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ABSTRACT

We searched for clues to understand the different Na abundances measured in first and second generation stars of ancient Milky Way
globular clusters. For that purpose, from the recent literature, we gathered the aforementioned Na abundances, orbital parameters,
and structural and internal dynamical properties and ages in a homogeneous scale of 28 globular clusters. We found that the intra-
cluster Na enrichment, which is measured by the difference of Na abundances between first and second generation stars, exhibits a
trend as a function of the Na abundances of first generation stars, in the sense that the more Na-poor the first generation stars are,
the larger the Na enrichment is. By using the inclinations of the globular clusters’ orbits, the analyzed Na enrichments also hinted
at a boundary at ∼0.3 dex to differentiate globular clusters with an accreted or in situ origin, the accreted globular clusters having
larger Na enrichments. Because relatively larger intra-cluster Na enhancements are seen in accreted globular clusters and small Na
enhancements are observed in globular clusters formed in situ, although not exclusively, we speculate that the amplitude of the Na
enrichment may be linked with the building block paradigm. Globular clusters at the time of formation of first and second generation
stars would seem to keep a memory of this hierarchical galaxy formation process.

Key words. globular clusters: general – methods: observational

1. Introduction

Multiple populations is a phenomenon commonly observed
in Milky Way globular clusters, which exhibit stellar popula-
tions with distinctive chemical abundance patterns (Gratton et al.
2004; Bastian & Lardo 2018). Among the chemical elements
that witness such a wide range of values, Na has become the
flagship. This is because it has been measured in every stellar
aggregate harboring multiple populations, so that intrinsic Na
spreads have been used as observational evidence. The mech-
anism that triggers the enhancement of Na, and light elements
in general, is still under debate; a summary of the elements
can be found in Wang et al. (2020). The most frequently dis-
cussed scenarios suggest the existence of polluters inside the
clusters, which are responsible for the chemical enhancement,
namely: intermediate-mass asymptotic giant branch stars, fast
rotating massive main sequence stars, interacting massive bina-
ries, and super massive main sequence stars. These polluters
would enrich the intra-cluster medium in a remarkably short
space of time – from nearly zero to the order of tens up to a cou-
ple hundred million years – compared with the globular clusters’
ages (Oliveira et al. 2020; Saracino et al. 2020; Cassisi & Salaris
2020).

Recently, Marino et al. (2019) compiled Na abundances for
first and second generation stars in 28 Milky Way globular clus-
ters. From the position of these stars in the chromosome map
(Milone et al. 2017), they identified two types of globular clus-
ters, called Type I and Type II globular clusters. More than 80%
of the globular clusters studied by them turned out to be Type I,
whose chromosome maps look much simpler than those of

Type II. With the aim of analyzing the global properties of multi-
ple populations, they built a universal chromosome map, which
revealed a tight connection with Na abundances. First genera-
tion stars are usually associated to those that formed at the time
of the globular cluster formation, so that their chemical com-
positions are subject to the metallicity content of the cloud out
of which the globular cluster was formed. Since some globular
clusters were formed in dwarf galaxies that were later accreted
by the Milky Way, while others formed in situ (Kruijssen et al.
2019), the Na abundances of their first generation stars should
follow the galactic chemical enrichment at the time of galaxy
formation. Indeed, Na abundances of first generation stars in the
globular clusters studied by Marino et al. (2019) span a range of
values.

As far as we are aware, there is no explanation for the level
of Na abundances of second generation stars, which also shows
a range of values among globular clusters. As such, we address
this issue in this work, with the aim of providing some clues as
to the origin of second generation stars. In Sect. 2, we describe
the data we gathered in order to carry out our analysis, while we
discuss our findings in light of a cosmological context in Sect. 3.

2. The data

We make use of the following four different pieces of infor-
mation: the Na abundances compiled by Marino et al. (2019);
dynamical properties, such as the semi-major axis, the eccentric-
ity, the inclination of the globular clusters’ orbits, and their space
velocity components (Vr, Vθ, Vφ), taken from Piatti (2019); the
structural and internal dynamics evolutionary properties (e.g.,

Article published by EDP Sciences A77, page 1 of 7

https://doi.org/10.1051/0004-6361/202039128
https://www.aanda.org
https://www.edpsciences.org


A&A 643, A77 (2020)

half-mass relaxation times, the ratio of the cluster mass lost
by tidal disruption to the total cluster mass, and the Jacobi
radius), which were computed by Baumgardt et al. (2019) and
Piatti et al. (2019); and the globular clusters’ ages, which were
homogeneously obtained by Valcin et al. (2020), using the same
method, putting them in the same age scale. We note that the
inclination of the globular clusters’ orbits (i) ranges from 0◦ for
fully prograde in-plane orbits to 90◦ for polar orbits to 180◦ for
in-plane retrograde orbits.

Following the percepts of Forbes & Bridges (2010), we con-
sider retrograde motions to be the signature of globular clus-
ters that have been accreted in the opposite rotational sense as
the main bulk of the Milky Way’s rotation. We note, however,
that accreted globular clusters can also have prograde orbits. For
this reason, Forbes & Bridges (2010) also investigated the age-
metallicity relationship as a diagnostic tool to disentangle glob-
ular clusters that accreted and formed in situ. Here, we adopt the
results obtained by Piatti (2019) from the analysis of the distri-
bution of i values of 156 Milky Way globular clusters; they found
a similar number of accreted globular clusters with prograde and
retrograde orbits. In the subsequent analysis, we bear in mind
that among the 28 globular clusters analyzed here, there could
be a similar number of accreted globular clusters with prograde
orbits as with retrograde ones.

As far as the completeness of the globular cluster sample is
concerned, Marino et al. (2019) point out that they described the
universal properties of globular clusters in the chromosome map,
so that any globular cluster can be found with Na abundances
for first and second generation stars within the quoted ranges.
In this sense, the analyzed Na abundances are representative of
those for the entire Milky Way globular cluster population. In
what follows, we refer to [Na/Fe] first and second generation
stars simply by 1G and 2G, respectively.

3. Analysis and discussions

As shown by Marino et al. (2019), Na abundance are spread
among Milky Way globular clusters. Figure 1 shows that the
intra-cluster enhancement in the Na abundances (2G–1G) is not
random, but it follows a trend with 1G, in the sense that the more
Na-poor the first generation stars, the higher the Na enhance-
ment. In the figure, we distinguish four quadrants defined by
the horizontal line at 2G–1G = 0.3 dex and the vertical line at
1G = 0.0 dex. We note that no globular cluster occupies the quad-
rant delimited by 2G–1G< 0.3 dex and 1G< 0.0 dex. Pal 6 has
an Na abundance of −0.46± 0.02 dex and is the first convinc-
ing example of a single-population globular cluster; although,
its present mass (log(M/M�) = 4.83) is much higher than the
lower mass limit of globular clusters with multiple populations
(Villanova et al. 2013; Cassisi & Salaris 2020). By adopting
2G–1G = 0.0 dex for Pal 6, we find that it falls outside the range
of 1G values for globular clusters with multiple populations. The
different levels of 1G – analogs to field stars – shows that globu-
lar clusters formed in environments with different primordial Na
abundances.

It has been shown that the most Na-poor limit in dwarf galax-
ies is lower than the Na abundance of Milky Way field stars,
with some exceptions (Colucci et al. 2012; Ishigaki et al. 2014;
Battaglia et al. 2017; Villanova et al. 2019; Salgado et al. 2019;
Matsuno et al. 2019; Aguado et al. 2020). Therefore, first gener-
ation stars of globular clusters formed in accreted dwarf galaxies
should mostly have Na abundances lower than their counterparts
of globular clusters that formed in situ, which explains the range
of 1G values seen in Fig. 1. The Na abundance of field stars that
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Fig. 1. Difference of Na abundances between first and second gen-
eration stars versus that for the first generation stars. Typical error
bars are included. Black, magenta, and yellow circles represent the
globular clusters located in three different quadrants, defined by 2G–
1G = 0.3 dex and 1G = 0.0 dex. Large open red circles represent Type II
globular clusters.

formed in situ is nearly 0.0 dex (see, e.g., Hill et al. 2019), so
that we can assume 1G = 0.0 dex as a first guess for a representa-
tive boundary to differentiate between globular clusters that were
accreted from those that formed in situ. We note, however, that
there could be accreted globular clusters with Na abundances
of first generation stars similar to that of globular clusters that
formed in situ.

According to the building block paradigm (White & Rees
1978; Font et al. 2011), dwarf galaxies that formed in an earlier
Universe are expected to be older and more chemically deficient
than galaxies that formed from the assembly of those primordial
dwarfs. Figure 2 shows that the 1G values, which refer to the
most Na-poor values of the galaxies where the globular clusters
formed, hints at an age-Na abundance relationship in agreement
with the mentioned galaxy formation scenario. As can be seen,
globular clusters younger than 12 Gyr are more Na-rich than
0.0 dex, while the most Na-poor globular clusters (1G< 0.0 dex)
are among the oldest ones. Nevertheless, there are old globu-
lar clusters with Na-rich values (1G> 0.0 dex), which somehow
reveals that the Na enrichment was more intense during the first
∼2 Gyr. We point out that, because of the relative short space of
time between the formation of first and second generation stars,
second generation stars in accreted globular clusters have formed
before the globular clusters that were accreted to the Milky Way.
This means that the difference between 2G-1G is a measure of
the intra-cluster Na enhancement at the time of the globular clus-
ter formation.

We played with the different globular cluster parameters
mentioned in Sect. 2 and found that the inclination of the glob-
ular clusters’ orbits can help to recognize globular clusters that
were accreted from versus those that formed in situ. The remain-
ing astrophysical parameters do not show any clear correlation
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Fig. 2. Na abundance of first generation stars versus the globular clus-
ters’ ages. Typical error bars are included. Symbols are the same as in
Fig. 1.
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Fig. 3. Difference of Na abundances between first and second genera-
tion stars versus the inclination of the globular clusters’ orbits. Typical
error bars are included. Symbols are the same as in Fig. 1.

with 1G nor with 2G–1G (see Appendix A). Figure 3 shows that
globular clusters with retrograde orbits (i > 90◦), and hence with
an accreted origin, have 2G–1G> 0.3 dex. These globular clus-
ters are Na-poor (1G< 0.0 dex, black circles in Fig. 1) and older
than 12 Gyr (see Fig. 2), or old and Na-rich. In either case, their
orbital inclinations, ages, and Na abundances agree well with
having formed in accreted dwarf galaxies. Therefore, we adopt
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Fig. 4. Difference of Na abundances between first and second gener-
ation stars versus the globular clusters’ ages. Typical error bars are
included. Symbols are the same as in Fig. 1.

2G–1G = 0.3 dex as a boundary to differentiate between globu-
lar clusters with accreted or in situ origins. According to Piatti
(2019), half of the accreted globular clusters could have pro-
grade orbital motions (i< 90◦). In this sense, the older and more
Na-poor globular clusters (black circles) in the top-left quadrant
would correspond to accreted globular clusters (see also Fig. 1),
as well as some of the magenta ones. We note that it is not pos-
sible to assess a globular cluster’s origin using Fig. 3 for those
with 1G> 0.0 dex, 2G–1G> 0.3 dex, and ages older than 12 Gyr.
Figure 1 can also be used as a complementary diagnostic dia-
gram. The trend shown in the figure can now be interpreted in
terms of the frequently referred to cosmological hierarchy of
galaxy formation. The oldest globular clusters formed in pri-
mordial dwarf galaxies with very deficient Na abundances, while
those that formed in the Milky Way had more Na-rich values.

The globular clusters seen in Fig. 1 not only have differ-
ent 1G values, but also Na enhancements (2G–1G). A possible
interpretation for such a difference between these two groups
of globular clusters can be drawn from Fig. 4, where the Na
enhancements are plotted as a function of the globular clusters’
ages. Figure 4 reveals some broad correlations, in the sense that
the older globular clusters are, the higher the intra-cluster Na
enhancement is. As discussed above, most of the black and some
magenta circles could represent the globular clusters that formed
in dwarf galaxies, which were later involved in the assembly of
the Milky Way. Therefore, some globular clusters that formed
inside these first galaxies could have experienced more vigorous
enhancement processes during their formation, which resulted
in a wider range of Na abundances, as compared with most of
the globular clusters that formed in situ. In other words, the Na
enrichment inside globular clusters would seem to have been
more efficient in the early Universe than at the time of forma-
tion of globular clusters in the Milky Way. This picture leads
us to speculate about some kind of loss of strength or decelera-
tion of the Na enrichment process inside the globular clusters. If
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Table 1. Origin of Milky Way globular clusters.

Star cluster Progenitor Adopted orbit’s inclination (◦)

NGC 104 Main disk (4) In situ 27.8
NGC 288 Gaia-Enceladus (1, 6) Large satellite 124.8
NGC 362 Gaia-Enceladus (1, 6), Kraken (2), Gaia-Sausage (3) Large satellite 85.4
NGC 1851 Gaia-Enceladus (1, 6), Canis Major (2); Gaia-Sausage (3) Large satellite 93.8
NGC2808 Canis Major (2), Gaia-Sausage (3), Gaia-Enceladus (4, 6) Large satellite 13.1
NGC 3201 Kraken (2), Sequoia (5, 6), Gaia-Enceladus/Sequoia (4) Large satellite 152.3
NGC 4590 Canis Major (2), Helmi streams (4, 6) Large satellite 41.0
NGC 4833 Gaia-Enceladus (1) Large satellite 44.2
NGC 5024 Helmi streams (4, 6) Large satellite 74.8
NGC 5139 Gaia-Enceladus (1), Kraken (2), Sequoia (5, 6) Large satellite 138.1
NGC 5272 Kraken (2), Helmi streams (4, 6) Large satellite 56.4
NGC 5286 Gaia-Enceladus (1, 6), Canis Major (2), Gaia-Sausage (3) Large satellite 125.2
NGC 5904 Kraken (2), Helmi streams (4, 6)/Gaia-Enceladus (4) Large satellite 74.1
NGC 5986 Low-energy (4), Koala (6) Small satellite 60.9
NGC 6093 Low-energy (4), Koala (6) Small satellite 97.0
NGC 6121 Los-energy (4), Kraken (2) Small satellite 5.0
NGC 6205 Gaia-Enceladus (1,6), Canis Major (2) Large satellite 105.0
NGC 6254 Low-energy (4), Koala (6) Small satellite 42.8
NGC 6362 Main disk (4) In situ 44.2
NGC 6397 Main disk (4) In situ 47.1
NGC 6535 Sequoia (5, 6)/low-energy/Sequoia (4) Large satellite 161.4
NGC 6715 Saggitarius (2,6) Large satellite 83.6
NGC 6752 Kraken (2), Main disk (4) In situ 26.0
NGC 6809 Low-energy (4) Small satellite 67.3
NGC 6838 Main disk (4) In situ 11.9
NGC 7078 Canis Major (2), Main disk (4) In situ 28.6
NGC 7089 Gaia-Enceladus (1, 6), Kraken (2), Gaia-Sausage (3) Large satellite 84.1
NGC 7099 Gaia-Enceladus (1, 6) Large satellite 118.5

References. (1) Helmi et al. (2018); (2) Kruijssen et al. (2019); (3) Myeong et al. (2018); (4) Massari et al. (2019); (5) Myeong et al. (2019);
(6) Forbes (2020).

the second generation of stars were the result of the interaction
of binary stars, the ejecta of asymptotic giant branch stars, fast
rotating main sequence stars, or stellar mergers, among others
(Wang et al. 2020), the above findings would imply that those
processes would have lost effectiveness in producing Na-rich
stars. The lack of detection of multiple populations in star clus-
ters younger than 2 Gyr and less massive than ∼105 M� (see
Fig. 32 in Cassisi & Salaris 2020) could be a sign of a loss of
Na enhancement. Indeed, cluster mass would not seem to drive
multiple populations as very old globular clusters that are less
massive than 105 M� harbor multiple populations.

Type II globular clusters are characterized by having addi-
tional sequences in the chromosome map in comparison with
Type I globular clusters. These additional sequences consist of
red giant branch stars, which can have Na abundances similar or
higher than the so-called second generation stars. For this rea-
son, the total Na enhancement in these globular clusters could
be a little higher than the respective (2G–1G) value. Type II
globular clusters are also enhanced in metallicity and, in some
cases, s-process elements. These characteristics refer to a rela-
tively faster nucleosynthesis process than the one that could take
place in Type I globular clusters, which in turn match the features
of accreted globular clusters found in our diagnostic diagrams.
As can be seen, all Type II globular clusters in our sample have
Na enhancements higher than 0.3 (see Fig. 1), and half of them
have retrograde orbital motions (see Fig. 3).

We note that Na enhancement has been the most fre-
quent observational evidence to assess the existence of multiple

populations. Here, we show that the amplitude of such an Na
enrichment could be linked with the powerful strength deployed
in the early Universe, which became a more quiescent nucle-
osynthesis activity soon after. Although multiple populations
seem to arise from within the star clusters as a result of intra-
cluster processes (e.g., interactions between stars), the star clus-
ters at the time of formation of first and second generation stars
would seem to keep a memory of that cosmological vitality.
Therefore, host galaxies would play a role in the existence of
the multiple population phenomenon. We note that Milone et al.
(2020) did not find any significant differences in the multiple
populations between star clusters associated with different pro-
genitors (see also Saracino et al. 2020). However, there has been
a number of numerical and observational works attempting to
describe the formation of globular clusters with multiple pop-
ulations that are in very good agreement with some aspects of
the intra-cluster Na enrichment scenario suggested in this work
(see, e.g., Bekki 2006; Carretta et al. 2010; Maxwell et al. 2014;
Battaglia et al. 2017; Santistevan et al. 2020).

We distinguish globular clusters with an accreted origin or
those that formed in situ based on a combination of their kine-
matics (prograde versus retrograde orbits) and the Na abun-
dandes of first and second generation stars. Recently, a fairly
substantial piece of work has dealt with the classification of
Milky Way globular clusters, according to the progenitors to
which they could be associated. Table 1 shows such a compi-
lation of possible progenitors. The last column lists the status of
the globular clusters’ origins adopted in this work. Piatti (2019)
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Fig. 5. Relations between Na abundances of
first and second generation stars, the inclina-
tion of the globular clusters’ orbits (i), and
their ages. Globular clusters, with an accreted
origin from known large and small satellites,
and those that formed in situ are represented
by blue, red, and green filled circles, respec-
tively. Typical error bars are included.

extensively discusses the different classifications of Table 1,
showing that there is some overlap in the list of globular clus-
ters associated to each progenitor. Another aspect worth men-
tioning is that we find globular clusters with prograde and
retrograde orbits among those associated to a particular progen-
itor. This means that the selection of globular clusters associated
to accreted dwarf galaxies based on their angular momentum,
their energies, or on age-metallicity relationships, separately, is
not sufficient selection criteria.These astrophysical properties, in
addition to other properties, would seem to be needed. The ratio
of accreted to in situ globular clusters is also different in those
studies, so that it is still an open question whether the accreted
globular clusters have been shaped by minor mergers or by one
major merger event. Despise the above constraints, it is still use-
ful to explore whether the results found in this work can be
globally tracked considering the adopted progenitors of Table 1.
Figure 5 depicts the relationships between 1G and 2G–1G with i
and the globular clusters’ ages as in Figs. 1–4. As can be seen in
these figures, there is a broad correspondence that supports the
present outcomes, in the sense that larger Na enhancements are
seen in globular clusters associated to accreted satellites.

Tolstoy et al. (2009) showed that the [Na/Fe] ratio varies
as a function of [Fe/H] even in Milky Way field stars, and it
can be significantly subsolar at moderately low metallicities.
Carretta et al. (2009) showed that the minimum [Na/Fe] in glob-
ular clusters follows this trend quite well. With the updated com-
pilation of [Fe/H] abundances for first and second generations
stars by Marino et al. (2019), we built Fig. 6 (top panels), which
shows that such a correlation is confirmed for globular clusters
with a large satellite progenitor to some extent. Globular clusters

that formed in situ would not seem to exhibit a similar behavior.
Likewise, the difference of [Fe/H] values between the results of
first and second generation stars is independent of Na enhance-
ment (top-right panel of Fig. 6). Variations in [Na/Fe] in field
stars are usually correlated with differences in the abundances of
other elements, notably the alpha-elements (Mg, Si, etc.) (see,
e.g., Horta et al. 2020). Here, we probe such a trend with the
Mg and Si abundances available for a subsample of the studied
globular clusters (Marino et al. 2019). As can be seen in Fig. 6
(middle and bottom panels), it would seem that this is not the
case for the present Milky Way globular cluster sample.

For completeness purposes, we examined the age-metallicity
relationship of the studied globular clusters. We include the
entire globular cluster sample in the same plot, although dif-
ferent age-metallicity relationships have been invoked in order
to recognize globular clusters associated to different progenitors
(Kruijssen et al. 2019; Massari et al. 2019; Forbes 2020). The
resulting age-metallicity relationship is shown in Fig 7, where
the progenitor status of Table 1 was considered. Figure 7 shows
a combination of the outcomes illustrated in Figs. 1, 2, and 6
(top panels). It reveals that the most Na-poor globular clusters
(1G< 0.0 dex, see Fig. 2) are older than ∼12 Gyr, and most of
them have been assigned an accreted origin (see Fig. 5, bottom-
left panel). We note that most of the globular clusters that formed
in situ, regardless of their ages, are among those with Na-rich
values (1G> 0.0 dex, see Fig. 5), which is a feature that is also
seen in younger globular clusters (.12 Gyr) with an accreted ori-
gin. Globular clusters that formed in situ span the whole age
range and do not follow a tight age-metallicity relationship (see
also Figs. 5 and 6 top panels). The bottom panel of Fig. 7 shows
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Fig. 6. Relations between Fe, Mg, Si, and
Na abundances of first and second generation
stars. Symbols are the same as in Fig. 5. Typ-
ical error bars are included. We point out, as
a caveat, the small number of in situ globu-
lar clusters in the studied sample. Likewise,
we refer to Nissen & Schuster (2010) where the
reader might find some support for the idea that
[Na/Fe] is related to an accretion origin.
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Fig. 7. Age-metallicity relationship for the studied globular cluster sam-
ple. Filled circles, squares, and triangles represent the globular clusters
associated to large and small accreted satellites and those that formed
in situ, respectively. Color-coded symbols represent 1G (top panel) and
2G–1G (bottom panel) values.

that globular clusters that formed in situ show low Na enhance-
ments in general.
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Appendix A: Na abundances of Milky Way globular
clusters
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Fig. A.1. Na abundances of first generation stars as a function of dif-
ferent globular clusters’ parameters, namely: semi-major axis (a) of the
globular cluster orbits, the eccentricity of the globular cluster orbits,
space velocity components Vφ and Vθ, V2 = V2

φ + V2
θ + V2

r , core radius
(rc), half-mass radius (rh), Jacobi radius (rJ), age to half-mass relaxation
time ratio (age/th), globular cluster mass, and ratio of the mass lost by
tidal disruption to the total globular cluster mass (Mdis/Mini).
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Fig. A.2. Same as Fig. A.1, but for the difference of Na abundances
between first and second generation stars.

In this section, we present the relationships of 1G and 2G–1G
with different astrophysical parameters of the studied Milky Way
globular clusters (see Sect. 2). The symbols are the same as in
Fig. 1. As can be seen in Figs. A.1–A.2, there is not a clear
dependence between 1G and 2G–1G with them, except for the
inclination of the globular clusters’ orbits, which we used in
Sect. 3.
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