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ABSTRACT

A number of stellar sources have been advocated as the origin of the enriched
material required to explain the abundance anomalies seen in ancient globular clus-
ters (GCs). Most studies to date have compared the yields from potential sources
(asymptotic giant branch stars (AGBs), fast rotating massive stars (FRMS), high
mass interacting binaries (IBs), and very massive stars (VMS)) with observations of
speci“c elements that are observed to vary from star-to-star in GCs, focussing on
extreme GCs such as NGC 2808, which display large He variations. However, a con-
sistency check between the results of “tting extreme cases with the requirements of
more typical clusters, has rarely been done. Such a check is particularly timely given
the constraints on He abundances in GCs now available. Here we show that all of the
popular enrichment sources fail to reproduce the observed trends in GCs, focussing
primarily on Na, O and He. In particular, we show that any model that can “t clusters
like NGC 2808, will necessarily fail (by construction) to “t more typical clusters like
47 Tuc or NGC 288. All sources severely over-produce He for most clusters. Addition-
ally, given the large di�erences in He spreads between clusters, but similar spreads
observed in Na…O, only sources with large degrees of stochasticity in the resulting
yields will be able to “t the observations. We conclude that no enrichment source
put forward so far (AGBs, FRMS, IBs, VMS - or combinations thereof) is consistent
with the observations of GCs. Finally, the observed trends of increasing [N/Fe] and
He spread with increasing cluster mass cannot be resolved within a self-enrichment
framework, without further exacerbating the mass budget problem.

Key words: galaxies - star clusters, Galaxy - globular clusters

1 INTRODUCTION

Globular clusters (GCs) are known to display star-to-star
abundance variations in speci“c elements (e.g., He, Na, O,
Al) while appearing remarkably homogeneous in other el-
ements (e.g., Si, Ca, Fe - in most clusters). Most scenar-
ios attempting to explain the (non-)variations in speci“c
abundances invoke •self-enrichmentŽ, where certain stars
(a.k.a. polluters) within a cluster are able to enrich other
stars within the same cluster. These scenarios often invoke
multiple star-forming events as a means of getting the en-
riched material inside other stars. Due to the unique chem-
istry observed in GCs, stars undergoing •hot hydrogen burn-
ingŽ are preferred as polluters. Popular choices for the pol-
luters are massive asymptotic giant branch stars (AGBs -
5 Š 9 M� ), fast rotating massive stars (FRMS - > 20 M� ),

interacting massive binary stars (IBs - > 10 Š 20 M� ), and
very massive stars (VMS -> 104 M� ).

However, the pure ejecta from any of the polluting stars
mentioned above cannot explain the abundance trends. In-
stead, all self-enrichment scenarios include a contribution of
•primordial materialŽ, with abundances that match that of
the “rst (original) stars that formed in the cluster (for sce-
narios that invoke multiple star-forming events, this would
be the abundance patterns of the •1st generationŽ). In this
way, the polluted ejecta is diluted, allowing for a range of
abundances to appear within the cluster.

A straightforward way to test the basic validity of these
scenarios is to quantitatively compare the variations in cer-
tain elements to others, as these are explicitly linked once
the ejecta yields and primordial abundances are chosen. This
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is a particularly timely test, due to the constraints on He
spreads within GCs that are now available through high pre-
cision photometry of main sequence stars in comparison with
stellar models (e.g., Milone 2015). For example, D•Ercole et
al. (2010 - hereafter D10) found that the observed range
in the spreads of Na and O in the massive globular clus-
ter NGC 2808, was consistent with the large He spreads
inferred from an analysis of its colour-magnitude diagram
(CMD, e.g., Piotto et al. 2007), once a modi“ed set of yields
for massive AGB stars were adopted. However, Doherty et
al. (2014) have presented yields of modelled massive AGB
stars and have not con“rmed the general trends found in
the model yields of Ventura et al. (2013) or those adopted
in D10. These authors “nd that Na is not enhanced, and in
fact, that it is actually destroyed in most models. This calls
into question whether these stars are likely to be contribu-
tors to the anomalous abundances observed in GCs.

Cassisi & Salaris (2014) and Salaris & Cassisi (2014)
carried out a similar analysis of four GCs adopting the yields
for interacting binary stars of de Mink et al. (2009) and
the early disc accretion scenario of Bastian et al. (2013b).
The authors adopted simultaneous constraints on Na, O, He
and Li, and found that consistent dilution models could be
made for NGC 2808 and NGC 104 (47 Tuc), while no consis-
tent model could be found for NGC 6752. However, despite
these and a handful of other studies, quantitative compar-
isons between observations and theoretical predictions have
been lacking in the literature.

In the present work we develop simple dilution mod-
els for four popular choices of polluters: AGBs, FRMSs,
IBs, and VMSs. We quantitatively compare the observed
Na and O abundances with model predictions, taking into
account constraints obtained for each cluster on the maxi-
mum spread in He that is present. The goal of this study
is to test the basic yields for the suggested polluter stars,
without discussing the other aspects of each scenario (e.g.,
the origin of the primordial material, the mass budget prob-
lem). The paper is organised as follows; in § 2 we introduce
the observational data taken from the literature used in the
present work. In § 3 we develop the dilution models and dis-
cuss the yields adopted for each type of polluting sources,
while in § 4 we present our results. In § 6 and § 7 we discuss
our results and present our conclusions, respectively.

2 DATA FROM THE LITERATURE

For our analysis we obtained measurements of Na and O for
a number of stars in each clusters from the literature. The
data come from the works of Carretta et al. (2009) and Lind
et al. (2011). Additionally, for some clusters we made use of
the combined catalogue of Roediger et al. (2014), and refer
the reader to that work for references to the original papers
and a discussion of the data in detail.

Additionally, in order to better constrain the dilution
models, we adopted maximum He spreads, as determined
from analyses of CMDs, in particular spreads in the main se-
quence colours in ultraviolet and optical “lters (e.g., Milone
et al. 2014). The reference for each cluster is given in Ta-
ble 1. While the current techniques cannot place strict limits
on the absolute abundance of He in clusters, they are very
sensitive to He spreads, which is what we exploit in the cur-

rent work. We note that if other e�ects may also a�ect the
CMD that are not taken into account in isochrone modelling
(e.g., star-spots and/or strong magnetic “elds), the actual
He spreads will be less than that inferred from CMD anal-
yses. Hence, the reported He spreads are likely to be upper
limits to actual He spreads.

Throughout this work we have assumed that all of the
primordial material (for all clusters) had an original He
abundance of Y = 0 .25.

Photometric studies (e.g., Piotto et al. 2015) have
shown that many GCs display discrete populations in their
main-sequences or red giant branches. Additionally, there
is also evidence of discrete populations in some GCs based
on their chemical abundances (e.g., Carretta 2014). This fea-
ture may eventually provide a strong constraint when evalu-
ating potential models for the origin of multiple populations,
as most models do not account for discreteness naturally,
but instead require new parameters and some level of “ne-
tuning. However, in the current work, whether or not the
ranges of elemental abundances are made up of discrete or
continuous distributions will not a�ect our interpretation.
Throughout this work we discuss •spreadsŽ in abundances
by which we mean either continuous spreads or the di�er-
ence between discrete populations.

3 DILUTION MODELS AND YIELDS

As discussed in § 1 the simplest model for the expected
abundance trends in GCs is made by taking yields from the
proposed sources of enrichment (i.e. stars from the 1st gen-
eration that are providing the enriched ejecta) and combine
these with pristine material (i.e., the material with abun-
dances identical to the 1st generation stars). For each stellar
yield (either for stars of di�erent masses, time steps, or forms
of the IMF, see below) we mix that yield (for all elements)
with the primordial abundance for a variety of fractions,
from entirely primordial material (f mix = 0) to material
made up entirely from the ejecta from the polluting stars
(e.g., AGB stars, FRMS, interacting binaries), f mix = 1.
In particular, we trace the expected abundances of Na, O,
and He for di�erent mixing fractions. By just focussing on
the yields, coupled with simple dilution models, we will not
need to worry about timescales or the physics behind the
retention of the ejected/primordial gas and the secondary
star-formation within the clusters. These complications have
been discussed elsewhere (e.g., D10; Conroy & Spergel 2011;
Bastian et al. 2013a, 2014; Bastian & Strader 2014; Cabrera-
Ziri et al. 2014; 2015; Longmore 2015).

For the AGB scenario we adopt three sets of yields. The
“rst is taken from D10, which in turn were based on the
calculations of Ventura & DAntona (2009) for stars with
[Fe/H] � Š 1.3. D10 extrapolated and changed some yields
from the Ventura & D•Antona (2009) models, based on •ed-
ucated guessesŽ, in order to reproduce the abundance trends
observed in the •extremeŽ stars in NGC 2808. These extrap-
olations were done to include •super-AGBŽ stars, i.e. AGB
stars with masses of 8Š 9M� .

In order to compare with more direct AGB predictions,
we also use the yields calculated in Ventura et al. (2013 -
hereafter V13). As for D10 we adopt the models of [Fe/H] �
Š1.3, but we explore the role of metallicity in these calcu-
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lations in § 6.2. For stars with masses less than 6 M� the
yields of V13 and D10 are very similar. However, large di�er-
ences exist for stars� 6.5 M� . The yields of these stars have
been adjusted in D10 to match observations of NGC 2808,
whereas the actual predictions of the models are used in
V13. The two sets of models can be compared in the top left
and right panels of Fig. 1.

We have also investigated the yields of super-AGB
stars in the Doherty et al. (2014) calculations as compared
to the D10 and V13 results. Again we adopt the models
with [Fe/H] � Š 1.3. These stars produce high He yields
(Y = 0 .36) but do not produce signi“cant amounts of Na,
remaining near the primordial abundance level. Doherty et
al. (2014) concluded that these stars are unable to reproduce
the extreme stars and also the main populations within the
observed clusters. Due to the clear discrepancy, we do not
show the models superimposed with observed GC stars.

Next, we adopt the yields from Decressin et al. (2007)
for the FRMS scenario, who ran models for [Fe/H] � Š 1.5.
These authors provide the stellar IMF weighted yields for
two di�erent stellar IMFs (with mass function indices of
x=1.35 (i.e., Salpeter) and x=0.4). As can be seen from the
lower left panel of Fig. 1, the two sets of yields do not di�er
signi“cantly.

Additionally, we use the expected yields for interacting
binaries from the calculations of de Mink et al. (2009 - here-
after dM09), who adopted [Fe/H] � Š 1.5. We show two sets
of yields, one for the •average yieldŽ from the ejecta from
the modelled system, and one for the •extreme yieldŽ (o�
the plot), which represents the most extreme yields found in
their model. One strong caveat to these yields is that they
are based on a single calculation of one binary system. The
yields from interacting binaries are expected to depend on
at least three parameters; 1) the mass ratio of the system,
2) the mass of the primary star, 3) the evolutionary phase
when the stars begin interacting (dM09). Whether or not
the yields reported in dM09 are representative of the full
range of yields of a full population (sampling the three di-
mensional parameter space) is currently unclear, and future
models will need to address this. As we will see, the poten-
tial for large stochastic variations in the yields is one of the
most promising aspects for this particular polluter.

Finally, we test very massive stars (VMS) as potential
polluters (Denissenkov & Hartwick 2014), and use the yields
of Denissenkov et al. (2015). The enriched material from
VMS stars is extremely de“cient in O, while being enhanced
in Na and He. The results are largely similar to that found
for the IB and FRMS scenarios and will be discussed in § 4.4.

We note that the yields of all the potential sources of
enrichment are uncertain at some level (e.g., as seen in the
large di�erences between model AGB yields in V13 and
Doherty et al. 2014). In order to test whether the lack of
agreement between the predictions and observations is due
to uncertainties in the model yields, or rather re”ects a
more fundamental problem with self-enrichment scenarios,
we will also compare the observations with •empiricalŽ di-
lution models, based on the primordial and •extremeŽ stars
observed in speci“c clusters. These tests and results are dis-
cussed in§ 5.

All yields have been scaled from the initial abundance
used in the models to the adopted •primordial abundancesŽ
observed in each cluster, i.e., we assumed that the amount of

enrichment or depletion was independent of the initial abun-
dances. This was done by shifting the initial abundance of
the models (in [Na/Fe] and [O/Fe]) to the •primordialŽ value
for each cluster. This results in the same range of abundance
variation for each cluster as found in the models. Such shifts
have also been carried out in D10, and result in the most
optimistic match between the observations and the models.

Finally, we note that there is still a major open question
for many dilution models, namely where does the gas with
primordial abundance patterns come from? This question
is beyond the scope of the current paper, where we simply
assume that such a reservoir exists, but we note that this
may be a fundamental stumbling block for scenarios that
invoke multiple episodes of star formation and has been dis-
cussed at length in a number of recent works (e.g., Bastian
et al. 2014; Bastian & Strader 2014; Cabrera-Ziri et al. 2015;
Hollyhead et al. 2015).

4 RESULTS

4.1 AGB scenario

The basic idea of the AGB scenario is that the ejecta of AGB
stars of a “rst generation within a massive cluster cannot es-
cape the gravitational potential well. This ejecta cools and
fall to the centre of the cluster. The cluster then accretes
material that matches the abundances of the “rst generation
which mixes with the AGB ejecta and forms subsequent (sec-
ond and further) generations. The timing of the re-accretion
of pristine material is critical (e.g., D10, Cabrera-Ziri et
al. 2015), and thus far, it is not clear where this material
comes from1.

Here, we use the yields of three sets of calculations for
massive and super-massive AGB stars as input for our dilu-
tion model (see § 3).

4.1.1 Yields from D•Ercole et al. 2010

In the upper left panel of Fig. 1 we show the yields and dilu-
tion models adopting the values of D10. For comparison we
also show the observed spread of stars in NGC 104 (47 Tuc)
as “lled (red) circles. Additionally, NGC 104 has been stud-
ied photometrically by di Criscienzo et al. (2010) and Milone
et al. (2012c) who found a maximum He spread (�( Y )max )
of 0.03. If these yields (D10) are adopted, the region permit-
ted in Na…O space, based on the He constraints, is shown
as a shaded region. Note that cluster stars are found with
O abundances signi“cantly below the allowed range (i.e.,
shaded region), which would require �( Y ) � 0.1 in order to
explain them with this model/yields. Hence, it is clear that
the observations of NGC 104 cannot be reproduced by the
AGB yields of D10.

1 Conroy & Spergel (2011) suggest that clusters retain � 10% of
their initial stellar mass in gas, which acts as a net, sweeping up
material from the ISM as the cluster moves through the galaxy.
However, this process would not match the observed abundance
spreads in GCs (cf. D•Ercole et al. 2011). Furthermore, clusters
which are above the mass limit where this e�ect is expected,
do not have such gas/dust reservoirs (Bastian & Strader 2014;
Cabrera-Ziri et al. 2015).
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Table 1. Observations used in the current work. [Fe/H] values were taken from Harris (1996; the 2010 version). Note that Roediger et
al. (2014) is a compilation of data from a number of papers. We refer the interested reader to that paper for more details. 1These studies
place independent constraints on the He spread based on the Horizontal Branch morphology of the clusters. 2We note that Larsen et
al. (2015) place a signi“cantly lower limit on the maximum He spread within NGC 7078 (i.e., �( Y )max < 0.03).

Cluster �( Y )max [Fe/H] [Na/Fe] and [O/Fe] �( Y )
reference reference

NGC 104 0.03 -0.72 Roediger et al. (2014) di Criscienzo et al. (2010), Milone et al. (2012c); Gratton et al. (2013) 1

NGC 288 0.013 -1.32 Carretta et al. (2009) Piotto et al. (2013)
NGC 2808 0.14 -1.14 Roediger et al. (2014) Milone et al. (2012b); Dalessandro et al. (2011) 1

NGC 6121 0.04 -1.16 Carretta et al. (2009) Villanova et al. (2 012)
NGC 6397 0.01 -2.02 Lind et al. (2011) di Criscienzo et al. (2010), Milone et al. (2012a)
NGC 6752 0.035 -1.54 Roediger et al. (2014) Milone et al. (2013)
NGC 7078 0.0532 -2.37 Roediger et al. (2014) Milone et al. (2014); Milone et al. (in prep.)
NGC 7099 0.030 -2.26 Carretta et al. (2009) Mucciarelli et al. (2014)

In Fig. 2 we show similar models for eight other clus-
ters with available data on the Na…O spreads as well as He
spreads. We note that all clusters have stars that extend
much further in Na…O space than would be expected given
the observed constraints on the He spreads. As has been
noted elsewhere (e.g. Doherty et al. 2014) AGB stars are
not able to reproduce the extreme stars in NGC 2808.

D•Ercole et al. (2012) have used these same yields and
a similar dilution model (albeit with substantially more free
parameters as they attempt to match relative numbers of
stars of di�ering compositions, hence timing of the pollu-
tion/dillution is important, although the allowed range in
Na, O and He is the same as found in the present work) and
have applied it to the observations of Marino et al. (2008)
of NGC 6121 (M4). The authors “nd a good match between
their model and the observations, simultaneously reproduc-
ing the Na, O and He spreads, although they predict a rela-
tively small population of extreme He enriched stars that are
not found in the photometric analysis. However, the observa-
tions of Carreta et al. (2009), used in the current work, con-
tain a number of stars with lower O abundances than seen
in the Marino et al. (2008) catalogue. These stars require
signi“cant He enrichment for the D10 yields, which explains
the di�erences between the results presented here and those
of D•Ercole et al. (2012). However, we note that NGC 6121
and NGC 7078 are the two clusters with the smallest incon-
sistencies between observations and model predictions.

Based on the observed spreads in Na…O in most clusters
in the present sample, He spreads of �( Y ) = 0 .1 should be
the norm. However, as seen in the compilation of Milone et
al. (2014), more typical spreads are �( Y ) = 0 .01 Š 0.05.

We have also investigated the yields of a mixture of
AGB stars of di�ering masses. This is meant to represent
a situation where the mass reservoir within a cluster builds
up for an extended period, before the second generation of
stars forms, so that the second generation is made up pris-
tine material as well as AGB stars of di�ering masses. In
order to see the maximum a�ect we took the D10 yields for
9 M� and 5 M� stars. These were chosen in order to obtain
the largest range in [O/Fe] as well as to minimise the spread
in He (the 5 M � models produce the lowest amount of He).
However, the He yields for AGB stars do not vary strongly
as a function of mass, so even the lowest mass stars still
contribute signi“cant amounts of He (� Y = 0 .07). Because

of this the resulting dilution diagram does not change sig-
ni“cantly, in terms of the He production, than for dilution
models considering a single stellar mass (i.e., those shown in
Fig. 2). Hence, the problem discussed above, of AGB stars
producing too much He in order to “t most of the observed
clusters still remains even if polluter stars of di�erent masses
are considered.

4.1.2 Yields from Ventura et al. 2013

In the upper right panel of Fig. 1 we show the yields and
dilution models adopting the yields of V13. These yields
come directly from AGB evolution calculations, and are not
adjusted to match the patterns observed in GCs (contrary
to the yields of D10). For the present analysis we adopt
the yields for Z = 10 Š 3 , but models with higher and lower
metallciity are discussed in § 6.2. These yields su�er from
the same problems as the D10 yields, which were discussed
above. Again, the observed stars display much large spreads
in O than can be accommodated by the model and the
constraints imposed by the observed small He spreads. In
Fig. 3 we show dilution models based on the V13 yields for
NGC 104 and seven other GCs.

4.1.3 Yields from Doherty et al. 2014

As discussed in § 3, the yields from Doherty et al. (2014)
have Na abundances signi“cantly lower than V13, but have
similar He abundances. Hence, as noted by these authors,
the super-AGB stars considered in that work, cannot be
responsible for the abundance spreads seen in GCs.

4.1.4 Yields combing di�erent masses

In the comparisons done so far, between the expected yields
plus dilution and observations, we have taken the ejecta of
a single AGB star and diluted it with pristine material. The
results show that such combinations cannot reproduce the
observations, as the resultant material (i.e., the •second gen-
erationŽ stars formed) would be expected to have He spreads
much larger than that found in the observations. One could
imagine, however, that di�er ent masses of AGB stars con-
tribute to the gas reservoir that is then mixed with primor-
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