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ABSTRACT

This work aims to analyze some of the polluters proposed in the self-enrichment scenarios put forward to explain the multiple popula-
tions in globular clusters (GCs), extending previous studies. Three scenarios with different polluter stars were tested: asymptotic giant
branch stars (AGBs), high-mass interacting binaries (IBs), and fast rotating massive stars (FRMSs). With abundance data available
from the Apache Point Observatory Galactic Evolution Experiment (APOGEE) survey and AY estimates from precise Hubble Space
Telescope (HST) photometry, twenty-six clusters were studied, increasing the number of clusters in previous studies by more than a
factor of three. We also included the study of the abundances of N, C, Mg, and Al, extending previous studies that mainly focused
on the abundances of He, O, and Na. In addition, we constructed an empirical model to test whether one could explain the chemical
signatures of the “enriched” population of GC stars with a fixed source and dilution process based on empirical data. In agreement with
work by other authors, we found that the proposed polluters can generally predict the qualitative abundance patterns in GC stars and in
some cases quantitatively predict some elements, but in most cases when we compare the model yields with the observations, we find
that they cannot explain the entire set of observed abundance patterns. The empirical model succeeds in reproducing the abundances
of Al for a given AY (and vice versa), showing that there is a direct relationship between Al and He, with one increasing proportionally
to the other. However, the empirical model fails to reproduce the observed abundances of Na and N, in agreement with the results of
previous works. The observed decoupling between the maximum abundances of CNO-cycle elements such as N and Na with those of
Al and He provides new information and constraints for future models and could take us a step closer to understanding the origin of

the peculiar abundance variations of GC stars.
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1. Introduction

Historically, globular clusters (GCs) have been thought of as
simple stellar populations and, due to their old age and low
metallicity, are excellent tracers of the evolution of their par-
ent galaxy (e.g., Vandenberg et al. 2013). However, studies have
shown that the stars belonging to individual clusters can be
divided into different populations with different chemical abun-
dances while maintaining a very small age difference (e.g.,
Cohen 1978; Martocchia et al. 2018). Population 1 (P1) stars have
the same abundances as field stars of the same metallicity and
Population 2 (P2) stars have peculiar abundances'. The study
of this phenomenon has advanced in the last decades thanks to
the Very Large Telescope (VLT) and Hubble Space Telescope
(HST) surveys. Through these observations, studies have found
that individual stars of almost all GCs show variations in the
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In the literature these are also referred to as 1st and 2nd generation.
However, this notation implicitly suggests a specific formation mecha-
nism that is not common to all proposed scenarios. Therefore, in this
paper we use a more inclusive terminology.

1

abundances of certain elements, such as He, Na, O, N, C, Al, and
sometimes Mg (for a more complete discussion see Bastian &
Lardo 2018). These variations are present even in main sequence
stars, suggesting that they are present during the formation of the
star rather than being a product of stellar evolution (e.g., Gratton
et al. 2019).

Despite decades of effort, no satisfactory explanation has
yet been found to describe the mechanism responsible for the
observed chemical patterns (e.g., Bastian & Lardo 2018; Gratton
et al. 2019; Cassisi & Salaris 2020). Finding the origin of these
variations remains a major challenge in stellar and galactic astro-
physics, and the origin of this phenomenon is still an open
question.

Many studies have mainly focused on Na and O (e.g.,
Carretta et al. 2009a,b). The abundances of these elements are
simultaneously increased or decreased, respectively, compared
to field stars of the same metallicity. GCs also present anticor-
relations between N and C, and occasionally Al and Mg (e.g.,
Bastian & Lardo 2018). Since the observed chemical patterns are
similar to the abundances produced through the CNO cycle (e.g.,
Kudryashov & Tutukov 1988), most of the proposed scenarios
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rely on this process to explain the phenomenon. However, GCs
in our Galaxy are made up of low-mass stars that cannot process
material through the CNO cycle. For this reason, it has been sug-
gested that the chemical patterns observed in GCs are the product
of material processed in massive stars of an earlier generation
(e.g., Gratton et al. 2012).

Most GCs show variations in their chemical abundances
regardless of their mass or metallicity (e.g., Carretta et al.
2010). The most developed models proposed to explain this
phenomenon use a “self enrichment” process. This consists of
massive stars, called polluters, enriching the intracluster medium
from which subsequent generations of stars are formed (e.g.,
Gratton et al. 2012; Bastian & Lardo 2018). These polluters must
meet the following criteria: they must be massive enough stars
capable of burning hydrogen through the CNO cycle in their
high-temperature cores (or in the case of asymptotic giant branch
stars, a shell surrounding the core) and they must have short life-
times so as not to affect the range of ages observed in the cluster
(e.g., Charbonnel 2016). Finally, the polluting stars must have
chemical abundances similar to those of field stars of the same
metallicity. Their stellar ejecta pollute the medium, eventually
producing stars with peculiar abundances in some elements. The
two populations are thus obtained (e.g., Gratton et al. 2019).

A recent study by Lahén et al. (2024) found through dwarf
galaxy simulations that GCs forming in low metallicity star
bursts of a merger could produce the multiple populations found
in GCs. They found that massive (29 M) and very massive
(2100 M,) stars can acrete material into the intracluster with
similar relations as the abundance patterns seen in GCs (i.e., they
used massive and very massive stars as polluters). However, once
they considered the dilution with the interstellar medium needed
to form new stars, they could not reproduce the observed spread
in chemical composition seen in GCs. A proposed solution to
this is to consider different types of polluters, such as interacting
binaries or fast rotating massive stars, that can release ten times
more material into the intracluster medium.

One way to test the basic principles of self-enrichment is to
compare the theoretical yields of chemical elements proposed by
different polluter models with the observed abundance patterns
in GCs. However, there are few studies that have conducted a
comprehensive analysis of pollutants that include multiple clus-
ters and elements. Many studies focus on studying pollutants
with only one cluster (e.g., D’Antona et al. 2016; Prantzos et al.
2017). Following the “dilution models” introduced by Prantzos &
Charbonnel (2006), in which the material emitted by polluters is
diluted by uncontaminated or primordial material, in this paper
we compare the observed range of abundance measurements
with the predictions of different polluters.

Previously, Bastian et al. (2015) carried out a study of differ-
ent potential polluters. They focused on polluters with scenarios
that have the most developed theoretical models: massive asymp-
totic giant branch stars (AGBs: >5-9 M,,) (e.g., Cottrell & Costa
1981; Karakas & Lattanzio 2014), interacting massive binaries
(IBs: >10-20 M;) (e.g., Grundstrom et al. 2007; de Mink et al.
2009), and fast rotating massive stars (FRMS: >20 M) (e.g.,
Maeder & Meynet 2006; Decressin et al. 2007a,b). The theoreti-
cal yields for each scenario were taken from Ventura et al. (2013),
de Mink et al. (2009), and Decressin et al. (2007a,b) respec-
tively. In these scenarios, these stars are born in the cluster and,
through internal processes unique to each type of star, release
enriched material and contaminate the environment. The next
stars to be born in the cluster will have the peculiar abundances.
As more stars are formed, the amount of polluting material is
progressively depleted and diluted.
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It is important to note that all three of these models require
the ejected material to be diluted by primordial material with the
chemical composition of P1, since the ejecta from the P2 stars
alone cannot account for the full range of abundances observed
in a given cluster. For example, there is a correlation between Na
and O in the winds of the proposed AGB stars, the opposite of
what has been observed (e.g., Conroy & Spergel 2010; D’Ercole
et al. 2011; Renzini et al. 2015). This will be discussed in more
detail in Section 4.1.

Bastian et al. (2015) concluded that while these scenarios
(AGB, IB, and FRMS) predict the qualitative behavior of some
abundance patterns of GC stars, the proposed sources could not
explain the abundance variations quantitatively. More specifi-
cally, they showed that a high degree of stochasticity is needed
to explain the phenomenon across all clusters. They also found
that the polluters produced too much He for a given spread in Na
and O, and that these spreads are not directly correlated with the
spread in He. However, based on the data available at that time,
only eight clusters and three elements were studied. This study
aims to use more recent, publicly available data to extend the
original study and analyze the proposed sources of these pecu-
liar abundances for 26 clusters and seven elements, He, C, N, O,
Al, Mg, and Na. To this end, we test the basic yields proposed
in the different scenarios, excluding their other aspects (e.g. the
origin of the primordial material, the mass budget problem, etc.).

This paper is divided into the following sections: Section 2,
where we present the observational data used, Section 3, where
we explain the models used and discuss the different enrichment
scenarios. In Sections 4 and 5, we present and discuss our results,
and Section 6, where we present our conclusions.

2. Data

For our sample of GCs, the measurements for [N/Fe], [C/Fe],
[Al/Fe], and [Mg/Fe], together with the metallicity (we use
[Fe/H] as a proxy), were taken from the Apache Point
Observatory Galactic Evolution Experiment (APOGEE) survey
(Abdurro’uf et al. 2022), while the [Na/Fe] and [O/Fe] measure-
ments were taken from work of Carretta et al. (2009a,b). These
catalogs were cross-matched with the sample of red giant branch
(RGB) GC stars used in Leitinger et al. (2023), which were iden-
tified as cluster members on the basis of their proper motion,
parallaxes, color and magnitudes. The dynamical masses for the
clusters were taken from Baumgardt et al. (2023).

For He, we used the measurements available in Milone et al.
(2018) of the maximum spread of He (AY) in a given cluster. This
value adds an additional constraint to the models that must be
taken into consideration (i.e., the model must be able to predict
the observed abundances and AY simultaneously). Table 1 shows
AY, [Fe/H], and the spread in the measurements of [Al/Fe],
[N/Fe], and [Na/Fe] between P1 and P2 stars for each of the 26
clusters studied.

The thermohaline mixing that occurs after the RGB bump
could potentially cause problems when analyzing the [C/Fe] and
[N/Fe] abundance spreads (e.g., Gratton et al. 2000). Since six
of the clusters in our sample of 26 only have data for stars above
the RGB bump (i.e., NGC 2808, NGC 5024, NGC 5466, NGC
6388, NGC 6441, and NGC 7089), it is possible that for these
clusters the observed abundance dispersion is smaller than that
present below the bump?.

2 https://doi.org/10.5281/zenodo.13289055
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Table 1. Observations used in the study.

Cluster AY [Fe/H] A[Al/Fe] A[N/Fe] A[Na/Fe]
104 0.049 -0.8 0.23 1.11 0.53
1851 0.025 -1.1 0.39 1.21 —
2808 0.124 -1.1 0.99 1.07 0.44
288 0.016 -1.3 0.19 0.87 0.65
3201 0.028 -14 0.48 0.97 0.51
362 0.026 -1.1 0.28 1.03 -
4590 0.012 -2.2 0.61 0.86 0.47
5024 0.044 -1.9 0.65 0.94 —
5053 0.004 -2.2 0.68 0.82 -
5272 0.041 -14 0.54 0.89 -
5466 0.007 -1.8 0.16 0.89 -
5904 0.037 -1.2 0.62 1.11 0.52
6121 0.014 -1.1 0.32 1.05 0.46
6171 0.024 -1.0 0.24 1.27 0.52
6205 0.052 -1.5 1.01 1.11 -
6218 0.011 -1.3 0.23 1.03 0.57
6254 0.029 -1.5 0.92 1.04 0.54
6341 0.039 -2.2 0.68 1.83 -
6388 0.067 -0.5 0.6 1.14 0.65
6397 0.008 -2.0 0.66 1.38 0.39
6441 0.081 -0.4 0.53 1.02 -
6656 0.041 -1.7 0.81 1.28 —
6809 0.026 -1.8 0.81 1.32 0.71
6838 0.024 -0.7 -0.03 09 0.39
7078 0.069 -2.2 0.74 1.66 0.62
7089 0.052 -14 0.71 0.82 -
Notes. A[N/Fe], A[Al/Fe], and the average [Fe/H] values are taken

from the APOGEE survey (Abdurro’uf et al. 2022), A[Na/Fe] are taken
from Carretta et al. (2009a,b), and AY (the maximum spread of He)
is taken from Milone et al. (2018). A[N/Fe], A[Al/Fe], and A[Na/Fe]
were calculated using equation (3), and they are further discussed in
Section 5.

3. Dilution models

This work focuses on testing the basic performance of the enrich-
ment scenarios with AGB, IB, and FRMS stars as polluters. As
in the work carried out by Bastian et al. (2015), the aim is to
compare the observed abundances with those predicted by the
models, taking into account the maximum difference in He for
a given cluster. Therefore, we made the same assumptions as in
that study:
1. the P1 (initial) mass fraction of He in all clusters is ¥ = 0.25
2. the polluter yields are diluted in the same way for each
cluster.

We start by defining the abundances of the P1 stars for each
of the studied elements of a given cluster. Unlike Bastian et al.
(2015), who assigned these values manually on a case-by-case
basis, we analyzed which percentile of the abundance distribu-
tion of each element corresponds to the P1 values. This ensures
that the selection criteria for the P1 abundances are the same for
each cluster of a given metallicity. It was decided to use the 5th
percentile of the abundance distribution for N, Al, and Na, the
75th for C, the 65th for Mg, and the 80th for O. To satisfy the
second assumption, we take these values as the “zero-point” for
our models. We then work out the offsets for the different ele-
ments for each model (polluter yields) and apply them relative to
the P1 value (zero point) of a cluster of a given [Fe/H] to model
the yields of the polluter at that particular metallicity.

1.75}

1.507

1.0 0.5

Fig. 1. Comparison of the observed [N/Fe] and [C/Fe] abundances in
NGC 104 stars with the polluter yields for the AGB scenario. The blue
circles correspond to the stars in NGC 104. The filled circles indicate
that the star is present in both the APOGEE and the Carretta et al.
(2009a,b) datasets, the empty ones indicate that it is present in only
one of the datasets. The green circles represent the yields of AGB stars
of different masses, labeled with the mass of the parent star in solar
masses. Solid gray lines mark the dilution sequence, with the upper
and lower ends of f = 0 (undiluted) and f = 1 (fully diluted), respec-
tively. Dashed gray lines connect the points of the dilution curves with
the same Y, starting at ¥ = 0.25 at the bottom and increasing in nine
equally spaced steps toward the top of the plot. The maximum spread of
He is by the orange shaded region. It represents the range of He values
of the cluster’s stars; all stars in the cluster should fill this region for the
scenario to correctly predict the observations. The red error bars show
the mean uncertainty of the measured abundances.

Each scenario presents the yields for its polluters as a single
value for each stellar mass. However, cluster stars show a spread
of values for each abundance. It is then necessary to dilute the
polluter yields with the abundance of the first population until
we reach the P1 value. This means that the polluters release their
material into the intracluster medium, and as star formation con-
tinues, the enriched material is depleted. As the abundance of He
is also effected by this dilution, the He mass fraction must also be
taken into account when constructing these models. To this end,
we model the mixing of the pure or undiluted material ejected by
the polluters with that of the material with P1 composition (as
required by most scenarios), using different mixing fractions, f,
via the following formulas for the chemical abundances and the
He mass fraction, respectively:

[el/Fe](f) = log,, [(1 —£) - 100Feln 4 £ lo[el/Fe]], 1)

Y)=10-0H-Yu+£f-V, 2

where [el/Fe],, and Y,, are the theoretical yields for a given ele-
ment el and helium, respectively, and [el/Fe] and Y are the P1
values. Here the mixing fraction represents how diluted the the-
oretical yields are, 0% dilution (f = 0) represents the maximum
values of the theoretical yields and 100% dilution (f = 1) repre-
sents the P1 values. Fig. 1 shows the comparison of the polluter
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yields with the observed yields in NGC 104 with the correspond-
ing labels. The interpretation of this type of plot is presented in
the following section.

Finally, we reiterate that this study only tests whether the
self-enrichment scenarios can predict the observed abundances
in GCs. These scenarios require primordial material to dilute the
ejecta from the polluter stars. The origin of this material is still
an open debate (e.g., Conroy & Spergel 2010; D’Ercole et al.
2011; Renzini et al. 2015; Bastian & Lardo 2018; Gratton et al.
2019) and beyond the scope of this paper. We choose to assume
this material exists, focusing only on a single, yet important,
aspect of this complex problem. It gives these models a “best
case” scenario which can hopefully be expanded on using the
results from this and future investigations.

4, Results

As mentioned above, the aim is to analyze whether the yields
of the polluters present in the three self-enrichment scenarios,
AGB, IB, and FRMS, proposed to explain the multiple popu-
lations present in GCs can explain the observed spread in the
abundances of a given pair of elements and how they correlate
with each other. In this analysis, He values are taken as refer-
ence and are fixed for the comparisons. For the abundances of
a given polluter to be a good description of the abundances of
the cluster stars (blue points in Fig. 1), the latter must be dis-
tributed within the shaded orange region (i.e., the expected limit
for the abundances of the different elements given the observed
He spread), as shown in Fig. 1. A given model underestimates the
observed chemical abundances if the blue points in the figure are
not constrained within the shaded region and overestimates the
observed values if the stars do not reach the limits of the shaded
region. It is important to note that the material ejected by the
polluters has the yield indicated by the green dots. As the stars
form, the polluted material is depleted until it reaches the values
of P1.

Due to the large number of GCs tested and the similarities
between the results, only the most representative cases are shown
for each scenario.

4.1. AGB scenario

All results for this scenario were obtained using the intermedi-
ate mass AGB yields from Ventura et al. (2013), which primarily
produce the correlations seen in GCs. Since they provided three
different metallicities (Z = 3x 107, 1073, 8 x 1073), we compare
the different clusters with the yields of the AGB polluters with
the nearest metallicity. Fig. 2 shows the results for three clus-
ters, NGC 6388, NGC 2808, and NGC 6809, representing high,
middle and low metallicity GCs respectively.

In general, we can see that this scenario can qualitatively
predict the characteristic abundances seen in the GCs. The blue
circles in Fig. 2, representing the GC stars, follow the gray dilu-
tion lines. However, there are some inconsistencies in the model
that were not originally observed by Bastian et al. (2015) due
to them only having access to measurements for [Na/Fe] and
[O/Fe]. There is a general trend that GC stars with high [Na/Fe]
also tend to have high [Al/Fe]. We can see this more effectively
in the top panel of Fig. 2, where the solid blue dots in both the
middle and right panels have relatively high [Na/Fe] and [Al/Fe].
So, in principle, the polluter that produced the most [Na/Fe]
should also have produced the most [Al/Fe]. For the AGB mod-
els of [Fe/H] = —1.1 and —1.6 this is not easy to explain, as
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at these metallicities, high-mass AGB stars are responsible for
the high [Na/Fe]. However, these models predict that the highest
[Al/Fe] come from low-mass AGB stars. Moreover, the mod-
els of the most massive AGB stars (>7.5 M), which produce
high [Na/Fe] abundances comparable to the observed ones, do
not predict a depletion in [O/Fe] and [Mg/Fe], but an enhance-
ment, which is not observed in any case. Continuing this point,
as [Al/Fe] increases we see an enhancement in [Mg/Fe] across
all masses and metallicities, save for the lowest masses (5.0 My
and 5.5 M,,) at [Fe/H] = —1.6.

N is relatively constant for AGB stars of all masses for a
given metallicity, thus both intermediate and high mass AGB
stars are consistent with the extreme values of [N/Fe] seen in
GCs. However, this is not the case for [C/Fe], as there are
some inconsistencies in the mass extremes at intermediate/low
metallicities.

More specifically, the AGB yields succeed and fail in differ-
ent ways depending on the metallicity studied. At high metallici-
ties, such as in NGC 6388 shown in the top panels of Fig. 2, N is
predicted in the proper range, however the value of C is always
underestimated. The model predicts more Mg than observed and
little to no change in O or Al

For the cluster NGC 2808, shown in the middle panels of
Fig. 2, we can see that model succeeds in predicting the values
of [N/Fe], [C/Fe], and [Na/Fe]. However, it does not satisfacto-
rily predict the abundances of the other elements. The spread for
predicted for [O/Fe], [Al/Fe], and [Mg/Fe] are too small for the
given He observed. At this metallicity, we also see that all AGB
stars enhance [Al/Fe] and [Mg/Fe] simultaneously, which is not
seen in any of the GCs studied.

The comparison for NGC 6809, a low metallicity cluster,
shown in the bottom panels of Fig. 2, shows that the dispersion of
the measured [C/Fe], [Mg/Fe], and [O/Fe] abundances are larger
than the model prediction, since the blue points are not within
the shaded orange region, the model seems to underestimate the
dispersion of the abundances of these elements.

Furthermore, the observed [Na/Fe] and [Al/Fe] values
exceed the prediction of the orange region, that is to say, the
low-metallicity AGB models underestimates this abundance. It
does, however, correctly predict the spread of [N/Fe], as most of
the blue dots are within the P1 value and the maximum value of
[N/Fe] permitted by the orange region. In addition, we observe
that only metal-poor ([Fe/H] ~ —1.6) low-mass AGB stars (~5—
6 M) display the observed anti-correlation between [Mg/Fe]
and [Al/Fe]. More massive stars, and higher metallicity AGB
models predict correlated Al-Mg abundances.

As mentioned before, the Al-Mg behavior of low-mass AGB
stars is particularly interesting when comparing the measure-
ments of [Na/Fe] and [O/Fe]. For example, at these metallici-
ties, low-mass AGB stars do not predict a significant [Na/Fe]
enhancement with respect to the P1 abundance. Significant
[Na/Fe] enhancements are only expected for the material ejected
by the most massive AGB stars (~7.5 M), but these stars
produce an no or only very slight enhancements in [O/Fe], in
contrast with observations where the most [Na/Fe] rich stars are
the most depleted in [O/Fe].

However, it is not clear how AGBs of this metallicity can
do this, as the high mass AGBs produce high [Na/Fe] and the
low mass AGBs produce low [O/Fe]. We believe if we were to
combine the ejecta of the two we would not reach extreme (high
or low) Na—O values. For this to work, only the Na atoms (but not
the O) of the massive stars and the atoms of O (but not the Na)
of the low mass star have to come together to produce extreme
abundance stars.
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Fig. 2. Results for the AGB scenario for the clusters, from top to bottom: NGC 6388, NGC 2808, and NGC 6809. Similar to Fig. 1 but for all
relevant elements. Each panel shows a different correlation. Left: [N/Fe] vs. [C/Fe]. Middle: [Na/Fe] vs. [O/Fe]. Right: [Al/Fe] vs. [Mg/Fe].

The scenario correctly predicts the general trends for these
relationships using medium- and high-mass AGB stars. How-
ever, when we test these aspects quantitatively, we see that
it cannot simultaneously predict the variations in abundances
between elements from star to star, since high-mass AGBs do
not appear to produce enough Al to account for the observed
variations. Furthermore, except in the case of low-mass, low-
metallicity AGBs, the yields from Ventura et al. (2013) predict
a positive correlation between these two elements instead of the
observed negative correlation.

4.2. IB scenario

Here we explore the scenario present in de Mink et al. (2009),
who propose IBs as the polluters. Specifically, two stars (15

and 20 M) are used, both with 12 day orbital periods and
Z = 5x 107*. For the discussion in this section we have cho-
sen a cluster of the same metallicity, but the conclusions drawn
from the clusters with very different metallicities® should be
taken with a grain of salt. As with the AGB models, we see that
IB model can predict the general trends of the observed data.
Although most stars exceed the abundance represented by the
maximum value of He, there is an important subset of stars that
follow the gray lines, showing that this scenario can predict the
qualitative trends for most clusters, specially in the case of the
N-C correlation.

We see in general that the average yields for IBs only show
significant changes for [Na/Fe], [N/Fe], and [C/Fe], staying

3 https://doi.org/10.5281/zenodo.13333930
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Fig. 3. Comparison of the observed abundances in NGC 3201 with the average (AV) and extreme (EX) polluter yields of the IB scenario. Left:
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Fig. 4. Comparison of the observed abun-
dances in NGC 6254 with the polluter yields
of the FRMS scenario. The numbers by the
o green circles indicate the slope of the IMF
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relatively constant for [O/Fe], [Al/Fe], and [Mg/Fe]. The extreme
yields, however, fix this problem for [O/Fe]. This is an issue even
for [Mg/Fe], whose the relative difference in abundance between
P1 and P2 stars is not as great as in other elements. In most cases
the average yields for N, C, and Na, and the extreme yields for
O are consistent with the maximum yields present in the clus-
ter. However, we note that for most GCs, when we take into
consideration the measured He value the scenario can only pre-
dict the spread in Na, but not any of the other elements studied.
Again, the AI-Mg correlation is worth noting, where we see that
[Mg/Fe] remains almost constant for any given value of [Al/Fe]
and that even the extreme IB yields cannot account for the spread
in Al in most clusters.

Specifically, Fig. 3 shows the comparison for NGC 3201 in
this scenario. As stated, the model underestimates the expected
abundances for N, C, Al, Mg, and O for a given value of He, as
the observed values are not constrained within the orange region.
On the other hand, the model predicts well the abundance of
[Na/Fe], since the observed values reach the orange diamonds.

This scenario manages to predict the qualitative trends for
NGC 3201. In other clusters, such as NGC 2808, it can correctly
predict the N values seen in the cluster. However, in general
the elements N, C, Al, and Mg are underestimated, while the
model manages to predict the value of Na and O within the estab-
lished uncertainties. It can only achieve this, though, considering
the most extreme yields found in the model and even then this
does not match the spread in [Al/Fe] and [Mg/Fe] seen in most
clusters.
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4.3. FRMS scenario

The scenario described by Decressin et al. (2007a,b) uses stars
with masses of 20—120 M, Q&r =095andZ =5x10"*as pol-
luters. As in the previous scenario, we have marked the measured
maximum AY with an orange diamond in Fig. 4. The green dots
that indicate the polluter yields are accompanied by the slope of
the initial mass function (IMF) of the stars that produced them.
The data for this model do not include predictions for [Al/Fe],
so we cannot analyze the correlation between Al and Mg for this
scenario. As with the IB model, the study only includes yields
for stars with one metallicity, so again, the cluster studied in this
section corresponds to this metallicity, but results for clusters
with very different metallicities should be treated with caution.

For the two correlations studied, [N/Fe] vs. [C/Fe] and
[Na/Fe] vs [O/Fe], the general trends of the data agree with the
observations. The stars in the cluster (blue circles) follow the
gray dilution lines for the studied elements. We see that there is
not much difference in the yields for clusters with different IMFs
(one with a Salpeter-like slope of 1.35 and another with 0.4)
and their yields correspond to the extreme values seen in most
GCs. However, the models predict almost no spread in [C/Fe]
and [O/Fe] for a given value of He and both [C/Fe] and [Na/Fe]
are underestimated. in most GCs.

Fig. 4 shows the results for the scenario for NGC 6254. We
see that the spread of the observed measurements is larger than
the model predictions for the abundances of [C/Fe] and [O/Fe].
In the case of [N/Fe] and [Na/Fe], the polluter yields match the
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extreme values seen in the cluster, however as mentioned previ-
ously, the observed values exceed the expected value determined
by the observed AY.

We also note that other works (e.g., Tsiatsiou et al. 2024;
Gormaz-Matamala et al. 2024; Nandal et al. 2024) analyze the
yields for different FRMS in a more general context, using
different velocity ratios, different masses, and different metallic-
ities with updated modeling techniques. We tested the yields in
Nandal et al. (2024), as their results use stars with metallicities
relevant to our study, and found that in general the results are in
agreement with the ones discussed in this section®*.

This pattern is repeated for most of the clusters studied. The
predicted values for the four abundances are underestimated, that
is to say, the observed values have a larger spread than the spread
allowed by the model, although the general trend between the
elements is correct.

In general all clusters studied follow these trends?.

5. Empirical model

As seen in the last section, none of these types of stars can satis-
factorily predict the peculiar abundances observed in GCs. The
theoretical yields are inherently subject to some uncertainty. To
test whether the differences between the observed and theoretical
yields are due to the uncertainties in the model, and whether
the manifestation of this phenomenon is consistent from clus-
ter to cluster or a fundamental problem in the self-enrichment
scenarios, we have adopted an ‘empirical’ model representing a
generic source of abundances. This model takes the ‘extreme’
P2 yields (95th percentile for N, Al, and Na and 5th percentile
for C, Mg, and O) of a cluster to be used as the polluter. Five
clusters of different metallicities (NGC 104, NGC 2808, NGC
6254, NGC 6388, and NGC 6397) were used to obtain the
corresponding pollutants. We used these clusters because they
have a wide range of abundances at different metallicities. This
allows us to test generic pollutants with a wide range of [Fe/H]
(-0.5. - 0.8,-1.1,-1.5,-2.0). Again, the clusters were com-
pared to the polluters with the corresponding closest metallicity.
Since this model contains only one dilution line, the maximum
value of AY is represented by an orange diamond. We show the
results for three clusters in Fig. 5. The selected clusters show the
most representative results for the empirical model and have the
most data available for them.

In contrast to the theoretical models, we see that the data
points always follow the gray lines, as is expected since these
models are based on observations. When taking into account AY,
we see that in most cases the empirical model correctly predicts
the maximum [Al/Fe]. For the majority of clusters studied, the
blue dots do not exceed the orange diamond. This, however, is
not the case for N and Na. In most of the clusters studied, the
measured [N/Fe] and [Na/Fe] surpass or fall short of the orange
diamond and are underestimated or overestimated, respectively.
It is important to note that the empirical model also shares the
same assumptions mentioned in Section 3 as the rest of the sce-
narios presented in this paper. Taking this into account, these
results may tell us that the decoupling of the elements is not nec-
essarily a problem of the theoretical calculation of the yields, as
it is also observed in this empirical model.

In the top row of Fig. 5, which shows the results for NGC
6121, we see as already mentioned, that the undiluted polluter
yields of [N/Fe] and [Na/Fe] match the extreme values of the
cluster (green points in Fig. 5), but the cluster stars are not

4 https://doi.org/10.5281/zenodo.13289206
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bound to the limit set by the orange diamond (observed AY) and
are therefore underestimated. However, [Al/Fe] is predicted cor-
rectly as the stars are bound to limit set by the observed AY.
The middle row of Fig. 5 shows NGC 3201. The results for this
cluster match the trends mentioned above and correctly predict
[N/Fe], [Al/Fe], and [Na/Fe]. Finally, the bottom row of Fig. 5
shows cluster NGC 6809. Here, the model correctly predicts both
[N/Fe] and [Al/Fe] but underestimates [Na/Fe].

In general, the empirical model cannot predict the distribu-
tion of [N/Fe] and [Na/Fe] abundances seen in clusters given
the observed AY. However, the model succeeds in predicting the
[Al/Fe] distribution of GC stars when AY is known. These results
suggest that the [Al/Fe] abundance variations scale linearly with
AY, but not the rest of the CNO elements.

Carretta et al. (2010) found that the interquartile range (IQR)
of the ratio between O and Na (O/Na) scales with M, (mass). We
reproduced the scaling relation present in that study, but do not
see a clear correlation between the other elements (i.e., Mg/Al
and C/N) and mass. Also, the scaling relation between the O/Na
ratio does not translate directly to a scaling relation between
just O or just Na with mass. These comparisons are shown in
Appendix A.

To verify these results, we compared the AY with the spread
of a given element A[el/Fe] of a given cluster, where
Alel/Fe] = log (101Felms — 10leFels ) 3)
Here p95 and p5 represent the 95th and 5th percentile of the
cluster’s abundance for a given element, respectively. The results
for [N/Fe], [Al/Fe], and [Na/Fe] are listed in Table 1.

The results for AY and A[Al/Fe] are shown in Fig. 6, where
each point in the figure represents a GC. To see if this relation-
ship also correlates with the mass or metallicity of the cluster,
we have color-coded the metallicity of the cluster in the top panel
and the (log) mass in the bottom panel. We show the Spearman
correlation coefficient, r;, between A[Al/Fe] and AY in the top
panel of the figure.

From this figure we can see that AY correlates with A[Al/Fe].
This suggests that the enrichment process of GC stars changes
the abundances of Al and He in the same way. That is, if the
process increases the amount of He present in the cluster, the
amount of Al increases proportionally. However, this is not the
case for other CNO elements such as N and Na (i.e., no signif-
icant correlations found between their scatter with AY). We can
also see that there is no trivial correlation between the mass or
metallicity in this trend (e.g. at a given A[Al/Fe], we find clus-
ters of different masses and [Fe/H]), leading us to believe that
the process does not depend strongly on these two factors.

6. Summary and conclusions

GCs contain multiple populations of stars with peculiar chem-
ical abundances that cannot be explained by stellar evolution.
To explain this phenomenon, researchers have developed self-
enrichment scenarios in which the ejecta of stars belonging to
the cluster contaminates the intracluster medium in which the
stars form, giving rise to peculiar abundances. These stars, called
polluters, must be able to produce the observed abundance vari-
ations and have a short enough lifespan so that the stars in the
cluster have negligible age spreads compared to the cluster age
(less than a few ~107 years).

To find out if the most popular self-enrichment scenarios can
reproduce the abundance spread seen in GCs, we tested theoreti-
cal predictions for three different types of polluter stars proposed
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Fig. 5. Results for the empirical model. From top to bottom: NGC 6121, NGC 3201, and NGC 6809. Each panel shows a different correlation, from

left

to right: [N/Fe] vs. [C/Fe], [Na/Fe] vs. [O/Fe], [Al/Fe] vs. [Mg/Fe].

to explain the distinctive chemical patterns found in GCs: AGB,

IB,

and FRMS stars. We used the latest chemical abundances

from the APOGEE survey and precise AY from HST photom-
etry. It is important to add here that Na and O were adopted
from Carretta et al. (2009a,b), because Na from APOGEE is not
reliable (e.g., Barbuy et al. 2023).

Our main results are:

The model yields of these stars were able to predict the gen-
eral trends of the observed abundances for the N-C and Na-O
relationships, that is to say, in general the blue dots follow
the gray lines predicted by the models in Figs. 2—4 and the
in general the clusters tested®.
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The AGB models manage to correctly predict the observed
[N/Fe] and [Al/Fe] distributions for 62% of the clusters, and
67% of the Na distribution, but only correctly predicted the
[C/Fe], [Mg/Fe], and [O/Fe] distributions for 46%, 26%, and
27% of the clusters respectively.

The AGB models also predicts that [Al/Fe] should increase
with [Mg/Fe], whereas the observations show the opposite.
In general, the models of AGB stars systematically underes-
timate the maximum of the observed distribution of [Al/Fe]
for the high metallicity clusters.

The chemical patterns of extreme P2 stars (high in Na and
Al, but low in O and Mg) do not follow any of the yields
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of AGB stars studied in this paper (i.e., either high-mass
or low-mass AGB stars). In fact, high-mass AGBs produce
high amounts of [Na/Fe] but low amounts of [Al/Fe], while
low-mass AGBs produce low [Na/Fe] and high [Al/Fe]. Fur-
thermore, high-mass AGBs predict an enrichment in [O/Fe]
and [Mg/Fe], in contrast to the behavior observed in the
studied GCs.

— Using IBs as the polluters, we found that the observed distri-
bution of [Na/Fe] and [O/Fe] could be reproduced for 67%
of the GCs studied. However, the observed distributions of
[N/Fe], [C/Fe], [Al/Fe], and [Mg/Fe] could only describe
35%, 23%, 15%, and 19% of the clusters respectively.

— The FRMS models underestimate the observed distribution
of all CNO elements in most GCs. The theoretical yields
reproduce the observed [N/Fe,] [C/Fe], [Na/Fe], and [O/Fe]
distributions of only 35%, 19%, 20%, and 7%, respectively,
of the clusters in our sample.

Overall, the theoretical abundances of the AGB, IB, and FRMS
polluters do not quantitatively reproduce the observed abun-
dance distributions, although they do match some of the qual-
itative trends. This is consistent with the results of Bastian et al.
(2015).

We built an empirical model using the abundances of
extreme P2 stars as an unspecified source of material polluted
with CNO elements. The goal is to find if a generic polluter
can explain the behavior of the peculiar abundances. This would
show whether this phenomenon is consistent from cluster to clus-
ter and if the inconsistencies between theoretical models and the
observations are due to uncertainties in the models or an inherit
issue with self-enrichment.

The empirical model reproduced well the observed distribu-
tions of [Al/Fe] for different clusters, given their AY. However,
the empirical model could not reproduce the observed distribu-
tions of the other CNO elements. Bastian et al. (2015) reported
such decoupling between Na abundance and AY, but no other
CNO elements were tested (missing the apparent link between
Al and He).

The results from our empirical model suggest that 1) the
mechanism responsible for the Al and the He enrichment,
increases both in a similar proportion (unlike the other CNO ele-
ments), and 2) the decoupling between the predicted Al and He
abundances and the rest of the CNO elements is not necessarily
a limitation of the theoretical models, as was also found for this
“empirical polluter”.

Of the various enrichment sources studied here, IBs have
considerable potential due to the large parameter space of possi-
ble IBs. In this work we have tested the predictions of a specific
IB system, so in principle other types of IBs may prove more
successful. For example, Nguyen & Sills (2024) computed a
grid of 204 IB models with primary masses between 10 and
40 M., periods between 2 and 700 days, and mass ratios between
0.15 and 0.9 at [Fe/H] = —1.4. Unfortunately, exploring such a
grid requires a different approach, which is beyond the scope
of this paper and will be the focus of a future study. Neverthe-
less, there are already some positive takeaways from Nguyen &
Sills (2024); for example, it has been shown that the mass bud-
get improves by a factor of ~6 compared to expectations if all
stars were single, and the timescale for the return of IB ejecta to
the intracluster medium is ~10 Myr, which is closer to current
observational constraints than many other proposed scenarios.
However, the models presented in Nguyen & Sills (2024) do not
overcome one of the main problems found in the de Mink et al.
(2009) model used in this paper, that is to say, the IBs do not pro-
duce the observed high amount of Al enrichment found in many
clusters, and can only account for GCs stars with moderate Al
enrichment (i.e., a few tenths of dex in [Al/Fe]).

Another type of polluter with interesting potential are very
massive stars (VMS, a few 10? M)’ Higgins et al. (2023) mod-
eled 50-500 M, stars at solar metallicity and discussed their
potential to explain the abundance patterns found in GC stars.
For example, they find that >100 M, stars are able to enrich their
winds with elements processed by hot CNO burning much more
than 50 M, stars, and the total mass loss is an order of magni-
tude higher than previously thought. These results go in the right
direction to mitigate some of the problems found in the simula-
tions of Lahén et al. (2024), which used different VMS models
(i.e., BoOST, Szécsi et al. 2022).

It is important to emphasize that this work has focused solely
on investigating the sources of contamination through the chem-
ical abundances predicted by theoretical (and empirical) models.
The assumptions of these models, such as the origin of the pri-
mordial material, how the cluster holds onto it, and the resulting

5 Not to be confused with super massive stars (SMS) with 103-10* M,
such as those from Denissenkov & Hartwick (2014) or Gieles et al.
(2018), whose existence remains speculative today.

A199, page 9 of 11



Vaca, R. J., et al

age spreads required for the polluters to contaminate the intra-
cluster medium were assumed to be correct in order to determine
whether these contaminants could replicate the observed data,
thus establishing the most favorable scenario. The results from
this paper show that none of the proposed contaminants (even
the unspecified empirical source) can accurately replicate the
full range of abundances observed in GCs, even under ideal
conditions. However, they do correctly represent the general
qualitative trends.

These results are expected to open the doors for further
studies on the origin of the peculiar abundances in GCs, in par-
ticular in models that can incorporate the discovered relationship
between He and Al abundances and their decoupling from the
abundances of the other CNO elements.
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Appendix A: Scaling relation between element

. rs =-0.1
ratios and mass N

p-value = 0.64

Fig. A.1 shows the results of comparing the IRQ of different 1.2

element ratios to cluster mass, similar to Carretta et al. (2010).
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Fig. A.1: Comparison of the IQR of different ratios between elements

versus the cluster mass. From top to bottom, we provide [C/N], [O/Na],
and [Mg/Al].
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