Database theoretical
isochrones (Dotter et al. ZOOSﬂ) presents a multi-dimensional
space for the MCMC sampler to step through. We have gen-
erated a grid of isochrones to cover a range of ages from 1 to
15 Gyr, a range of [Fe/H] metallicity from —2.5 to 0.5 dex,
and a range of helium values from ~0.23 to 0.4. This DSED
grid has been generated at a [a/Fe] value of 0.0 (solar) and
we assume an Ry =3.1 reddening law (Cardelli, Clayton &
Mathis||1989) during the analysis.

3.2 Prior Distributions

Because we perform a Bayesian analysis, we must specify
prior distributions that summarize our knowledge regarding
the model parameters before considering the current data.
Previous studies are used to generate Gaussian prior distri-
butions for distance and absorption for each cluster (Harris
2010)). Generally speaking these priors are centered on pub-
lished estimates but we use conservative prior dispersions
(e.g., relatively large prior standard deviations) to reduce
the influence of the priors on our final estimates. For the dis-
tance prior, we choose o(m—M) = 0.05 mag. For absorption,
we conservatively use o(Av) = (1/3) Ay, using a Gaussian
truncated at zero. Because there is no useful prior informa-
tion on helium or absolute age, a uniform prior on helium of
0.15 to 0.45 is assumed and a uniform prior on age of 1 to
13.5 Gyr. We impose an upper limit of 13.5 Gyr, because al-
though the models extend to 15 Gyr, we do not expect GGCs
to be older than the epoch of galaxy formation (Pilipenko
2013; |Oesch et al.[2016]).

For helium, Y=0.24 is adopted as a starting point for
all clusters. Ages from Dotter et al.| (2010) and Roediger
et al.| (2014) are used as starting values for the age. For the
clusters not in either of these studies, we adopt a starting
point of 12 Gyr for the age. A |Miller & Scalo| (1979)) initial
mass function defines the prior distribution for initial stellar
mass, over the range of 0.1 to 8 solar masses (von Hippel
et al.||2006, De Gennaro et al.|2009, [Stenning et al.||2016)).

The cluster membership represents whether a star be-
longs to the cluster, as opposed to the field star population.
As the cleaned photometry discussed above is expected to be
largely free of field star contamination, we adopt a incidence
rate of field stars of 5%, as we expect different values of the
membership probability in the corresponding range of 0.9 to
1.0 produce consistent results (Stenning et al. |2016). Blue
straggler stars are not included in our model. As previously
mentioned, because the primary interest is in helium, which
is strongly correlated with [Fe/H], the spectroscopic metal-

1 http://stellar.dartmouth.edu/

licities from [Harris| (2010|) are used to set the metallicity to
previously measured values.

The clusters are listed in Table [2] with their adopted
prior distributions and starting values. We provide an ex-
ample of the posterior draws from BASE-9 as well as a 2-D
correlation plot in Figures [I] and 2] for NGC 6752.

4 RESULTS

In Table [3] we provide the results from our Bayesian anal-
yses. The values are the median of the posterior distribu-
tions for each parameter and the errors reflect 90% cen-
tral Bayesian credible intervals from the BASE-9 posterior
distribution. These errors represent statistical uncertainty,
assuming the validity of the models (discussed further in
Section . We use the medians and credible intervals in
subsequent analyses and tables, with the quoted errors rep-
resenting these statistical uncertainties.

Figure [3| presents CMDs for each cluster. All ACS pho-
tometry are shown as gray points, and the subsamples of
stars used in the BASE-9 analysis are are shown in black.
The cyan isochrones are generated using the median of the
posterior distributions for the parameters, as presented in
Table [3]

Many clusters in our sample have light element abun-
dances at non-solar ratios. Dotter et al.| (2010]) classifies clus-
ters with abundances of [a/Fe] = 0.0, 0.2, and 0.4. However,
DSED models are only available with varying helium for the
two [alpha/Fe] endpoints, at [o/Fe] = 0.0 and 0.4. For the
clusters identified as [a/Fe] = 0.4 in Dotter et al.| (2010,
we run them with a grid of [a/Fe] = 0.4 instead of [a/Fe]
= 0.0. We present these results in Table E[, and show the
resulting isochrone in red in Figure[3] Aside from NGC 288,
the [a/Fe] = 0.4 model grid does not appear to result in
visually satisfying fits.

4.1 Comparisons to Previous Work

In this section, we present a brief comparison of our results
to previously published results, specifically those of [Dotter
et al.| (2010) and [Harris| (2010)). Because we allow the helium
fraction to vary as opposed to previous studies which fix or
assume its value, other parameters change to maintain a best
fit of the models to the data, so differences with published
studies are not unexpected.

In Figure [4] we show a comparison of the median of
our posterior distribution for distance and absorption re-
sults to the estimates for each cluster from Harris| (2010)
in the left and middle panels. We calculate the differences
as the [Harris| (2010) estimates subtracted from our own. In
these panels, the errorbars represent our BASE-9 90% cen-
tral Bayesian credible intervals and we indicate the error
estimates from [Harris| (2010)) as dotted lines. Specifically, an
error of 0.1 for distance and 4-0.1*Av for absorption. Our
distance estimates largely fall within the range of error from
of distances from the [Harris| (2010) catalog. As one might
expect, it appears that for larger values of absorption, the
scatter increases. In many cases, we estimate moderately
larger absorption than the values from Harris| (2010)).

In the rightmost panel of Figure [i] we compare the
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Table 2. ACS Treasury Galactic Globular Clusters® (Full Table Available Online)

Cluster Prior Distribution Assumed Value Starting Value
Name Distance Modulus [Fe/H] Age (Gyr)
Arp2 17.59 +0.05 0.31 + 0.103 -1.75 13.0°
1C4499 17.08 +0.05 0.713 £+ 0.238 -1.53 12.0°
LyngaT? 16.78 +0.05 2.263 + 0.754 -1.01 12.5 0
NGC0104 13.37 +£0.05 0.124 £+ 0.041 -0.72 12.75 ®
NGC0288 14.84 +0.05 0.093 + 0.031 -1.32 12.5 %
NGC0362 14.83 +0.05 0.155 £ 0.052 -1.26 11.5°
NGC1261 16.09 +0.05 0.031 £ 0.010 -1.27 11.5°%
NGC1851 15.47 +£0.05 0.062 £+ 0.021 -1.18 10.0 ©
NGC2298 15.6 £0.05 0.434 £+ 0.145 -1.92 13.0°
NGC2808 15.59 +0.05 0.682 + 0.227 -1.14 10.9 ©

@ Parameters from Harris| (2010)), unless otherwise noted.

b From [Dotter et al.| (2010).
¢ From |[Roediger et al.| (2014)).

4 No parameters from either study; 12 Gyr is used as starting age.
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Figure 1. The posterior draws of NGC 6752 for 10,000 iterations. From top to bottom, the MCMC chain for log(age), helium, distance
modulus, and absorption. On the right, the posterior distribution is shown, with the solid line indicating the median and the dotted lines

marking the 90% central Bayesian credible intervals.

BASE-9 and [Dotter et al| (2010) estimates of ageﬂ While
the two studies largely agree within the (correlated) errors,
it is not unexpected that we should find slightly different

2 We do not plot A(BASE-9 - Dotter) on the vertical axis of
the rightmost panel of Figure @ because errors on A(BASE-9 -
Dotter) are not readily computable. This is because the Dotter et
al and the BASE-9 estimates are compiled using the same ACS
photometry from [Sarajedini et al.| (2007), leading to correlation
between the estimates so that the error on A(BASE-9 - Dotter)
is not simply the sum (in quadrature) of the errors of the two
estimates.

results from [Dotter et al.| (2010) as we explore variations
in helium and not in metallicity. We provide relative ages
where available for the clusters with respect to
in the final column of Table

4.2 Age—Metallicity Relation

We revisit the age-metallicity relationship with our results,
as seen in Figure The age-metallicity relation (AMR) has
long been held as support for a two-phase formation scenario
of the Milky Way (Chaboyer, Demarque & Sarajedini|[1996]
[Marin-Franch et al.| 2009, [VandenBerg et al.2013). This
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Figure 2. A 2-dimensional comparison of the posterior draws for NGC 6752 for the parameters of log(age), helium, distance modulus,

and absorption.

view of the formation of the Galaxy suggests that the bulk
of the inner halo formed early-on along with the metal-poor
clusters of the outer halo. Cluster formation then contin-
ued mainly in the outer halo, forming more metal-rich and
younger clusters.

Consistent with previous studies, we find a group of
old clusters with a relatively narrow age range almost ex-
clusively found in the inner 8 kpc of the Galaxy, with a
error-weighted mean age of 13.433+£1.005 Gyr (log(age) of
10.12440.033). The group of clusters beyond 8 kpc follow
a different trend, such that as these clusters become more
metal-rich, they also become younger with more significant
scatter. For these clusters, we find an error-weighted mean
age of 12.320+1.755 Gyr (log(age) of 10.067+0.069). We see
a clear distinction between the two sequences and consider
this strong evidence for the two-part formation history of the

Milky Way. The old, inner halo clusters likely formed quickly
early on in the history of the Galaxy, while the younger trend
of clusters slowly formed or joined the outer halo over time
via chaotic accretion. This is also thought to be tied to the
horizontal branch morphology—age relationship and the sec-
ond parameter problem (Searle & Zinn![1978; |van den Bergh
[1965; |Sarajedini & King||1989; Dotter et al.[2010). However,
our results do not show clear trends with helium in the con-
text of the age-metallicity relation.

Many cluster ages are pinned against the age of the Uni-
verse, an external prior built into our analysis. This indicates
that the isochrones prefer an older fit. Nonetheless, despite
the limitations in the absolute ages of isochrone fitting, we
are focusing on relative ages, specifically on distinguishing
the median age and age spread of the inner clusters versus
the outer clusters.
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Table 3. Bayesian Single Population Analysis of 69 Galactic Globular Clusters (Full Table Available Online)

Cluster [Fe/H] Distance Ay Y log(Age) Age (Gyr) Relative Age (Gyr)®
Arp2 -1.750 1761375012 0.35075:5%5  0.30070:059  10.13075-90L  13.47670-022 0.476
1C4499 -1.530  17.00675:09¢  0.741%5:60%  0.32970-090  10.1027599%  12.66170:077 0.661
Lynga? -1.010  16.7817591% 248370012 0.29170-012  10.0977881  12.51370:3% 0.013
NGC0104  -0.720  13.37873:001  0.10579:992  0.27175:503  10.13070-099  13.49475-595 0.744
NGC0288  -1.320  14.94873:999  0.08470-05%  0.20175-9%6  10.10173:95%  12.62075 140 0.129
NGC0362  -1.260  14.85270:09¢  0.11779:99¢  0.30275:595  10.05970-05%  11.45715-99% -0.043
NGC1261  -1.270  16.11070:0%5  0.07079:95%  0.30375:59%  10.06570-05%  11.60675-592 0.106
NGC1851  -1.180  15.52670:09¢  0.15779:09%  0.30775:59°  10.05870-0%%  11.43375:595 —
NGC2298  -1.920 1562770512 0.76070-05%  0.33775-018  10.13070:999  13.49375-097 0.493
NGC2808  -1.140 1565870096 0.64879-09%  0.32075:501  10.04570-09%  11.09275-958 —
@ Relative to [Dotter et al|(2010) and Dotter, Sarajedini & Anderson| (2011), where applicable.
Table 4. Bayesian Single Population Analysis of Galactic Globular Clusters with [o/Fe]=0.4
Cluster [Fe/H] Distance Ay Y log(Age) Age (Gyr)
NGC0288  -1.32 1501175808 0.14970:05%  0.35870-95%  10.1375:806  13.49770-0%%
NGC4833  -1.85 1518715598 1.32670:057  0.4967001%  10.1375:5%5  13.49670-9%%
NGC6121  -1.16  12.85175901 143770093 0.3370:05%  10.1375:909  13.49373-0%7
NGC6352  -0.64  14.5247559% 08670095  0.33370:057  10.13755%9  13.49570-09%
NGC6362  -0.99  14.749758%6  0.305-0:0593  0.32770:95%  10.13758%6  13.49770-09%
NGC6426  -2.15  17.6967090%  1.628-505%  0.61870 508 10.124700%  13.30171599%
NGC6541  -1.81  14.937700%%  0.610-5007  0.43770507  10.13700%7  13.49175:00%
Palomarl5  -2.07  19.6047051)  1.5480-0°7  0.33170000  10.137090°  13.48470-012
Terzans8 216 17.756170015  0.661-5°005 043370013 10.13700%0  13.48075:0)1

There are several inner clusters within 8 kpc of the
Galactic center that we find along the “wrong” sequence.
One of these is w Cen (NGC 5139), which is both the most
massive globular cluster and which likely contains the largest
number of stellar populations (Bedin et al.|[2004; Bekki &
[Norris|2006; Bellini et al.|[2010; [Johnson et al|2008). NGC
6584 has a large rotational velocity, making it probable that
it does not truly belong to the “inner” galactic clusters. In-
stead, it is likely an outer halo cluster that is observed to be
passing through the inner halo. It’s unclear why the other
clusters, NGC 5904, NGC 6254, and NGC 6752 follow the
sequence of outer halo clusters rather than that of the in-

ner clusters. We indicate these clusters with a red outline in
Figure [5| to show their locations.

4.3 Helium

In this section, we present a variety of correlations we find
among helium and other cluster parameters, and discuss the
possible implications of these findings.

The distribution of fitted helium fractions in the clus-
ters is approximately symmetric, as seen in Figure [6] with
a total range of about 0.17, from Y = 0.235 (NGC 6652)
to Y = 0.409 (w Cen). The peak in the distribution is at
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Figure 5. The age-metallicity relation for 69 clusters with BASE-
9 fits. Red circles indicate the inner halo clusters within 8 kpc,
and blue circles indicate the outer halo clusters beyond 8 kpc.
The inner halo clusters that appear to follow the trend of the
outer halo clusters are indicated with a white circle outlined in
red.

Table 5. Primordial Helium Values from Literature

Primordial Helium

Reference

+0.044 +0.046
0.23270-99% t0 0.29370-045
0.25440.003
+0.034
0.27815-033
0.2485+0.0002
0.2477+0.0029

0.250+0.006

Planck Collaboration et al.| (2014
Izotov, Stasinska & Guseval (2013
Hinshaw et al. 2013')

Aver et al. 2013|)

Peimbert, Luridiana & Peimbert

2007

Salaris et al.

2004

Y = 0.32140.035. Because we are probing the overall (“av-
erage”) helium abundance of the cluster, we do not expect
helium abundances lower than the primordial value. Our
lowest estimated helium abundance is 0.235, similar to the
lower limit on the primordial value (we list a few recent val-
ues in Table [5| for comparison). As almost, if not all, these
clusters harbor multiple populations, the second (or third,
fourth, etc.) generation stars in each cluster may be more en-
riched in helium. The helium abundances measured should
be population-weighted values (e.g.: a higher measurement
of helium could be caused by a higher proportion of later
generations of stars, a higher level of helium enrichment, or
both). Our helium fraction estimates are also sensitive to our
assumption of metallicity abundances, with more metal-rich
clusters being more sensitive to the assumed metallicity.
We find a statistically significant correlation between
the helium abundance of a cluster and its metallicity, as seen
in Figure m with errors given by the 90% central Bayesian
credible intervals from Table [3] We fit a broken line to the

13

Frequency

0.30
Helium Fraction

0.35 0.40

Figure 6. The distribution of helium values obtained for the 69
Galactic globular clusters included in this study. Fitted helium
values range from 0.235 to 0.409 with a peak at about 0.321.
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Figure 7. BASE-9 fittedhelium values plotted against metallicity.
We fit a broken relation (indicated by the solid line), with Y
= 0.348 for [Fe/H]<-1.5 and a slope of —0.122+0.022 and an
intercept of 0.1654+0.024 for [Fe/H]>-1.5. We find a correlation
of —0.545+0.001. The dashed line represents the assumption of

AY/AZ = 1.54 as employed by the [Dotter et al] (2008) models.

Dotted lines indicate 1-o errors in both the slope and intercept.

data (solid line), with Y = 0.348 for [Fe/H]<-1.5 and Y
= —0.122(£0.022) [Fe/H] + 0.165(%0.024) for [Fe/H]>-1.5.
The relationship has an error-weighted Pearson correlation
coefficient of —0.545+0.001.

Overall, we find that the metal-poor clusters have simi-

lar helium abundances. As clusters become more metal rich,
they appear to become less helium-rich. However, the clus-
ters NGC 6304, NGC 6366, NGC 6388, NGC 6441, NGC
6624, and Terzan 7 do not follow this trend, instead being
well-explained by the model assumption from [Dotter et al]

(2008) of AY/AZ = 1.54.

The spread in helium for metal-rich clusters could be
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Figure 8. The absolute integrated V magnitude of the cluster

from (2010)), which is a proxy for mass, versus helium frac-

tion. These quantities are positively correlated, suggesting that
more massive clusters have more enriched helium and light el-
ement abundances. The linear regression (solid line) including
errors from our helium estimates has a slope of —0.00740.003 and
an intercept of 0.27240.024. Dashed lines indicate 1-o errors in
both the slope and intercept.

due to a high percentage of chemically unenriched stars or
due to less helium enrichment compared to other clusters.
In our study, we are unable to distinguish between the two
effects.

More massive clusters are predicted to attain higher en-
richments of helium (Milone et al|[2014, Milone|[2015). As
shown in Figure [§] we find that the absolute magnitude of
the clusters from (a proxy for the mass of the
cluster) is likely correlated to the helium of the cluster, such
that brighter clusters tend to have marginally higher val-
ues of helium. The weighted Pearson correlation coefficient
between helium and the absolute magnitude is moderate at
—0.26140.032, but the trend suggests support for previous
claims.

We also see a relationship between the overall helium
content and the binary fraction in the core of the cluster, as
seen in Figure [0 using the observed binary fractions from
Milone et al.| (2012)). As the helium abundances of the clus-
ters decrease, the incidence of binaries increases. This trend
continues until the binary fraction reaches about 40%, after
which the correlation appears to be weaker. However, there
are few clusters beyond a 40% binary fraction, and the errors
tend to be larger.

The binary fractions were determined by
, who noted that the more massive clusters (using
absolute magnitude as a proxy for mass) had lower binary
fractions. From Figure[8] we find that the less massive clus-
ters have lower helium content, and Figure [] shows that
these same clusters have higher binary fractions, consistent
with Milone et al.| (2012). While our observed trend between
helium and binary fraction may be driven primarily by the
anti-correlated mass-binary fraction, it may be important
to consider what the binary fraction means with respect to
helium, as it may inform the multiple population scenario.
Because the binary fraction determinations and helium es-
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Figure 9. The binary fraction cluster cores vs. the cluster helium
content. For clusters with a binary fraction less than 20%, higher
abundances of helium appear correlated with a lower fraction of
binaries.

timates derive from the same ACS photometry (Sarajedini

2007, they are expected to be correlated. Although our
tests suggest that binaries are largely classified as field stars

in our BASE-9 analysis and do not contribute significantly
to the posterior distribution, it is possible that remaining
binaries classified as cluster members could weight the anal-
ysis towards slightly lower helium abundances. Thus, the
relationship between binary fraction and helium abundance
requires further investigation.

Both Figures [§ and [J] indirectly suggest a relationship
between the helium of a cluster and its mass. Thus, it ap-
pears that there is a preference for clusters of higher mass
to also have a greater overall enhancement of helium. This
relationship has been previously seen for a smaller sample of
clusters (Milone et al|2014, Milone|[2015), but we find that
it holds true for the majority of Galactic globular clusters.
A recent study by [Lucatello et al.| (2015) showed that sec-
ond generation stars, which are presumably more helium en-
hanced, have a lower incidence of binaries. We also find that
the more enhanced clusters, which likely harbor a greater
proportion of second generation stars, have fewer binary sys-
tems.

4.4 Light Elements

Additionally, we also find a possible correlation between he-
lium and light element abundances. Understanding the con-
nection between helium and the levels of carbon, oxygen,
and nitrogen is a crucial step to disentangling the progeni-
tors of the multiple population phenomena. Using the results
from Roediger et al.|(2014) obtained from compiling spectral
data from the literature, we compare our helium estimates
to carbon, oxygen, and nitrogen abundances in Figure [I0] for
a small sample of clusters with spectroscopic measurements.

Despite the relatively small sample of clusters with
CNO spectral observations and the large measurement er-
rors, clusters with higher helium tend to have lower car-
bon abundances and greater nitrogen abundances. There is
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a strong correlation with a Pearson coefficient of —0.742 +
0.004 for carbon and a moderate correlation (0.436 + 0.240)
for nitrogen. For oxygen, there is no apparent relationship
with helium, with a correlation coefficient of essentially zero
(0.060 + 0.812).

For many proposed multiple population scenarios, the
first generation of evolved stars provides processed mate-
rial to the formation of the later generations of stars @

zini| [2008] |Gratton, Carretta & Bragaglia) 2012] [Bastian,
Cabrera-Ziri & Salaris|2015). The CNO cycle taking place in

these progenitors would be expected to deplete carbon and
oxygen abundances and boost nitrogen abundances, while
the same processes produce helium. Our observations of
these effects for carbon and nitrogen supports this scenario
of multiple population formation, except we find little to
no change in the oxygen abundances. While in Figure
we are comparing the average abundances for the cluster
against the average helium value of the cluster, future work
should aspire to compare the light element abundances and
the helium enrichment of each population. Although there
are only a handful of clusters with measured abundances for
carbon, oxygen, and nitrogen, we do not see a relationship
between helium and total CNO.

4.5 Red Giant Branch Bump

The red giant branch bump (RGBB) occurs due to the
hydrogen-burning shell in the star moving outward during
the first ascent of the RGB. Stars undergoing this event be-
come temporarily brighter, until the hydrogen-burning shell
reaches the chemical discontinuity near the convective en-
velope in the star. After this, the stars grow fainter again,
causing a “pile-up” in the CMD along the RGB. Aware-
ness of the RGBB, clearly visible in many CMDs along the
RGB, dates back to its prediction by | Thomas and its
confirmation by [King, Da Costa & Demarque| (1985)). The
RGBB of a cluster has long been predicted to be sensitive to
helium, age, and metallicity (Cassisi & Salaris|/[1997) |Bono

et al|[2001}, Bjork & Chaboyer| 2000, [Salaris et al|[2006, [Di
Cecco et al[2010] [Cassisi et al.[2011} [Nataf et al.[2013). Such

studies purport that an increase in initial helium abundance
will increase the brightness of the RGBB.

Using measurements from Nataf et al|(2013), we com-
pare the absolute V-magnitude of the RGBB to the metal-
licities and helium abundances in Figure[TT] There is a clear
trend in both, supporting predictions and previous work.
The correlation between [Fe/H] and the RGBB magnitude
is very strong, and appears to be non-linear. We fit an X
and Y error-weighted quadratic to the data:

Mgrapr = 0.161(£0.030)[Fe/H]* +
1.240(+0.088)[Fe/ H] 4 1.917(+0.064) (4)

We also fit a linear model, again accounting for errors in
both directions, to helium and absolute RGBB magnitude:

Mprepp = —0.080(£0.014) (Y x 100) + 3.120(40.452)  (5)

These fits are shown as solid lines in the panels of Figure
([Fe/H] on the left and helium on the right).

The correlation between helium and RGBB absolute
magnitude is evident, with a weighted Pearson coefficient of

—0.36440.009. However, metallicity is clearly more impor-
tant, and may drive a significant portion of the relationship
between Y and RGBB magnitude. In the left panel of Fig-
ure[[2] we plot the residuals from the fit between metallicity
and RGBB magnitude against the helium of each cluster.
The residuals have a median of —0.019 and a standard de-
viation of 0.068. An X and Y error-weighted linear model
to the residuals results in a slope of —0.429 + 0.271 and an
intercept of 0.137 %+ 0.088, suggesting that some effect due
to helium remains. With the effect on the RGBB magnitude
due to metallicity removed, our fit predicts that a change in
0.01 in Y results in a brighter RGBB by 0.008 magnitudes.
This is similar to the result of |Cassisi & Salaris| (1997), who
suggests that for the same increase in helium, the magnitude
of A(Voump-Vrop) becomes brighter by 0.011 magnitudes.
[Salaris et al.|(2006) also suggests a minor shift in the RGBB
magnitude for an increase in helium.

Using our linear fit (shown in the left panel in Figure
, we remove the remaining dependence of the RGBB mag-
nitude on Y to examine any remaining residual after remov-
ing the dependencies on metallicity and helium. The remain-
ing scatter is plot against the age of the clusters in the right
panel of Figure If we attempt to fit an error-weighted
linear relation, the intercept is consistent consistent with
zero. The remaining scatter could be from uncertainties in
the distances or absorptions. The median residual is —0.004
with a standard deviation of 0.015; the standard deviation of
the residuals is reduced by a factor of 4.5 after the removal
of the remaining trend with helium.

Interestingly, we do not see any clear trends between the
brightness of the RGBB and the light element abundances.

4.6 RR Lyrae Periods

We also examine our results in the context of
[marque & Zinn| (1994), who explored the theoretical de-
pendence of the horizontal branch morphology on param-
eters such as age, metallicity, and helium. |Lee, Demarque &/
predicted that increased helium would lead to
a greater Alog(P), which they defined as the difference be-
tween the fundamentalized average periods of clusters’ RR
Lyraes compared to M3. The fundamentalized period for
each cluster was defined by (log(Ps) = log(P.)+0.13), with
P. being the average period of RR Lyrae c-type stars in each
cluster (Castellani & Quartal1987). Consequently, the study
concluded that the fundamentalized periods of clusters were
not affected by helium because the observational data did
not follow the theoretical predictions, which suggested that
an increase in helium would be reflected in an increased in
Alog(P).

The fundamentalized periods of RR Lyrae type ¢ ob-
servations from [Castellani & Quarta) (1987) and the [Harris
(2010) metallicities are used to recreate Figure 10 from @
[Demarque & Zinn| (1994)), as seen in the left panel of Figure
In this panel, the fundamentalized RR Lyrae periods,
with respect to the fundamentalized period of M3, are plot
against the metallicities. A quadratic is fit to the relation

ALog(P) = —0.072(0.024)[Fe/H]?
—0.308(=£0.080)[F'e/H] — 0.286(=£0.065) (6)
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ratio. Carbon is negatively correlated with helium and nitrogen is positively correlated with helium. Oxygen appears uncorrelated with
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Figure 11. The left panel shows the relationship of metallicity to the brightness of the RGBB. An error-weighted quadratic is fit to the
data, shown as a solid line and detailed in Equation The right panel demonstrates the apparent dependence of the RGBB magnitude
on helium, though it is likely driven by a [Fe/H] dependence. We provide an error-weighted linear fit to the data regardless, shown as

the solid line and detailed in Equation

We exclude the two outliers, NGC 2419 (lower) and
NGC 6333 (upper) in the fit. Leaving out these same two
clusters, we find that residuals of Equation [f] are related to
helium by the following relation:

Resid = 0.085(40.143)Y — 0.027(=0.046) (7)

Qualitatively, our results match the general trend pre-
dicted by the theoretical calculations from
(1994) that an enriched Y value leads to a greater

Alog(P). However, the trend is not statistically significant,
suggesting that this approach cannot provide any hard con-
clusions on the possible effects of helium on the horizontal
branch morphology.

4.7 Anomalous Clusters

While most globular clusters harbor distinct populations
that vary in helium and light element abundances, a smaller
subset of clusters has been found to also show variations in
[Fe/H] abundances and s-process element abundances (Be-]

din et al.|2004} |Gratton, Carretta & Bragaglia)2012; [Marino

et al|[2015). Although only a handful of clusters have been
categorized as anomalous clusters, there are likely more that
have not yet been the target of sufficient high-resolution
spectroscopy to be identified as such.

Several anomalous clusters in the Milky Way overlap
our cluster sample: w Centauri (NGC 5139), NGC 1851, M22
(NGC 6656), M2 (NGC 7089), M54 (NGC 6715), and NGC
5286 (Milone et al.|[2009 2013} Marino et al|[2015). Ex-
cept for NGC 1851, the most metal-rich and the youngest
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Figure 13. Left: a recreation of the Alog(P) vs. metallicity diagram from |Lee, Demarque & Zinn| (1994) with current data. We fit a

quadratic to the relation (see Equation @ Right: the residuals from
not statistically significant, remaining trend.

of the anomalous clusters in our sample, the clusters have
above average helium abundances. Otherwise, we do not no-
tice anything particularly unusual about the characteristics
of the anomalous clusters in our sample, probably due to
only a rough sensitivity to the complex multiple population
characteristics from visual photometry.

the quadratic fit plotted with helium, showing a modest, although

5 DISCUSSION

We stress that our results are dependent on two primary
assumptions. First, we assume the clusters analyzed have a
single iron abundance and a single age. For some clusters
with multiple populations this may not be the case. In a few
clusters, ages of different populations of stars could vary and
the internal abundance spread may be significant. However,
for the handful of clusters where this may be the case, we
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expect that the internal variation in age is within the fitting
errors.

Secondly, our methodology is dependent on the validity
of the theoretical models, which are assumed to be accu-
rate (von Hippel et al.[2006; |De Gennaro et al.|2009; |Stein
et al.||2013; [Hills et al.[[2015]). Our results, while precise, can
therefore only be as accurate as the models. We note that
the quoted uncertainties on the parameters derived herein
represent the statistical uncertainty. This does not incorpo-
rate uncertainties in an astronomical sense that may arise
from model misspecification, unincorporated effects, incor-
rect assumptions about physical processes, or observational
systematics. Once models improve, the approach presented
here will allow us to focus on absolute quantities, such as
absolute helium abundances and absolute ages. In the mean-
time, the high precision results we obtain from BASE-9 fits
with HST data allow us to perform numerous relative anal-
yses.

The fitted helium values can be interpreted as “aver-
age” helium values, which depend not only on the extent of
the helium enhancement of stars in the cluster, but also the
fraction of stars that are enhanced in helium. In this study,
these two are degenerate. Further work is needed to disen-
tangle these effects and study their individual influences on
the correlations we see.

The relationships we find among the helium fraction
and the light element abundances of carbon and nitrogen,
and the binary fraction, are important avenues for further in-
vestigation with respect to the multiple population scenario.
Ultraviolet observations of these clusters are now a common
avenue for analyzing multiple populations. The ultraviolet
wavelengths encode the relative abundances of the light el-
ements carbon, nitrogen, and oxygen, rather than directly
probing helium of a cluster (Piotto et al.|[2015). Thus, it
is very important to understand any relationships between
abundances of various light elements and the helium con-
tent. This is especially true as helium and a-enhancement
tend to have off-setting effects on the shape and location of
theoretical isochrones. These effects are more dramatic in
the ultraviolet than in the visual wavelengths, but in either
case, are generally more exaggerated for the more metal-rich
clusters.

The correlation between helium abundance and binary
fraction is also of interest to multiple population research. In
multiple population formation models for clusters that in-
voke multiple star formation episodes, it is often suggested
that the first generation of stars was significantly (/geq 10x)
more massive than the present-day cluster masses (Bastian,
Cabrera-Ziri & Salaris| [2015; |Cottrell & Da Costal [1981}
Gratton, Sneden & Carrettal|2004} [D’Ercole et al.|[2008; |De-
cressin et al.2007). The first generation of stars is then
largely lost to the field star population. Previous work has
suggested that first generation stars in clusters have higher
binary fractions (up to 15%) compared to later generations,
which have only a few percent (Milone et al.|2008] |Lucatello
et al.|2015)). Our results show the more massive clusters with
a lower binary fraction tend to have more helium, as we may
expect from stars belonging to the chemically enriched popu-
lation. We also observe that the less enriched clusters appear
to be less massive and have a higher incidence of binaries, as
is predicted for first generation dominated clusters. Further
investigation of the binary fraction with respect to helium

may be able to shed more light on the different binary frac-
tions in globular clusters (and their sub-populations) and
field stars (Milone et al.|[2008] [D’Orazi et al.||2010, |Gratton,
Carretta & Bragaglial2012), thereby providing information
on the source of the field star population.

6 CONCLUSIONS

We analyzed 69 Galactic globular clusters to simultaneously
determine their their precise relative ages, distances, extinc-
tions, and helium fractions with statistical rigor. Based on
the results, we reach the following conclusions:

1. We find a symmetric distribution of helium fractions
for the clusters, ranging from approximately 0.235 to 0.409
with a peak at Y ~ 0.321.

2. In the age-metallicity relation, there is a clear demar-
cation between two unique age-metallicity sequences, with
older clusters being primarily located in the inner halo, and
younger clusters in the outer halo. This suggests a multi-
phase formation and evolution of the Milky Way, consistent
with previous studies.

3. Correlations between the helium fractions of the clus-
ters and both their absolute magnitudes and their binary
fractions lend additional evidence to the suggestions that
more massive clusters harbor higher helium contents.

4. Carbon and nitrogen abundances are found to be cor-
related with the overall helium fractions of several clusters.
Although spectral measurements are still relatively sparse, it
appears that higher helium is associated with a lower [C/Fe]
ratio and a greater [N/Fe] ratio. We find no statistically sig-
nificant relationship between helium and oxygen abundance.

5. The absolute magnitude of the RGBB and the helium
fraction are related, as predicted from previous studies; a
change of 0.01 in helium results in a brighter RGBB by
0.008 magnitudes.
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