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Multiple Populations in Globular Clusters
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Figure 3: Left panel: An HST UV-optical CMD of the central regions of NGC 2808 (data

are from Piotto et al. 2015). Note the distinct multiple RGBs and the highly structured HB.

This complexity is due to light element abundance variations (He, C, N and O) between

cluster stars. Right panel: A “chromosome map” of NGC 2808 (after Milone et al. 2017b)

for RGBs (i.e. relative positions of the stars on the RGB in di↵erent filter combinations

that are sensitive to di↵erent abundance variations) where at least six distinct populations

can be inferred. Here the x-axis is mainly sensitive to variations in He while the y-axis is

dominated by variations in N (at C, O to a lesser extent). Based on the definition of Milone

et al. (2017b), stars above the dashed line are considered 2P, while stars below the same

line are 1P. Note that both the 1P and 2P consist of 3 extended sub-populations.

(Dalessandro et al. in prep.). Additional high-resolution studies designed to measure the

abundance of the relevant light elements (e.g. Na, O, etc) for a representative number of

stars in such clusters are needed to draw firm conclusions on the presence of MPs.

As will be discussed in § 2.5, a number of high mass (⇠ 105 M�) clusters younger than

⇠ 2 Gyr have been studied, and so far none have been found to host MPs (e.g., Mucciarelli

et al. 2008; 2014; Martocchia et al. 2017).

2.4. Global properties and correlations

2.4.1. Spatial Distributions, Dynamics, and Binary Properties of the Di↵erent Populations.
In many cases di↵erent stellar sub-populations seem to not share the same radial distribu-

tion. Across a range of cluster-centric distance, most studies have found that 2P stars are

systematically more concentrated in the innermost region than 1P stars (e.g. Lardo et al.

2011; Simioni et al. 2016). Only a few exceptions to this general trend have been reported,

with stars with primordial composition being more centrally concentrated than 2P giants

(Larsen et al. 2015; Vanderbeke et al. 2015; Lim et al. 2016) or 1P and 2P stars having

the same radial distribution (e.g. Dalessandro et al. 2014; Miholics, Webb & Sills 2015).

Hints that 2P stars have lower velocity dispersion (e.g. Bellazzini et al. 2012; Kučinskas,

Dobrovolskas & Bonifacio 2014) and more radially anisotropic velocity distribution (Richer

et al. 2013; Bellini et al. 2015) have also been reported. The binary properties of 1P and
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See Giam paolo’s talk on Thursday 
evening for the full picture

About half the stars in GCs are 

form ed from  m aterial that has gone 

through hot hydrogen burning à
helium  enhancem ent and light 

elem ent anti-correlations

Form ation m echanism  = ?????

Leading contenders include AGB 

stars, (super)m assive stars, binaries…. 



Open questions
• What is the source of enriched material?

• Why aren’t stars with these abundance patterns seen elsewhere 
in galaxy?

• How can stars form in dense stellar environments?
• Mass budget problem, stochasticity problem, discreteness 

problem………

Bastian & Lardo 2017



Dynamics Questions

• What does spatial distribution of populations tell us about formation 
mechanisms?

• What effect does high helium abundance have on stellar dynamics?



NBODY6MP – different helium abundances
• M S lifetim e as function of Y from  Chantereau+ 2015 –

im plem ented in NBODY6M P

• Centrally concentrated high helium  population 
(Y=0.32) – turnoff m ass difference of 0.15 M☉

• M ore rapid spatial m ixing (slight)
• Tidal environm ent has a m uch larger effect than 

helium

Solid: no Y difference
Dashed: P1= 0.24, P2=0.32

Multiple-population dynamics in NGC 6362 2169

Figure 1. Half-mass radii of total (black), first (red) and second (blue)
populations against time and ratio of current mass to initial mass (upper
axis) for two N = 50 000, S = 5 clusters, one evolved on the orbit of NGC
6362 in the Milky Way (base simulation) and one in isolation.

evolution the isolated cluster maintains a strong memory of the
initial second-population concentration.

3.2 Effect of second-population concentration

The half-mass radii of clusters in simulations N50kS2.5 and
N50kS10 are depicted in Fig. 2. These clusters were obtained by
keeping the half-mass size of the first population the same (5 pc) and
scaling the second population differently. N50kS2.5 has a second
population twice as large as N50kS5, while N50kS10 has a second
population twice as small.

The number of relaxation times at mixing becomes larger as the
concentration of the second population with respect to the first pop-
ulation is increased. This effect results from the increased amount
of structure that must be washed away before complete mixing can
be achieved. For higher concentrations, the cluster is also less sus-
ceptible to tidal stripping due to decreased half-mass radius. These
simulations show that, without knowledge of the initial concen-
tration, the number of relaxation times that have passed does not
characterize whether the cluster should be mixed. However, on in-
spection of the parameters in Table 2, we see that many similarities

Figure 2. Half-mass radii of total, first and second populations (colours
the same as Fig. 1) for two clusters similar to the base simulation but with
S = 2.5 and 10, respectively.

between the clusters exist. For example, at mixing, the clusters have
similar fractions of mass lost, in the range of 65–75 per cent. The
number ratio of second- to first-population stars also appears to be a
good indicator of spatial mixing, as the clusters are all mixed when
the fraction of second-population stars is ≈ 60–70 per cent of the
cluster. This fraction is dependent on the initial number ratio of
first- to second-population stars, as will be discussed in Section 3.5.
All three of these clusters dissolve after about 5 Gyr. Spatial mixing
in each simulation occurs early within the cluster’s life, well before
half the dissolution time.

3.3 Dependence on tidal filling factor

We examine the effect of changing the size, and thus the tidal filling
factor (rh/rj) (see Section 2 for details), of the cluster by performing
two N = 100 000 simulations with initial first-population half-mass
radii of 5 and 3 pc (N100kS5 and N100kS5R3). Initially, N100kS5
has a tidal filling factor of 0.11 while N100kS5R3 has a filling factor
of 0.07. Fig. 3 shows the evolution of half-mass radii for these two
clusters. Despite being underfilling initially, N100kS5R3 expands
quickly and is tidally filling for most of its life. This effect is a

MNRAS 454, 2166–2172 (2015)
Downloaded from https://academic.oup.com/mnras/article-abstract/454/2/2166/2892613
by McMaster University Library user
on 04 June 2018
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Collisions happen

Multiple populations in globular clusters 281

Figure 1. Histogram of helium abundance of the three stellar generations,
and the number of low-mass (i.e. observable) stars in each generation. The
polluter(s) of each generation is marked: primordial abundance, all asymp-
totic giant branch stars, high mass asymptotic giant branch stars only, and
runaway collision product and fast-rotating massive stars. Note that the
y-axis is logarithmic.

The time of the first supernova is set by the most massive star
which is not involved in a runaway collision, or the lifetime of
the runaway itself, whichever comes first. At this time, which is
approximately 5 Myr, we assume that all the gas in the cluster forms
the second generation of stars, and any subsequent gas is removed
from the cluster until the AGB stars begin to contribute. For this
reason, we neglect the contribution of rapidly rotating 20 M⊙ stars,
as their main sequence lifetimes are closer to 10 Myr. We calculate
the total mass in ejecta from both the runaway collision and the fast
rotating massive stars, under the assumption that both fast and slow
winds are retained in the cluster. We find that we have 3459 M⊙
of material, which we assume forms the second generation of stars
with 100 per cent efficiency. We populate a Salpeter IMF from 0.1
to 120 M⊙, as was done with the initial cluster.

The abundances of this second generation are quite extreme. In
Fig. 1, we show the helium abundance of each generation, labelled
as ‘primordial’, ‘runaway and FRMS’ for this second generation,
and ‘all AGB’ and ‘high mass AGB’ for different possibilities of
the third generation, to be discussed later. This figure also shows the
calculated number of low mass stars, with masses less than 0.8 M⊙,
which are expected to be observable members of the cluster today.
Note that we plot the logarithm of the number of stars. The runaway
collision, which contributes only 539 M⊙ of material to the cluster,
is strongly enhanced in helium, with an overall Y of 0.68. The
fast-rotating massive stars are also strongly helium enhanced, with
Y = 0.43 for the 2920 M⊙ ejected. This results in an overall helium
abundance for this first generation of Y = 0.47. This is much higher
than is inferred in even the most extreme globular cluster second
generations.

The abundances of other elements, however, match the observa-
tions reasonably well. Figs 2 and 3 compare the calculated abun-
dances of each generation or pollution mechanism, as labelled, to
the observations. The shaded region on each diagram encompasses
most of the observed abundance trends, as taken from the figures
in Carretta et al. (2009a,b). The runaway collisions alone seem to

Figure 2. Sodium versus Oxygen abundances for the three stellar gener-
ations. The shaded region shows the extent of the observations, as taken
from Carretta et al. (2009a,b). The abundances of the runaway collision
products, the population of fast rotating massive stars, and the population
of high-mass AGB stars only, are also marked. The curved lines connecting
the generations to the primordial abundances show the effects of dilution.

Figure 3. Aluminum versus Magnesium abundances for the three stellar
generations. The shaded region shows the extent of the observations, as
taken from Carretta et al. (2009a,b). The abundances of the runaway col-
lision products, the population of fast rotating massive stars, and the pop-
ulation of high-mass AGB stars only, are also marked. The curved lines
connecting the generations to the primordial abundances show the effects of
dilution.

be the only way to reach significant oxygen depletion ([O/Fe] ∼
−0.9) and sodium enhancement ([Na/Fe] ∼ 1.0). The fast-rotating
massive stars do deplete oxygen and enhance sodium as well, al-
though to a lesser extent. Because the runaway collision produces
so little mass, the overall abundances of the second generation are
oxygen-poor and sodium-rich at levels which are consistent with all
but the most extreme observations in clusters (e.g. in NGC 2808).

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 407, 277–284
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2 S.E. de Mink et al.: Massive binaries as the source of abundance anomalies in globular clusters
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Fig. 1. Composition of the slow ejecta of the modeled binary system (Sec. 3) as a function of the ejected amount of mass. The
mass fraction X of the main stable isotope of each element is given relative to the initial mass fraction Xi, except for Mg where we
added 24Mg,25Mg and 26Mg. The average Xav and the most extreme mass fraction Xex are given in each panel on a logarithmic scale:
[X] ≡ log10(X/Xi). For helium we show the absolute mass fraction Y instead. Mass ejected during the first and second mass transfer
phases is separated by a thin vertical line.

ejecta have low velocities. Smith et al. (2001) measure expan-
sion velocities ranging from 30 to 70 km s−1 in the nebula of
RY Scuti, which are lower than the present-day escape velocity
of massive globular clusters. Furthermore, the nebula shows ev-
idence of clumps (Smith et al. 2002) and dust in the outer parts
(Gehrz et al. 2001), which may serve as seeds for forming a sec-
ond generation of low-mass proto stars.

Evidence of severe mass loss from interacting binaries
comes from a wide variety of observed interacting and post-
interaction systems. This appears to be a common phe-
nomenon for many interacting binaries. Various authors have
inferred highly non conservative evolution for Algols, sys-
tems that are currently undergoing stable mass transfer (e.g.
Refsdal et al. 1974; de Greve & Linnell 1994; Figueiredo et al.
1994; van Rensbergen et al. 2006; De Mink et al. 2007). Most
notable are short-period binaries containing a compact object,
e.g. cataclysmic variables, X-ray binaries, binary radio pulsars
and double white dwarf systems. Their formation requires a
phase of severe mass and angular momentum loss by ejection
of a common envelope. Direct evidence of this type of evolution
comes from planetary nebulae with close binary nuclei, which
appear to have recently emerged from the common-envelope
phase (for a review see Iben & Livio 1993).

Theoretical considerations support the idea that most inter-
acting binaries shed large amounts of mass. Three-dimensional
hydrodynamical simulations of the mass transfer stream and
accretion disk of the interacting binary β Lyrae predict that
50% of the transferred mass is lost (Bisikalo et al. 2000;
Nazarenko & Glazunova 2006). In addition, Ulrich & Burger
(1976) showed that the accreting star is driven out of ther-
mal equilibrium and expands. This can lead to contact and
to strong mass and angular momentum loss from the system
(Flannery & Ulrich 1977). Furthermore, Packet (1981) noted
that the accreting star reaches break-up rotation after gaining
only a few percent of its own mass. Rapid rotation is found
for many accreting stars in Algols (Barai et al. 2004) and this
mechanism has been proposed to explain the formation of Be-X-

ray binaries (e.g. Pols et al. 1991). In principle, tides can coun-
teract the effect of spin-up by mass transfer in close binaries.
Petrovic et al. (2005a) have computed detailed binary evolution
models taking these effects into account. They find that massive
binaries with initial periods as short as 3-6 days lose 70-80% of
the transferred mass on average. For wider and more massive
systems, they expect even less conservative mass transfer, such
that nearly the entire envelope of the primary is returned to the
interstellar medium.

3. Composition of the ejecta
To investigate the yields of a typical massive binary, we
employ a state-of-the-art binary evolution code described by
Petrovic et al. (2005b) and Yoon et al. (2006). The effect of
mass and angular momentum loss on the binary orbit is com-
puted according to Podsiadlowski et al. (1992), with the spe-
cific angular momentum of the wind calculated according to
Brookshaw & Tavani (1993). Mass transfer is modeled follow-
ing Ritter (1988). Tidal interaction is modeled as described in
Detmers et al. (2008). Non conservative mass transfer is mod-
eled self-consistently: it results from the interplay between spin-
up by mass transfer, tidal interaction, and rotationally enhanced
mass loss. To follow the nucleosynthesis up to the advanced
stages of hydrogen burning, we updated the reaction rates to the
NACRE 99 compilation (Angulo et al. 1999). As initial compo-
sition we assumed an α-enhanced mixture with a metallicity of
Z = 5 × 10−4, following Decressin et al. (2007b). We assumed
masses of 20 and 15 M⊙ for the two stars, an orbital period of 12
days and initial rotation rates synchronized with the orbital rev-
olution. Because of these low initial rotation rates, the effect of
rotationally induced mixing on the low-velocity ejecta is negligi-
ble. We follow the evolution from the onset of hydrogen burning
until central carbon burning.

Shortly after hydrogen exhaustion in the center, the primary
expands and starts to transfer mass to its companion. Initially
the secondary star efficiently accretes all the transferred mass

de M ink+ 2009

• Between stars

• Runaway collisions in densest 
clusters 

• Encounters harden binary stars



Collisions happen
• Between clusters

6 A. Sills et al.

Table 1. Cluster Parameters

Cluster RA Dec Distance Background Gas Extent of unclustered Total number
(deg) (deg) (pc) Mass ra ellipticity stars z

max

of stars

DR21 309.752083 42.345092 1500 1500 M� 10 pc 0.8 4 pc 3994
M17 275.099269 -16.174685 2000 800 M� 10 pc 0 5 pc 17870
NGC 6357 261.352832 -34.331317 1700 2000 M� 25 pc 0 12 pc 15078

Table 2. Simulation Parameters: Stellar virial parameter (↵vir), velocity dispersions of unclustered stars and gas (�
stars

and �
gas

), fraction of gas in each sub-cluster relative to stellar mass (f
gas

), maximum velocity of the subclusters relative
to each other (V

rel

), and maximum o↵set of each subcluster from the z=0 plane (Z
o↵set

).

Model Name ↵vir �
stars

�
gas

f
gas

V
rel

Z
o↵set

fiducial 1 1 km/s 1 km/s 1 0 km/s 0
subvirial 0.08 1 km/s 1 km/s 1 0 km/s 0
supervirial 2 1 km/s 1 km/s 1 0 km/s 0
low stellar sigma 1 0 km/s 1 km/s 1 0 km/s 0
high stellar sigma 1 2 km/s 1 km/s 1 0 km/s 0
low gas sigma 1 1 km/s 0 km/s 1 0 km/s 0
high gas sigma 1 1 km/s 2 km/s 1 0 km/s 0
low gas fraction 1 1 km/s 1 km/s 0.1 0 km/s 0
high gas fraction 1 1 km/s 1 km/s 10 0 km/s 0
middle relative velocity 1 1 km/s 1 km/s 1 1 km/s 0
high relative velocity 1 1 km/s 1 km/s 1 2 km/s 0
middle o↵set 1 1 km/s 1 km/s 1 0 km/s 0.5⇥ z

max

high o↵set 1 1 km/s 1 km/s 1 0 km/s 1.0⇥ z
max

Figure 6. Snapshots of the first 9 snapshots of the evolution of
DR21 in our fiducial simulation, from top left to lower right. The
snapshots are taken 100 000 years apart, with the first snapshot
100 000 years after the simulation begins. Each snapshot is 5
pc on a side, otherwise as in figure 1. The subclusters have almost
entirely merged within the first million years of cluster evolution,
and the gas density has become quite spherical.

lapse is short, on the order of a Myr, and the timescale
does not depend much on the choices of initial parameters.
This result is in agreement with N-body, gas-free simula-

tions of subclustered regions (e.g. Fellhauer et al. 2009; Fujii
et al. 2012; Parker & Wright 2016), where the clusters lose
their substructure on approximately the same timescale. It
is interesting to note that in the Parker & Wright (2016)
simulations, the systems with subvirial velocity dispersions
evolve to smooth clusters more quickly than those with a
higher initial virial parameter ↵vir = 2T/|W |. Our simu-
lations have an additional gravitational potential from the
gas mass, which e↵ectively decreases the virial parameter
and shortens the time for collapse.

3.1 Substructure

To characterize the substructure seen in our simulations,
we used the Q+ algorithm (Ja↵a et al. 2017), which is not
related to the virial parameter but rather characterizes the
fractal distribution of the stars. The Q+ algorithm describes
a sub-structured star cluster in terms of three parame-
ters: the fractal dimension, the number of levels, and the
density scaling exponent. The fractal dimension describes
how clumpy or smooth the distribution is, with 1 being very
clumpy and 3 being smooth. The number of levels describes
the range of scales over which the fractal sub-structure
exists, with a low value indicating that the smallest sub-
structures are not much smaller than the overall cloud and
a high value indicating that the smallest structures are very
small compared to the cluster size. The density scaling expo-
nent describes where most of the mass is distributed in the
hierarchy, with a high value indicating that most of the mass
is confined to the smallest sub-structures and a low value in-
dicating that the sub-clumps are not much more dense than
the larger clumps. Clusters that are not sub-structured
but centrally condensed can be characterised by a

MNRAS 000, 1–10 (2018)
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A natural result of massive cluster formation?

Howard, Pudritz, Harris, Sills 2018



Conclusions

• Multiple populations still confuse us
• A lot can happen in 10 Gyr
• Stellar helium abundance has an effect on stellar dynamics
• But not as important in strong tidal environment

• Cluster formation is complex
• And that complexity may hold the solution to the multiple population 

problem


