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ABSTRACT
Mass and energy injection throughout the lifetime of a star cluster contributes to the gas
reservoir available for subsequent episodes of star formation and the feedback energy budget
responsible for ejecting material from the cluster. In addition, mass processed in stellar interiors
and ejected as winds has the potential to augment the abundance ratios of currently forming
stars, or stars which form at a later time from a retained gas reservoir. Here, we present
hydrodynamical simulations that explore a wide range of cluster masses, compactnesses,
metallicities, and stellar population age combinations in order to determine the range of
parameter space conducive to stellar wind retention or wind powered gas expulsion in star
clusters. We discuss the effects of the stellar wind prescription on retention and expulsion
effectiveness, using MESA stellar evolutionary models as a test bed for exploring how the
amounts of wind retention/expulsion depend upon the amount of mixing between the winds
from stars of different masses and ages. We conclude by summarizing some implications for
gas retention and expulsion in a variety of compact (σ v � 20 km s−1) star clusters including
young massive star clusters (105 � M/M� � 107, age � 500 Myr), intermediate age clusters
(105 � M/M� � 107, age ≈ 1–4 Gyr), and globular clusters (105 � M/M� � 107, age � 10
Gyr).

Key words: stars: mass-loss – globular clusters: general – galaxies: star clusters: general –
stars: mass-loss – galaxies: globular clusters: general.

1 IN T RO D U C T I O N

Whether and when gas is retained within a star cluster, along with
intercluster and intracluster gas heating mechanisms determines
the star formation history of the cluster. Many cluster properties
can be responsible for gas retention or expulsion in a cluster –
the cluster’s compactness, cluster mass, ability to cool effectively,
mass and temperature of gas reservoir, and efficiency of internal and
external heating mechanisms. As it thought that most stars form in
clusters (e.g. Lada & Lada 2003), the study of which parameters and
mechanisms are important at different cluster evolutionary times is
crucial to understand when favourable conditions for star formation
arise throughout a cluster’s lifetime.

Observations of young massive clusters (YMCs), intermediate
age clusters (IACs), and globular clusters (GCs) potentially give
us insights into gas retention at different times within massive star
clusters (e.g. Bastian & Lardo 2017). Additionally, if GCs evolve
from YMCs and IACs as some have suggested (Longmore et al.
2014; Kruijssen 2015) then observations of each type of system pro-
vides clues to the origin of the high level of occurrence of multiple

� E-mail: jill.naiman@cfa.harvard.edu

subpopulations with different abundance ratios within present-day
GCs.

Variations in the abundances of He, Mg, C, N, O, Mg, Na, and
Al in main-sequence stars (Cannon et al. 1998; Gratton et al. 2001;
Briley, Cohen & Stetson 2002; Cohen, Briley & Stetson 2002; Pan-
cino et al. 2010b) and RGB stars (Sneden et al. 2004) within the
majority of Galactic globular clusters suggest a complex enrich-
ment history during the formation of stars within these systems.
In addition, the observed anticorrelations between several elements
(Na–O and Mg–Al; Kraft et al. 1993; Ivans et al. 1999; Carretta
et al. 2006, 2009a; Conroy 2012) require a significant fraction of
the enriching material to be processed at temperatures >107K in or-
der for the CNO, Na–Ne and Mg–Al cycles to be activated (Karakas
& Lattanzio 2007; Ventura & D’Antona 2008b). As the anomalous
population is responsible for 30–70 per cent of the stellar content
of the GCs (e.g. Carretta et al. 2009b) any scenario invoked to ex-
plain this complex star formation history must also account for the
pollution of a significant portion of the stellar population or the
removal of the majority of the unpolluted first generation of stars.
Additionally, the spatial distributions of anomalous stars, individ-
ual stellar abundance spreads, limits on the initial mass of GCs, and
various other constraints must be considered in any process capable
of producing multiple episodes of star formation in YMCs if they
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are indeed the progenitors of current GCs (Bastian et al. 2013a;
Kruijssen 2015).

Several mechanisms have been proposed to explain these abun-
dance variations. While some rely directly on gas retention and
protracted enrichment of populations of stars formed after the ini-
tial burst of star formation (Prantzos, Charbonnel & Iliadis 2007;
Ventura & D’Antona 2008a,b; Pflamm-Altenburg & Kroupa 2009;
D’Ercole et al. 2010; Conroy, Loeb & Spergel 2011) others rely on
enrichment processes which occur during one main star formation
event (Prantzos & Charbonnel 2006; de Mink et al. 2009; Bastian
et al. 2013a; Denissenkov & Hartwick 2014). Whether directly or
indirectly, stellar winds can play an important role in the reten-
tion or expulsion of gas during enrichment processes – if hot stellar
winds thermalize efficiently with other sources of gas they can drive
material out of a star cluster, while if cold stellar winds are added
to the intercluster medium they can aid in the rapid cooling of the
gas and help to trigger star formation. Thus, a careful study of gas
retention and expulsion from stellar winds is a necessary compo-
nent of understanding what cluster potential parameters and ages
are favourable for gas retention, and what combinations lead to an
overall expulsion of gas from the system.

In the context of wind retention in proto-GCs, there have been
several one-dimensional simulations of gas over a small range of
wind and cluster parameters, particularly for slow AGB winds
(vw = 10 km s−1), in the presence of supernovae and star forma-
tion (e.g. D’Ercole et al. 2008). Additionally, a parametric study of
the role of cluster mass and compactness has been done, albeit using
only a limited range of structural parameters (Vesperini et al. 2010).
There have also been several detailed three-dimensional studies
focused on stellar wind retention/expulsion in star clusters (GCs,
Calura et al. 2015; Priestley, Ruffert & Salaris 2011; T Tauri/Herbig
Ae/Be star clusters, Rodrı́guez-González et al. 2008; OB clusters,
Rogers & Pittard 2013), however, to study the interaction of a wide
range of stellar wind parameters from various stellar population
ages along with a variety of stellar cluster masses and compact-
nesses the required full simulation suite over all parameter space in
three dimensions would be computationally prohibitive.

Because of their shallow potentials, careful treatment of stellar
winds within star clusters is essential to properly model their gas
retention and expulsion abilities in both one and three dimensions.
Many models assume and rely on slow winds from the interiors
of AGB envelopes to drive large amounts of stellar wind retention
in the cores of YMCs (e.g. D’Ercole et al. 2008). However, ob-
servations of fast winds from the upper envelope layers of evolved
stars complicate this picture (Mauas, Cacciari & Pasquini 2006).
In addition, thermalization of evolved stellar winds with the faster
winds of the more numerous main-sequence stars may be effective
at expelling gas from stellar clusters (Smith 1999).

Adding to the complexity of the evolution of these systems is the
existence of many other mechanisms beyond stellar winds that can
be responsible for the deposition of mass into massive star clusters
at different times in their evolutionary history. If the cluster does not
form in isolation, accretion of external gas could pollute enriched
material and thus change the abundance patterns of forming stars
(Pflamm-Altenburg & Kroupa 2009; D’Ercole et al. 2010; Naiman,
Ramirez-Ruiz & Lin 2011; Conroy 2012). If this non-isolated clus-
ter moves too quickly through its background medium, ram pressure
stripping could remove the majority of the gas from these systems,
effectively quenching star formation (Naiman, Ramirez-Ruiz & Lin
2009; Priestley et al. 2011). Additionally, any low-level gas pro-
duced later in the star cluster’s life may be stripped from passages
through its host galaxy’s disc, depending on its particular orbital

parameters (de Silva et al. 2009; Martell & Smith 2009; Pancino
et al. 2010a).

Early in a star cluster’s evolution there are a multitude of ad-
ditional sources of energy injection that might be responsible for
heating the intercluster gas. Both SNII and SNIa can add energy and
heavy elements to a star cluster in the first tens to hundreds of Myr
of a star’s lifetime, and, under certain conditions, can effectively
drive all gas out of these young clusters (Krause et al. 2013), while
classical novae can drive out gas in all but the most massive clusters
at slightly later times (Moore & Bildsten 2011). Accretion on to
compact stellar remnants is another possible avenue to clear gas
rapidly in young star clusters (Leigh et al. 2013). Lyman–Werner
flux serves as a means to heat intercluster gas and keep stars from
forming during the first few Myr of a star cluster’s life (Conroy &
Spergel 2011; Conroy 2012; Krause et al. 2013), and gas heating by
UV radiation from a population of white dwarfs serves as a possible
avenue to expel intercluster gas at late times (McDonald & Zijlstra
2015). Indeed, there exists many means to expel gas from recently
formed clusters to distances of the order of hundreds of parsecs
(Bastian, Hollyhead & Cabrera-Ziri 2014; Hollyhead et al. 2015).

In the work presented here we focus on predominately using
stellar winds as the sole source of mass and energy in the forma-
tion of isolated star clusters and only briefly touch on the effects
of extra sources of mass and energy. Throughout the majority of
this paper we remain agnostic about the origin of the abundance
spreads observed in present-day GCs and their possible evolution
from YMCs and IACs, and instead endeavour to study the role that
the mass-loss and energy injection from stellar winds plays in de-
termining whether significant gas is retained or expelled from a star
cluster given the cluster’s mass, compactness, and age. The paper is
outlined as follows: In Section 2, we review our implemented hy-
drodynamical scheme. Section 3 describes our stellar evolutionary
models generated with the MESA (Paxton et al. 2011) code, paying
careful attention to the prescriptions used to describe the mass-loss
and wind velocities emanating from stars of different masses. This
section also describes how the results for individual stars of different
masses are combined into average mass and energy loss prescrip-
tions from a population of stars, under different assumptions about
the effective thermalization of winds from different stellar popu-
lations. In Section 4, we present the resultant stellar wind mass
retention for star clusters with a variety of masses, compactnesses
and ages. Section 5 briefly discusses the effects of other heating
mechanisms beyond those from stellar winds on the removal of ma-
terial from star clusters and touches on the effects of different gas
metallicities on the cooling properties of intercluster gas. Finally,
we end with a discussion of the application of our results to gas
retention and star formation in present-day YMCs, IACs, and GCs
presented in Section 6 and summarize our conclusions in Section 7.

2 H Y D RO DY NA M I C A L M E T H O D S A N D
I NI TI AL SETUPF

To examine the ability of clusters to effectively retain the winds em-
anating from their evolving stellar members, we simulate mass and
energy injection in isolated core potentials under the assumption
of spherical symmetry (Quataert 2004; Hueyotl-Zahuantitla et al.
2010). The one-dimensional hydrodynamical equations are solved
using FLASH, a parallel, adaptive mesh refinement hydrodynamical
code (Fryxell et al. 2000). The winds from the closely packed stellar
members are assumed to shock and thermalize such that density and
energy contributions can be treated as source terms in the hydrody-
namical equations.

MNRAS 478, 2794–2811 (2018)
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The stellar cluster potentials are modelled as Plummer models
(Brüns, Kroupa & Fellhauer 2009; Pflamm-Altenburg & Kroupa
2009)

�g = − GMc[
r2 + r2

c (σv)
]1/2 (1)

for a given total mass, Mc, and velocity dispersion, σv =
(33/4/

√
2)−1√GMc/rc. While the shape of the potential can have

an effect on the radial distribution of gas inside the core (Pflamm-
Altenburg & Kroupa 2009; Naiman et al. 2011), the overall amount
of gas accumulated in the cluster is relatively unchanged by the
exact form of its potential. For the sake of simplicity, we assume
the potential does not change appreciably over the period of gas
accumulation.

In addition to following the dynamics of the gas under the influ-
ence of �g, the self-gravity of the gas is computed using FLASH’s
multipole gravity module. We fix our resolution to 6400 radial cells
for each model, with linearly equidistant spacing between the min-
imum (rmin) and maximum (rmax) radius. The resolution within the
computational domain is set by the core radius, rc, to ensure that
we are adequately resolving the core and that the cluster’s poten-
tial is effectively zero at the outer boundary (cell centres are then
approximately rmin ∼ 0.02 rc, and rmax ∼ 65 rc).

Given this potential and assuming spherical symmetry, at a time
tn, we construct the conservation of mass, momentum, and energy
in a more general form starting from those in Hueyotl-Zahuantitla
et al. (2010) and Priestley et al. (2011):

ρ(r, tn) = ρ(r, tn−1) + qm(r, tn)dt(tn, tn−1), (2)

v(r, tn) = v(r, tn−1)ρ(r, tn−1)/ρ(r, tn) + ag(r, tn+1)dt(tn, tn−1)

+pnon-uniform(ri−1, ri+1)/ρ(r, tn) + pσ (ri+1, ri−1)/ρ(r, tn),
(3)

ρ(r, tn)ε(r, tn) = 1

2
ρ(r, tn−1)v(r, tn−1)2 + ρ(r, tn−1)ε(r, tn−1)

−1

2
ρ(r, tn)v(r, tn)2 + qε(r, tn−1)dt(tn, tn−1) − Q(r, tn−1),

(4)

where ρ(r, t), u(r, t), and ε(r, t) are the gas density, pressure, radial
velocity, and internal energy density, respectively. The term ag(r, t)
includes the gravitational effects of both the stellar cluster potential
(�g) and the self-gravity of the gas. Here, Q(r, t) = ni(r, t)ne(r,
t)�(T, Z) is the cooling rate for gas with ion and electron number
densities ni(r, t) and ne(r, t), and �(T, Z) is the cooling function for
gas at temperature T and metallicity Z. We use �(T, Z) from Gnat
& Sternberg (2007) for T > 104 K and Dalgarno & McCray (1972)
for 10 ≤ T ≤ 104 K.

The qm(r, t) and qε(r, t) terms in equations (13)–(15) are used
here to mediate the total rate of mass and energy injection at a time
t in a cluster’s history. For N stars each with average mass-loss rate
at time t of 〈Ṁ(t)〉 and wind energy injection rate 1

2 〈Ṁ(t)〉〈vw(t)2〉
we have

Ṁ(t)w,total = N〈Ṁ(t)〉 =
∫

4πr2qm(r, t)dr (5)

and

Ė(t)w,total = 1

2
N〈Ṁ(t)〉〈vw(t)2〉 =

∫
4πr2qε(r, t)dr, (6)

such that qε(r, t) = 1
2 qm(r, t)〈vw(t)2〉. For simplicity, we neglect

the effects of mass segregation on the positions of main-sequence
and evolved stars and assume qm(r, t) ∝ n(r) such that qm(r, t) =
A(t)r−2 d

dr
(r2 d�g

dr
). Here, A(t) = 〈Ṁ(t)〉/(4πG〈M�〉) with the aver-

age mass of a star given by 〈M�〉.

The momentum term accounting for a non-uniform distribution
of stellar wind ejected momentum within the cluster, pnon-uniform

can be derived assuming the momentum flowing into (out of)
the ith cell is the integral over the momentum from the sides
of stars facing outward (inward) in the i − 1 (i + 1) cell:
d pnon-uniform,± = ±qm(ri−1/i+1, t)vwdt/d
r̂ , where r̂ is the unit vec-
tor pointing radially outward from the cluster’s centre. This assumes
the momentum flux carried by the wind from each individual star
is isotropic. Integrating over the outward (inward) solid angles as-
suming the spherical symmetry of the individual stellar winds gives
pnon-uniform,± = ± 1

2 qm(ri−1/i+1, t)vwdt r̂ . Given our expression for
qm, for the ith cell this is expressed as

| pnon-uniform(ri)| = vwfc [G(ri−1, rc) − G(ri+1, rc)] dt, (7)

where

G(rj , rc) =
(

1 + r2
j

r2
c

)−5/2

(8)

and

fc =
(

3Mc

8πr3
c 〈M�〉

)
. (9)

The second of the extra momentum terms, pσ , arises from the
fact that the stars are moving, and because the distribution of stars
is not uniform, this extra momentum is not distributed uniformly
throughout the cluster. Following a procedure similar to deriving
equation (7) with d pσ,± = ±qm(ri−1/i+1, t)σ (ri−1/i+1)dt/d
r̂ and
σ = √

GM(< r)/r this momentum term can be expressed as

| pσ (ri)| =
√

GMc

r3
c

fc [F (ri−1, rc) − F (ri+1, rc)] dt, (10)

where

F (rj , rc) = rj

(
1 + r2

j

r2
c

)−13/4

. (11)

Instead of pnon-uniform and pσ , many authors include an extra term
in the energy equation (4) of the order of 1

2 n(r)σ 2, where σ is
the velocity dispersion of the stars within the cluster and n(r) is
the stellar density to account for the fact that the stars are moving
(Faulkner & Freeman 1977; Smith 1999; D’Ercole et al. 2008;
Priestley et al. 2011). In compact clusters, this extra energy injection
term heats the gas, potentially delaying star formation until enough
mass has been accumulated in the central regions to cool efficiently
and subsequently trigger star formation. However, including such
a term without accounting for how this energy loss would slow a
star’s motion violates conservation of energy over the lifetime of the
star cluster and therefore we do not include it here, instead relying
on pσ to include the effects of stellar motion in our prescription.

A final source of energy from stars orbiting within our clus-
ters arises from the interaction of stellar motion induced shocks
and stellar winds. The energy injection rate for shocked gas of
density ρg around a star of mass M� moving at velocity σ v is
given by Ės ≈ (1/2)ρgσ

2
v 
. Here, the gas interaction rate at the

bow shock generated by the moving star, R = σ v�, can be es-
timated from the bow shock radius of the star (Wilkin 1996),
� ≈ πR2

0 = πṀvw/(4ρgσ
2
v ) where Ṁ is the mass-loss from a sin-

gle star at stellar wind velocity vw. Assuming the energy injection
from a star’s stellar wind is given by Ėw = (1/2)Ṁv2

w, then the ratio
of injection rates can be written simply as

Ės/Ėw ≈ σv/(4vw). (12)
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Thus, appreciable changes in the heating rates caused by the motion
of the stars are only expected when the cluster velocity dispersion is
larger than 4vw. For the cluster velocity dispersions discussed here,
this term is negligible and thus it is not included.

Additionally, we find the pσ and pnon-uniform terms contribute to
the momentum equation minimally. As both terms are proportional
to qm and either vw or σ v, it is expected that they should contribute to
the hydrodynamics only at early times with the intercluster density,
ρgas is much smaller than qmdt, in clusters which can only retain
very small amounts of material (ρgas� qmdt for all time), and for
very fast winds and compact clusters. For the parameters we will be
concerned with in this paper we find these effects are of the order of
a few per cent. While both terms aid, albeit minimally, to removing
material from the cluster at large radii, within the core the pσ term
contributes to funnelling gas into the centre of the star cluster.

Once we drop the minimally contributing momentum terms from
equations (3) and (4), we revert to the equations typically seen in
other works (Priestley et al. 2011; Hueyotl-Zahuantitla et al. 2010):

ρ(r, tn) = ρ(r, tn−1) + qm(r, tn)dt(tn, tn−1), (13)

v(r, tn) = v(r, tn−1)ρ(r, tn−1)/ρ(r, tn) + ag(r, tn+1)dt(tn, tn−1),

(14)

ρ(r, tn)ε(r, tn) = 1

2
ρ(r, tn−1)v(r, tn−1)2 + ρ(r, tn−1)ε(r, tn−1)

−1

2
ρ(r, tn)v(r, tn) + qε(r, tn−1)dt(tn, tn−1) − Q(r, tn−1).

(15)

We also neglect the effects of external mass accumulation, which
can be an important source of gas when clusters reside in cool, dense
ISM gas (Naiman et al. 2009, 2011; Priestley et al. 2011; Conroy
2012). In addition to ignoring shock heating of the gas caused by the
motion of the stars derived in equation (12) we ignore other specific
heating sources such as photoionization or supernova, but discuss
the overall effects of additional energy injection in the cluster in
Section 5.

In cases where catastrophic cooling occurs, we assume star for-
mation is triggered if the Jeans length of the collapsing gas is smaller
than the central resolution element, or if tcool � tdyn. To estimate the
gas evolution during the star-forming period, our cooling prescrip-
tion is modified following Truelove et al. (1997) by turning off
energy losses and allowing the gas to evolve adiabatically. Such a
method approximates the transition of an isothermally collapsing
cloud to an optically thick, adiabatically evolving protostellar clus-
ter while forgoing the computationally expensive three-dimensional
radiative transfer calculations required to treat this problem accu-
rately. Because we do not include an explicit star formation pre-
scription, we allow such unstable regions to evolve for a few sound
crossing times before halting the simulation. With this implementa-
tion, a decrease in density of approximately one order of magnitude
or more occurs without the influence of cooling. While this decrease
results in a significant suppression of mass accumulation within the
cluster, some gas may be retained until it is either stripped by ex-
ternal mechanisms or displaced by supernovae from the second
generation of stars, approximately 10 Myr after they form.

3 STELLAR EVO LUTION AND MASS-LOSS ON
T H E H R D I AG R A M

The final ingredients to be specified in our simulations are the
time dependent average mass-loss rates and wind velocities, which

in turn determine the mass and energy injection rates, qm and qε .
Because our simulations are spherically symmetric, these rates must
encompass the average mass-loss properties of the stellar population
as a whole.

3.1 Mass-loss rates and wind velocities from individual stars:
prescriptions versus observations

To compute the individual mass-loss rates, Ṁ(M�, t), and wind
velocities, vw(M�, t), as both a function of the mass of the star, M�

and its age, t, we use the MESA stellar evolution models (Paxton
et al. 2011). MESA is used to follow the evolution of a grid of stellar
models with M� = 0.1–20 M� from ZAMS to either the white
dwarf stage, end of the AGB phase, or compact object creation.

The mass and kinetic energy injection can vary by orders of
magnitude throughout a star’s lifetime therefore to constrain our
MESA models we compare our calculated mass-loss rates and wind
velocities with observed quantities throughout the HR diagram.

3.1.1 Mass-loss rates

The majority of mass-loss from stellar winds occurs in the RGB and
AGB phases of low- and intermediate-mass stars (1 � M/M� � 8)
making this timeframe of mass-loss important to constrain. In MESA

the mass-loss rates during the crucial AGB phase are implemented
using the wind prescription of Bloecker (1995a), ṀB = 1.93 ×
10−21ηB(M/M�)−3.1(L/L�)3.7(R/R�) M� yr−1, with a normaliza-
tion of ηB = 0.04 consistent with LMC measurements (Ventura,
D’Antona & Mazzitelli 2000) and with previous studies (D’Ercole
et al. 2008, 2010; Conroy & Spergel 2011). The Reimers (1975) pre-
scription, ṀR = 4 × 10−13ηR(M/M�)−1 (L/L�)(R/R�) M� yr−1,
ηR = 1.0, is used in MESA to estimate the mass-loss during the RGB
branch.

In general, the mechanisms that drive mass-loss during the RGB
and AGB phases are not well constrained (Ventura & D’Antona
2008b; Karakas & Lattanzio 2007; Marigo 2012), and as such, it
is generally unproductive to compare instantaneous mass-loss rates
between our models and observations. However, we can constrain
mass-loss prescriptions during these crucial phases by comparing
the total mass lost by the MESA models with the observed the initial-
final mass relation. As shown in Fig. 1, we find that our models
reproduce the initial-final mass relation over this key mass range.

While mass-loss along the main sequence is minimal, the kinetic
energy injection can be significant as will be discussed in detail in
Section 3.2. Therefore, to account for mass-loss during this stellar
evolutionary phase, we extend the Reimers (1975) prescription to
mass-loss along the main sequence in our MESA models –ṀR,MS =
4 × 10−13ηR(M/M�)−1(L/L�)(R/R�) M� yr−1, with ηR = 1.0.
This prescription fits within the highly variable range of mass-loss
rates observed in main-sequence stars as depicted in Fig. 2.

We end this section by noting that the main-sequence mass-
loss rate may also be estimated analytically using the typical re-
lations between mass, luminosity and radius along the main se-
quence. Using the Reimers mass-loss prescription and the main-
sequence relations of Demircan & Kahraman (1991) for luminos-
ity, L � 1.03(M/M�)3.42 L�, and radius R � 0.85(M/M�)0.67 R�,
the analytical relation for mass-loss along the main sequence,
ṀR,MS � ηR3.5 × 10−13(M/M�)3.09 M� yr−1, is plotted in Fig. 2.
In general, the MESA relation and analytical fits are comparable, but
we caution this will change based on the various iterations of the
equations from Demircan & Kahraman (1991).

MNRAS 478, 2794–2811 (2018)
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Figure 1. Initial final mass relation from observations and MESA calcu-
lations. The Kalirai (2013) and Kalirai et al. (2013) points are averaged
over the total observed white dwarfs in each respective cluster, while the
Külebi et al. (2013) and Zhao et al. (2012) points are taken from individual
observations.
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Figure 2. Mass-loss rate estimates along the main sequence as a function
of initial stellar mass. Observational estimates are plotted as black diamonds
(Waters, Cote & Lamers 1987; de Jager, Nieuwenhuijzen & van der Hucht
1988; Badalyan & Livshits 1992; Debes 2006; Morin et al. 2008; Searle et al.
2008; Cranmer & Saar 2011). The blue rectangle denotes the estimated
variations in the solar mass-loss rate (Wood et al. 2005), and the yellow
rectangle shows the observed variations in the mass-loss rate of the Sun as a
function of its X-ray activity (Cohen 2011). The blue line shows the main-
sequence mass-loss rate prescription used by MESA and the often derived
analytical prescription is shown with the dashed red line.

3.1.2 Wind velocities

To include the full effects of the material ejected by unbound stellar
winds in our simulations knowledge of not only the mass-loss rates
of the stars, but the amount of kinetic energy injected by winds
during different phases of evolution for each star is necessary. Here,
we take the wind velocity, vw, coupled with the mass-loss rate,

L 
in

 lo
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L/
L 

 )

vw in log(km/s)

1

2

3
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0.5          1.0          1.5          2.0           2.5          3.0

Figure 3. Luminosity and wind velocities for AGB and RGB observations
and MESA models are shown here with squares and circles while observa-
tions from high-mass main-sequence stars are shown with diamonds. Two-
dimensional histograms plot the range of luminosities and wind velocities
present in our MESA models, weighted by the mass lost in each bin, with the
assumption that vw = vesc. For AGB and RGB stars, square points depict
observations of outflows using H α and Ca II triplet lines (Mauas et al. 2006;
McDonald & van Loon 2007; Mészáros et al. 2009) while circles show ob-
servations made with the HeI λ10830 line (Smith & Dupree 1988; Dupree
et al. 1992b, 2009) which is generated higher in the atmospheres of giants
(Dupree, Whitney & Avrett 1992a). Observations noted with an asterisk de-
note those with a measured MV which was converted to a luminosity for the
sake of plotting. The current masses of observed AGB and RGB stars are in
the range 0.6–1.0 M� (Smith & Dupree 1988; Dupree et al. 1992b; Mauas
et al. 2006; McDonald & van Loon 2007; Dupree et al. 2009; Mészáros et al.
2009). Masses for high-mass main-sequence stars range 10 ≤ M/M� ≤ 20
(Searle et al. 2008).

as a proxy for the amount of energy injected by stellar winds –
Eth,winds ∼ Ṁv2

w. This assumption requires efficient thermalization
between the stellar wind ejecta and intercluster gas. Thus, in order
to proceed it is necessary to determine the velocity of stellar wind
material which is unbound to the mass losing stars.

While the wind velocity can be approximated as the escape ve-
locity, accurate within a factor of a few across a wide range of
masses and life stages (Abbott 1978; Dupree & Reimers 1987;
Badalyan & Livshits 1992; Nyman et al. 1992; Loup et al. 1993;
Vassiliadis & Wood 1993; Schaerer et al. 1996; Evans et al. 2004;
Debes 2006), in many clusters where vesc for an individual star is
comparable to the velocity dispersion of the cluster, a factor of 2 is
the difference between significant mass retention in the cluster or
large-scale gas expulsion. To test the accuracy of the assumption of
vw ≈ vesc we compare the predicted wind velocities from several
MESA models with observations in Fig. 3. H α, CaII H and K lines
probe lower in the atmosphere and generally show outflows with
velocities less than the escape velocity from the star at that depth
(squares in Fig. 3), while the He I 10 830 Å line is produced higher
in the atmosphere and typically results in observed outward veloci-
ties comparable to the escape velocity of the star (circles in Fig. 3)
(Dupree, Sasselov & Lester 1992b; Smith, Dupree & Strader 2004;

MNRAS 478, 2794–2811 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/478/2/2794/4993266 by R
oyal Library C

openhagen U
niversity user on 26 M

arch 2021



Star cluster stellar wind retention and expulsion 2799

Mauas et al. 2006; McDonald & van Loon 2007; Dupree, Smith &
Strader 2009; Mészáros, Avrett & Dupree 2009). Given the lack of
any observed inflow and the acceleration of the material from the
lower layers of the AGB and RGB atmospheres it is probable that
the velocity of the outflowing material continues to increase until
it reaches the escape velocity from the star (Mauas et al. 2006).
Thus, the assumption vw ≈ vesc results in MESA stellar wind models
which best reproduce the distribution of velocities lost from stars in
unbound stellar winds as shown in Fig. 3.

In addition to the mass lost from a star during its main-sequence
lifetime and late stages of evolution, material may be removed by
close encounters with other stars (Pasquato et al. 2014), or slower
moving material may be stripped from the star as it moves through
the intercluster medium (Wilkin 1996). While stellar winds result
in an injection of material at vw ≈ vesc, the last two mechanisms
are possible avenues for incorporating slower moving (and thus, a
lower injected kinetic energy material) into the intercluster medium
if the lower atmospheric layers are stripped.

One can estimate the effectiveness of ram pressure stripping on
removing material from the lower atmosphere of RGB/AGB stars
through the method outlined in Wilkin (1996) by calculating the
stand-off radius of the bowshock as the star moves through the
background medium:

Rrps = 8.3 × 105 R�

(
Ṁ

10−8 M� yr−1

)( vw

10 km s−1

)( n

cm−3

)

×
( v�

30 km s−1

)
. (16)

For typical values of mass-loss rate, Ṁ ∼ 10−8 M� yr−1, wind ve-
locity, vw ∼ 10 km s−1, cluster velocity dispersion v� ∼ 30 km s−1,
and intercluster gas density n ∼ 1 cm s−1, the interaction radius is
much larger than the atmospheric extent of an RGB/AGB star, R� ≈
100–200 R� and therefore it is unexpected that ram pressure strip-
ping plays a significant role in the majority of gas injection within
a cluster. However, as the cluster gas density increases during high
mass-loss, low wind velocity phases this bowshock interaction ra-
dius may penetrate to the outer layers of RGB/AGB atmospheres
– a intercluster gas density of n = 107 cm−3 results in a stand-off
radius of Rrps ≈ 200 R�.

Equation (16) does not account for the non-constant nature of
AGB mass-loss which may result in periods of slow moving ejecta.
As noted in Villaver, Garcı́a-Segura & Manchado (2003); Villaver,
Manchado & Garcı́a-Segura (2012) this periodic mass-loss can
lead to a large-scale shell structure (1–2 pc) moving at slow ve-
locities (2−5 km s−1) for AGB stars moving through the galactic
ISM. However, these simulations were conducted assuming slow
moving winds emitted from isolated AGB stars, conditions quite
different then found in most star clusters.

While ram pressure stripping may be effective in removing low-
velocity gas from stars in high gas density environments, ejection
of stellar material during close star encounters could be prominent
in high stellar density environments (Pasquato et al. 2014). This
may be an important route to include lower velocity wind material
in the centres of the most dense GCs where interactions between
stellar members are ikely (Pooley et al. 2003; Pasquato et al. 2014).

In what follows we will ignore these possible secondary routes
for the inclusion of stellar wind material at lower wind velocities
and focus our attention on determining the effects of stellar winds
alone on the mass and temperature of gas retained and ejected from
star clusters.

3.2 Average mass-loss and wind velocities as model inputs

To finalize our mass and energy injection prescriptions it is neces-
sary to derive an averaged mass-loss rate and wind velocity during
each phase of cluster evolution which includes contributions from
the stars that significantly contribute to the mass and kinetic en-
ergy injection into the cluster. The averaged prescription we present
here has the added benefit of minimizing the effects of the poorly
constrained, rapidly varying, final stages of a star’s life (Pooley &
Rappaport 2006).

3.2.1 The turn-off approximation

To estimate the net mass-loss and mean thermal velocities of the
colliding winds, we first follow the formalism developed by Pooley
& Rappaport (2006) where the integrated wind kinetic energy and
mass-loss of the stellar population’s turn-off star is used as a proxy
for the average wind velocity and mass-loss rate:

〈
v2

w,to

〉 ≈ 2�EK

�M
, (17)

〈Ṁto〉 ≈ �M

�t
. (18)

where Ṁto(t) and vw, to(t) are the mass-loss rate and wind speed of
turn-off stars with a mass M� at a particular cluster turn-off time of t.
Here, �EK = 1

2

∫ t1
t0

Ṁtov
2
w,todt and are the kinetic energy and mass-

loss input rates integrated over the lifetime of the turn-off stars,
�t = t1 − t0, where t0 is the zero-age main sequence (ZAMS) and
t1 is the end of the AGB phase, white dwarf stage, or compact object
creation. This provides a reasonable estimate for the overall wind
mass and energy supply to the cluster although it fails to capture
the variability of realistic stellar winds which are currently not well
constrained (Wood et al. 2005; Cohen 2011; Marigo 2012).

3.2.2 The population averaged approximation

The effects of the additional input of mass and kinetic energy by stars
with M� < M�, to, which are neglected in the formalism previously
outlined, can be included by convolving the above definitions of
the average mass-loss rate and wind velocity with an initial mass
function (IMF) and a star formation history. Following Kroupa et al.
(2013), the average number of stars in a mass interval [M�, M�+ �dM]
evolving between [t, t+ dt] is given by dN = ζ (M�, t)N�b(t)�dMdt,
where ζ (M�, t) is the IMF, which we assume is accurately described
by the Kroupa (2001) IMF, b(t) is the normalized star formation
history, and N� is the total number of stars. For a non-evolving IMF,
ζ (M�, t) = ζ (M�), with a mass distribution extending from masses
M�, L to M�, H, the normalized star formation history can be written
as 1/tage(M�,L)

∫ tage(M�,L)
0 b(t)dt = 1, where tage(M�) is the lifetime

of a star of a given M�. Examples of b(t) include a constant star
formation rate, b(t) = 1, or a coeval population, b(t) = δ(t − t0),
with all stars formed at t0.

The average mass 〈�M(ti)〉 and kinetic energy 〈�EK(ti)〉 injected
into the cluster environment at a time ti, by a population of stars with
M�ε [M�, L, M�, H] where the lowest and highest mass in a population
depends on both the age, ti and the birth rate of stars, with the birth
rate regulated by b(t), are then given by

〈�M(ti)〉 =
∫ ti

t0

∫ b(ti )

b(t0)
b(t)

∫ M�,H

M�,L

ζ (M�)Ṁ(M�, t)dM�dbdt (19)
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Figure 4. Mass-loss rate and wind velocity for intermediate-mass stars
from MESA. The average mass-loss per star on the main sequence alone,
using the turn-off mass prescription, and using the population averaged pre-
scription are shown with coloured stars (MS), triangles (TO), and diamonds
(MS+TO), respectively. For reference, the average mass-loss per star from
D’Ercole et al. (2008) is shown by a black diamond at their AGB wind
velocity of 20 km s−1.

and

〈�EK(ti)〉 = 1

2

∫ ti

t0

∫ b(ti )

b(t0)
b(t)

∫ M�,H

M�,L

ζ (M�)Ṁ(M�, t) (20)

× v2
w(M�, t)dM�dbdt,

respectively. Here, the lowest and highest masses existing at a given
time depends on the current time and birth rate – M�, L(ti, b), M�, H(ti,
b). Stars that have lifetimes tage(M�) < ti forsake the stellar popu-
lation unless they were born during the most recent star formation
time interval [ti − tage(M�), ti]. For this reason, t0 is set to max [0,
ti − tage(M�)]. This formalism allows for equations (17) and (18) to
be cast into a more general form for the average mass-loss rates and
wind velocities at a specific stellar population lifetime, ti:

〈Ṁ(ti)〉 = 〈�M(ti)〉
ti

= 1

ti

∫ M�,H

M�,L

ζ (M�)Ṁ(M�, t)dM�dt (21)

and

〈v2
w(ti)〉 = 2〈�EK(ti)〉

〈�M(ti)〉 (22)

= 〈Ṁ(ti)〉−1
∫ M�,H

M�,L

ζ (M�)Ṁ(M�, t)v
2
w(M�, t)dM�dt .

In which we have assumed the stellar population initially residing
in star clusters is coeval such that b(t) = δ(0), which provides an
accurate description for clusters with ti � 10 Myr.

Fig. 4 compares mass-loss rates and wind velocities of the turn-off
(TO) and population averaged (MS+TO) prescriptions with the in-
stantaneous Ṁ − vw curves for several MESA stellar evolution mod-
els. While remaining similar in mass-loss rates, the effects of the
additional kinetic energy contribution in the population averaged
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Figure 5. Average cluster mass-loss rates and wind velocities as a function
of time for Z = 1/10Z�. Green lines assume gas dynamics are dominated
by the wind properties of the turn-off stars (Section 3.2.1), black lines show
the population averaged values (Section 3.2.2). Three representative times
in the clusters age are denoted by the solid vertical lines. The current age
of M15 is denoted by the vertical dashed line. Note that while the turn-off
stars contribute the majority of the mass (top panel), the main-sequence
stars dominate the energy injection (bottom panel) as a result of their higher
effective wind velocities.

prescription compared to the turn-off prescription are evident in the
overall higher wind velocities in the TO curves of Fig. 4.

In what follows we will explore the effects of substituting the
mass-loss prescriptions described in equations (18) or (21) and the
wind velocity prescriptions defined in equation (17) or (22) on a
cluster’s overall mass-loss and kinetic energy injection as defined
in (5) and (6), respectively.

4 STELLAR W I ND R ETENTI ON I N STAR
CLUSTERS

The mass injection properties, characterized here by the mass-loss
rates and wind velocities emanating from a coeval population of
stars, change dramatically as the population evolves. Fig. 5 shows
the evolution of the average stellar wind parameters. As the wind
velocities and stellar mass-loss rates change, so does the ability
of a cluster potential to retain the shocked stellar wind gas. Fig.
5 clearly illustrates the differences between efficient (population
averaged prescription which includes the kinetic energy injected
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by main-sequence stars) and inefficient (turn-off mass prescription
which does not include the kinetic energy injected by main-sequence
stars) thermalization and mixing of stellar winds from stars of dif-
ferent masses. Note that the differences between the turn-off mass
and population averaged prescriptions manifest themselves predom-
inately in the values of the population’s averaged wind velocity as
main-sequence stars do not contribute to the total mass injection
rate.

Fig. 5 depicts the wind properties as a function of time throughout
the cluster’s evolution. If the cluster has its gas removed by, for
example, ram pressure stripping due to interaction with external gas
(Priestley et al. 2011) or by additional gas heating processes, gas
retention will commence without memory of any previous episode
of mass accumulation. If however, the cluster potential is assumed
to be non-evolving and isolated with no additional heating sources
operating other than stellar winds, there will be some residual gas
and the gas retention properties at a particular age will depend on the
mass and energy injection history of the stellar members. We refer
to these two extreme scenarios as mass retention without memory
and with memory, respectively.

A young cluster without gas retention memory, corresponding to
time A in Fig. 5, with its high average wind velocity cannot retain
gas effectively if σ v � vw. This is clearly seen in Fig. 6 which
shows the properties of the shocked stellar wind gas confined to a
cluster potential characterized by σ v = 30 km s−1 and Mc = 107 M�
for both turn-off mass and population averaged prescriptions (red
curves). The flow in this case was evolved for ti = tA = 23 Myr
as the average mass-loss rates and wind velocities do not change
appreciably over this time period. A young cluster is thus only able
to retain a small quantity of high temperature gas in its inner region
(Macc/Mc ≈ 10−7), while further away gas is blown out of the system
in a wind.

As the cluster members evolve a dramatic decrease in the average
wind velocity occurs due to the dominant contribution of the slow,
dense AGB winds to the overall mass injection, corresponding to
time B in Fig. 5. For the star cluster, here assumed to be characterized
by a non-evolving gravitational potential, the AGB contribution
results in stellar wind injection parameters that favour significant
mass retention, as shown in Fig. 5 (black curves). As the stellar wind
gas shocks and cools, mass is efficiently accumulated (Macc/Mc ≈
0.04) until the central region becomes Jeans unstable, thus triggering
star formation. In this case, the gas flow within the cluster is evolved
until t = tsf, defined here as the sound crossing time within the
(adequately resolved) Jeans unstable region. Here, tsf = 1200 and
1700 Myr for the turn-off mass prescription and population averaged
approximation, respectively.

As the cluster ages, remaining stars no longer pass through an
extended thermally pulsing AGB phase. This results in an increase
in average wind velocity, and decrease in average mass-loss rates
(by a factor of ∼1.3 and approximately an order of magnitude over
∼2 Gyr, respectively) as seen at time C. As a result, the cluster
potential is unable to effectively retain the emanating gas and the
remaining wind material flows out of the cluster almost unrestrained
(Macc/Mc ≈ 10−7).

The amount of gas in clusters in which stellar wind material is ef-
ficiently retained, as in time B of Fig. 5, can increase significantly if,
prior to this time, the cluster is not stripped of gas prior to this time
by additional internal heating sources or by external gas removal.
In this case, the cluster can retain the memory of previous gas accu-
mulation. Fig. 7 compares the hydrodynamical profiles and central
gas mass accumulation histories of two clusters in which mass re-
tention is assumed to take place with and without memory. In both

cases, star formation is triggered albeit at different times and involv-
ing different amounts of accumulated cold gas. The larger central
gas density in the model with memory and residual gas results in
a few per cent increase in cold gas made available for a second
generation of star formation –Macc/Mc increases from 4.3 per cent
to 6.9 per cent when the mass retention takes place with memory.

The ability for a star cluster to retain wind ejecta depends not
only on the evolutionary stage of its members but also on their
spatial distribution. To illustrate this, in Fig. 8 we show the proper-
ties of the shocked stellar wind gas confined to a shallow potential
characterized by σ v = 14 km s−1 and Mc = 4.5 × 105 M� [pa-
rameters thought to accurately represent the current stellar mass
distribution in the GC M15 (Gerssen et al. 2002; McNamara, Harri-
son & Baumgardt 2004)]. A shallow gravitational potential is thus
unable to retain a significant amount of stellar wind material, even
during the AGB phase. This is observed to also be the case in
simulations in which the cluster is assumed to have gas retention
memory.

The dramatic difference observed in Figs 6–8 between the stellar
wind mass accumulated in cluster potentials of varying properties
motivates our study to compare results obtained with different ve-
locity dispersions and cluster masses for clusters with and without
gas retention memory. To facilitate comparisons, we first system-
atically vary the cluster velocity dispersion for a fixed total mass
Mc = 107 M�, assuming the turn-off mass wind velocity and mass-
loss rate are representative of the entire population and the cluster
has no gas retention memory. The left-hand panel of Fig. 9 gives
the amount of accumulated stellar wind mass in units of Mc for
a range of cluster velocity dispersions and different evolutionary
stages (ti) of the stellar members. By looking at the shaded regions
in Fig. 9, the reader can identify the cluster velocity dispersion and
mass combinations for which favourable conditions for star forma-
tion are satisfied at a given cluster age provided there is no memory
of gas retention.

Cluster potentials with σ v � 20 km s−1 are not effective at re-
taining gas in their cores, and gas is blown out of the cluster at
all times. As the velocity dispersion increases above 30 km s−1, the
cluster core is able to retain the shocked and efficiently cooled stel-
lar wind gas, making the central region Jeans unstable before (i.e. tsf

� ti) a significant amount of mass is accumulated into the cluster.
The largest fraction of mass retained takes place for star clusters
with σ v ≈ 25 km s−1. In this case, the potential is steep enough
to retain the shocked and subsequently cooled wind material, but
shallow enough to force the cold gas to collapse only until a sig-
nificant amount of mass has been accumulated. The contours in the
left panel of Fig. 9 show that potentials with σ v � 30 km s−1 may
endure multiple episodes of star formation albeit involving less re-
tained gas, while potentials with 25 km s−1 � σ v < 30 km s−1 can
have only short but more intense star formation periods. However,
because we do not treat star formation explicitly, future detailed
simulations are needed to address the possibility of recurrent star
formation in these systems. The largest mass accumulation for a
single star formation episode occurs for σ v ≈ 27 km s−1 between
the ages of 1 and 10 Gyr, with a mass retention fraction of Macc/Mc

≈ 6.4 per cent.
The extension of the star formation region in Fig. 9 depends

dramatically on the velocity dispersion of the cluster. While our
optimal single star formation episode takes place between cluster
ages of 1 and 10 Gyr, significant levels of star formation can occur at
earlier times for higher velocity dispersions – clusters with younger
ages, ≈200–400 Myr, can retain approximately 3 per cent of the
original cluster mass provided σ v � 30 km s−1.
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Figure 6. Hydrodynamic profiles for the three representative times, A (red), B (black), and C (blue), as denoted in Fig. 5. These three plots are the density,
temperature and velocity profiles at three representative times for an Mc = 107 M�, σ v = 30 km s−1 model. Solid and dashed lines represent the turn-off mass
and population averaged prescriptions for models without memory, respectively.

Figure 7. Hydrodynamic profiles and gas accumulation for a ti = 2000 Myr cluster with Mc = 107 M� and σ v = 27 km s−1. When the cluster is allowed to
retain residual gas throughout its evolution (black line) it can accumulate significantly more mass (6.9 per cent instead of 4.3 per cent) by the time star formation
is triggered than when the cluster is assumed to have no retention memory.

Figure 8. Hydrodynamic profiles for M15 with Mc = 4.5 × 105 M� and σ v = 14 km s−1 (Gerssen et al. 2002; McNamara et al. 2004) at the three representative
times in Fig. 5, including the predicted profiles for its current age (dashed lines). Here, the population averaged prescription is used and we assume the cluster
has no gas retention memory.

For consistency with other works we have repeated our analysis
shown in right-hand panel of Fig. 9 including the effects of the
cluster velocity dispersion term which is often added to the energy
relation derived in equation (15). For brevity, the contour map is
not included here but we note that in compact clusters this extra
energy injection term slightly delays star formation until enough
mass has been accumulated in the central regions to cool efficiently
and subsequently trigger star formation. However, for less compact
clusters (σ v � 35 km s−1) this additional heating is not important.

The right-hand panel of Fig. 9, in conjunction with the left panel,
allows us to estimate the amount of stellar wind material retained
by a star cluster of a given age, mass, and velocity dispersion. While
our models do not span the full range of Mc − σ v combinations,
some generalizations can be made from the results presented in
Fig. 9. The conclusions drawn are based upon the assumption that
the cluster potential properties, whose evolution causes are poorly
known, remain relatively unaltered for min [ti, tsf] and that the clus-
ter has no gas retention memory. The right-hand panel of Fig. 9 is
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Figure 9. Mass accumulation, Macc, as a function of the potential parameters Mc and σ for the turn-off mass prescription. The blue-shaded regions delimit the
boundaries for which our models collapse and trigger star formation. Left: Contours of Macc/Mc for a fixed cluster core mass of Mc = 107 M� and a varying
velocity dispersion. Right: Contours of Macc/Mc for a fixed velocity dispersion of σ v = 30 km s−1 and varying cluster mass. Here, we assume the cluster has
no gas retention memory.

self-explanatory – heavier star clusters at a fixed velocity dispersion
retain more gas. The mass retention fraction is observed to increase
slightly with augmenting cluster mass as a result of less efficient
cooling, which in turn delays the triggering of star formation as mass
continues to accumulate. Depending on how the cluster evolves, the
assumption of a static potential used in Fig. 9 may break down,
however the effects of a time varying potential can be estimated by
altering the trajectory of a cluster in the [σ v, time] or [Mc, time]
plane.

Using the average wind velocity and mass-loss rate of the turn-off
mass star alone to represent the properties of the entire population
underestimates the kinetic energy input arising from the more nu-
merous, lighter stars (Fig. 5). This gives an optimistic value of the
wind retention and star formation efficiencies. The effects of us-
ing the total kinetic energy input from the star cluster, including
the contribution from the main-sequence stars, to calculate effec-
tive mass retention are shown in Fig. 10. Direct comparison with
Fig. 9 shows that although the overall mass accumulation is rather
similar, in the population-averaged prescription star formation is
triggered over a narrower range of velocity dispersions. Not only
are higher velocity dispersions required to produce efficient star-
forming models, but the additional kinetic energy inhibits star for-
mation in the largest mass accumulation regions. This is because
the larger wind velocities keep the gas at higher temperatures, thus
quenching star formation. Previous studies used the instantaneous
AGB wind velocity as proxy for the total kinetic energy being in-
jected into the cluster. Our results suggest that the inclusion of the
kinetic energy provided by the main-sequence stellar winds can
dramatically alter the gas dynamics in these systems. However,
the ability of stellar winds from different populations to mix and
effectively thermalize remains uncertain and a clear understand-
ing of their combined effects will require detailed multidimen-

Figure 10. Mass accumulation, Macc, as a function of σ v for a fixed cluster
core mass of Mc = 107 M�, calculated using the population averaged
prescription. The blue-shaded region delimits the boundaries for which our
models collapse and trigger star formation. Here, we assume the cluster has
no gas retention memory. The additional thermalized high velocity winds
from main-sequence stars add appreciable heat to the central regions of the
cluster, thus inhibiting star formation at lower cluster velocity dispersions.

sional simulations, which are currently beyond the scope of this
paper.

The effects of additional kinetic energy injection by main-
sequence stars in star clusters can be mitigated by the larger densities
and thus enhanced cooling rates present in models where gas re-
tention is allowed to proceed unimpeded throughout the cluster’s
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Figure 11. Mass accumulation, Macc, as a function of σ v for a fixed cluster
core mass of Mc = 107 M�, calculated using the population averaged
prescription. The blue-shaded region delimits the boundaries for which our
models collapse and trigger star formation. Here, we assume the cluster
has gas retention memory. After star formation is triggered we expect the
subsequent gas accumulation after supernova energy injection to initially
proceed as in Fig. 9. Here, the additional mass input increases the cooling
capacity of the cluster gas when compared to that in Fig. 10 and, as found
previously, the star-forming contours overlap with the largest central mass
accumulation regions, as in Fig. 9.

evolution. Fig. 11 depicts the effects of gas retention with memory
on the central mass accumulations and star formation histories of
an Mc = 107 M� cluster for a variety of velocity dispersions. Note
that our rudimentary treatment of star formation prevents us from
following the gas evolution once star formation has been triggered,
resulting in an incomplete coverage of the Mc–σ v plane in Fig. 11. In
Fig. 11, the largest mass accumulation coincides with the lower σ v

bound of the star formation region. The continuous accumulation of
gas also produces larger central gas masses, with a gas mass of up to
9 per cent of the cluster’s mass retained. A comparison between the
mass accumulation contours in Fig. 11 with those in the left-hand
panel of Fig. 9 should provide the reader with some understanding
of the importance of gas retention memory although such compari-
son should be done with care, as the assumption of a non-evolving
potential in Fig. 11 is not necessarily a good approximation over a
large expanse of time.

In estimating the effects of star formation episodes in Figs 9–
11, we assume that such events do not affect the average stellar
mass-loss parameters dramatically. This approximation will hold
true provided that number of stars form during these episodes is
small, as suggested by our work. In such cases, the shaded regions
depicted in Figs 9–11 provide valid constraints on the star formation
ages and masses expected from stellar wind retention.

5 FU RT H E R C O N S I D E R AT I O N S

Throughout this work, we have used simplified models to deter-
mine how effective a star cluster of a particular age is at retaining
gas emanating from its stellar members, under the assumption that
its potential remains unaltered during the simulated phase. We have

further assumed a single metallicity for all clusters and have disre-
garded any heating sources besides the stellar winds themselves. In
this section, we relax both of these assumptions.

5.1 Metallicity

Not all clusters will have stars which expel wind material at 1/10 Z�.
Cluster to cluster variations in light element abundances are com-
monly observed in Galactic globular clusters (Gratton, Sneden &
Carretta 2004; Beasley et al. 2005; Cohen, Briley & Stetson 2005;
Piotto et al. 2007; Carretta et al. 2010b; Caldwell et al. 2011), with
spreads in heavier elements present in the most massive Galactic
globular clusters (Carretta et al. 2009c; Ferraro et al. 2009; Marino
et al. 2009; Carretta et al. 2010a,b). Additionally, Galactic globu-
lar clusters have metallicities which vary from cluster to cluster –
[Fe/H] ranges from approximately −0.5 to −2.5 (Harris 1996), and
there is evidence these metallicity variations extend to other galaxy
and GC systems (Usher et al. 2015). In addition, there are some
observational hints at the existence of complex abundance patterns
in younger clusters as well (Martell et al. 2013; Li et al. 2016).
While it is not clear how robust this effect is within all YMCs and
IACs (Mucciarelli et al. 2008; Mucciarelli 2014), there are many
examples of YMCs and IACs with metallicities not equal to that in
our assumed models, Z = 1/10 Z� (Mucciarelli et al. 2008).

These variations may cause changes in the mass-loss histories
of the individual stellar members and the cooling properties of the
shocked gas. As the stellar mass-loss prescription are mostly in-
dependent of metallicity during the evolutionary time periods that
are conducive to star formation (0.1 Gyr � ti � 100 Gyr) (Reimers
1975; Bloecker 1995b), we account for the effects of varying metal-
licity solely in the cooling function. We further assume all changes
are factors of solar metallicity – only an approximation when en-
richment follows the abundance variations seen in present-day GCs.

Fig. 12 shows the effects of changing metallicity for a young,
massive, and compact star-forming cluster, described here by
Mc = 107 M�, σ v = 50 km s−1, and ti = 212 Myr. For lower metal-
licities, the cooling becomes less efficient and more material is
allowed to flow into the centre of the cluster before catastrophic
cooling occurs. This enables relatively more massive star-forming
episodes to be triggered. Interestingly, when metallicity is lower
than Z < 10−1, the cooling becomes weak enough to prevent catas-
trophic cooling at times ≤ti. These results suggest that the range
of cluster parameters over which large central densities will persist
before catastrophic cooling takes place (Figs 9–11) will depend on
the metallicity of the emanating stellar winds, though, as illustrated
in Fig. 12, the differences are not marked.

5.2 Intercluster heating sources

In addition to altering the cooling curves, the inclusion of additional
cluster heating sources may prevent effective gas retention in our
simulations. We address this problem here by artificially increas-
ing the energy input rate: qε,new = (1 + H )qε = (1 + H ) 1

2 qm(r)v2
w.

Under this assumption, the additional heating sources follow the
potential’s stellar distribution. Such a heating source could be, for
example, the result of including the extra velocity dispersion term
to the energy relation shown in equation (15) by setting H ≈ 1.

Fig. 13 shows the effects of the additional heat input in one of
our otherwise star-forming simulations. For H < 2.0, the gas in
the simulation still collapses, triggering star formation. For larger
values, on the other hand, the cluster is unable to effectively retain
the gas and, as a result, star formation never ensues. By integrating
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Star cluster stellar wind retention and expulsion 2805

Figure 12. Gas properties for Mc = 107 M�, σ v = 30 km s−1 cluster at ti = 313 Myr for different metallicities. Here, we use the population averaged values
of the wind parameters and assume the cluster has no gas retention memory.

Figure 13. Left three plots: Gas properties for Mc = 107 M�, σ v = 30 km s−1 cluster at ti= 1860 Myr with added heat in the form of thermal energy:
eint, new = (1 + H)eint, old. Here, we use the population averaged values of the wind parameters and assume the cluster has no gas retention memory.

qε, new over the cluster’s core for H = 2.0, we derive the total energy
input rate required to overturn the central mass build up, which for
this simulation is about 1035 ergs−1.

In many cases, the additional energy injection sources might not
follow the stellar distribution. As an example, let’s compare the
heat distribution expected from accreting neutron stars under the
assumption that the accretion feedback is proportional to the Bondi
accretion rate: qε,ns ∝ Ṁ ∝ ρ(r)T (r)−3/2 (Bondi & Hoyle 1944).
Using the volume-averaged density and temperature in the cluster
core, ρ̄ ≈ 10−22 g cm−3 and T̄ ≈ 104 K, we derive the average lu-
minosity of a single, accreting neutron star: LNS ≈ 1033 erg s−1. This
implies that �100 accreting neutron stars are required to reside in
the cluster’s core in order to significantly offset its cooling proper-
ties. However, to accurately test this phenomena a multidimensional
approach would be required as feedback would not necessarily act
as a simple heating prescription.

6 A P P L I C AT I O N S TO VA R I O U S STA R
CLUSTERS

We have thus far kept our discussion of stellar wind retention in star
clusters generalized to star clusters with different combinations of
ages, masses, and velocity dispersions. In what follows we discuss
the implications of gas retention on three specific groups of star
clusters – YMCs, IACs, and GCs – and provide limits on how
stellar wind retention can affect their star formation histories.

6.1 Young massive clusters: age �1 Gyr

Young, massive star clusters (YMCs) are ubiquitous in the nearby
Small and Large Magellanic Clouds (Goudfrooij et al. 2014) and

are also found in recent (�1 Gyr) mergers like the Antennae galax-
ies (Whitmore, Chandar & Fall 2007). As one of the candidates for
proto-GCs, the gas content and star formation histories of these ob-
jects are a subject of much interest (e.g. Portegies Zwart, McMillan
& Gieles 2010).

6.1.1 Current gas content

During the time span of the typical ages of YMCs (10s–100s Myr)
Figs 9–11 show little mass retention and star formation in all but
the most compact stellar clusters. This results from the fast winds
from main-sequence O and B stars as shown in Fig. 5 for ages �
20 Myr, and the lack of sufficient gas accumulation time to initiate
runaway cooling and collapse for clusters with 20 � age Myr−1 �
500. For clusters with large velocity dispersions, σ v � 35 km s−1,
while some gas mass is retained and star formation is triggered, less
than ≈2 per cent of the original cluster’s mass is available for star
formation.

In such clusters we expect several additional mechanisms to add
significantly to the energy injection rate in the intercluster gas. As
shown in Calura et al. (2015) SNe can be an effective avenue to
assist in the removal of gas from stellar clusters, though in some
systems SNe alone may not be able to fully remove gas from young
clusters (Krause et al. 2013). In addition, accretion on to compact
objects may be able to clear gas within YMCs on time-scales as
small as 10 Myr (Leigh et al. 2013). Finally, Lyman–Werner flux
from massive stars further inhibits star formation by disassociating
molecular hydrogen in these young systems (Tenorio-Tagle et al.
1986; Conroy & Spergel 2011; Krause et al. 2013). Therefore, we
conclude that our estimates of gas retention of the order of a few per
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cent are upper limits for the total mass retained from stellar wind
ejecta within YMCs.

Such a small amount of gas retention is broadly consistent with
both observations and more complex simulations. Recent observa-
tions which show little gas in all but the most compact clusters
(Bastian & Strader 2014; Cabrera-Ziri et al. 2015; Kruijssen 2015;
Longmore 2015), though observations at high redshift are challeng-
ing (Longmore 2015). Our results are also consistent with analytic
and three-dimensional simulations of which find that the majority
of gas mass is removed by 1−14 Myr (Calura et al. 2015; Kruijssen
2015).

6.1.2 Previous and ongoing star formation

Our results of little to no star formation in Figs 9–11 over the several
hundreds of Myr timespan are broadly consistent with the results
of Bastian et al. (2013b) which show no ongoing star formation
in 130 YMCs with masses ranging from 104 < M/M� < 108 and
ages 10 < age Myr−1 < 1000 and Martocchia et al. (2018), who
only find MSPs in clusters with ages � 2 Gyr, though our level
of predicted star formation may be too low to be detectable in the
majority of YMCs (Peacock, Zepf & Finzell 2013). Our limit of σ v

� 35 km s−1 is a slightly higher limit for velocity dispersion than that
derived observationally from assuming eMSTO features in IACs
(Goudfrooij et al. 2014) are due to an age spread. Such a discrepancy
can be alleviated if the assumed evolution of the velocity dispersion
changes more dramatically from the YMC to the IAC stage than
that assumed in Goudfrooij et al. (2014) or if the eMSTO feature is
due to a population of rapidly rotating main-sequence stars (Bastian
et al. 2016; Cabrera-Ziri et al. 2016; Piatti & Bastian 2016) or other
stellar evolutionary effects (Bastian & Lardo 2017). While Li et al.
(2016) see evidence for past star formation in IACs that are less
massive and more diffuse clusters than predicted by our simulations,
their suggestion that these episodes of star formation may have
been triggered by the accumulation of gas from the clusters as they
orbited within the gaseous disc of their host galaxy is not necessarily
inconsistent with this work as we assume that our stellar wind
material is accumulated in star clusters in isolation. Previous work
has shown that cold gas accretion may indeed be a viable avenue
for significant gas retention and star formation (Naiman et al. 2009;
Conroy et al. 2011; Conroy & Spergel 2011; Naiman et al. 2011;
Priestley et al. 2011; Conroy 2012), however our detailed treatment
of the interplay between these two gas accumulation processes is
left to a subsequent paper.

6.1.3 Relationship to evolved stellar clusters

Abundance variations of light elements in main-sequence stars
(Cannon et al. 1998; Gratton et al. 2001; Briley et al. 2002; Cohen
et al. 2002; Pancino et al. 2010b) and RGB stars (Sneden et al. 2004)
within the majority of Galactic globular clusters suggest a complex
enrichment history during star formation. Our results pose problems
for many of the current scenarios for explaining the complex star
formation histories observed in many GCs under the assumption
that currently observed YMCs will eventually evolve into systems
like Galactic globular clusters.

Of the several scenarios attempting to explain abundance vari-
ations in GCs, many rely on a first generation of stars polluting
the interstellar gas with enriched material which is then incorpo-
rated into a subsequent generation of stars. One of the more popular
scenarios which may meet these requirements is enrichment from

a combination of intercluster gas from the winds of AGB stars
and accreted unprocessed material (Prantzos et al. 2007; Ventura &
D’Antona 2008a,b; Pflamm-Altenburg & Kroupa 2009; D’Ercole
et al. 2010; Conroy et al. 2011). The proposed timeline for this
method proceeds from an initial episode of star formation into an
initial clearing of gas from SNe (D’Antona & Caloi 2004; D’Ercole
et al. 2008; Conroy et al. 2011). Winds from AGB stars are then
effectively retained within the proto-GC, mix with an accumula-
tion of pristine gas accreted from the cluster’s surroundings, and
form a subsequent population of stars. As the possible mass lost
from AGB stars has an upper limit of approximately 10 per cent of
the initial mass of the cluster, a stellar mass-loss of approximately
90 per cent of the initial population of stars is invoked in order to
explain the roughly equal masses of first and generation stars ob-
served in present-day GCs (D’Ercole et al. 2008; Conroy et al. 2011;
Conroy & Spergel 2011; Conroy 2012).

Typically it is assumed the optimum time for retention of anoma-
lous material is ∼50–300 Myr during which material from stars
in a mass range of 4 � M/M� � 8 necessary to reproduce the
abundance ratios is injected into the cluster (Ventura et al. 2001;
Karakas & Lattanzio 2007; Ventura & D’Antona 2008a,b) and be
consistent with the �1 Gyr age spreads between the enhanced and
unenhanced populations currently observed in GCs (Larsen et al.
2011; Cabrera-Ziri et al. 2014, 2016; Martocchia et al. 2018). Our
results are in conflict with this scenario as we find only minimal
(�2 per cent) gas retention within the star clusters in the age range
conducive to reproducing the abundance anomalies in the AGB sce-
nario. However, it is possible the optimum time range for pollution
with material enriched by the necessary AGB stars may be modified
given the differences between abundance ratios produced by differ-
ent AGB models (Fenner et al. 2004; Karakas et al. 2006; Bekki
et al. 2007; Choi & Yi 2008; Ventura & D’Antona 2008a,b; Doherty
et al. 2014a,b).

Previous studies have shown greater gas mass retention is possible
within YMCs in the proposed ∼ 50−300 Myr time span (D’Ercole
et al. 2008; Bekki 2011; D’Ercole, D’Antona & Vesperini 2011),
however a smaller wind velocity and different star formation pre-
scription was used in these calculations. We compare our mass-loss
and wind velocity prescription with the values derived from the
work of D’Ercole et al. (2008) in Fig. 14. While the overall mass
accumulation rate is smaller than in their work (∼3−4 per cent ver-
sus their ∼10 per cent), we still find discrepancies in accumulation
from the difference between assumed mass-loss and wind velocity
prescriptions. The gas accumulation for the turn-off prescription
(labelled ‘TO’ in Fig. 14) is a factor of a few less than that in the
D’Ercole Ṁ − vw model, and the even lower rates observed from
the population averaged prescription (‘MS’ in Fig. 14), the latter
never cooling enough to trigger star formation in our models.

Other scenarios proposed to explain the different abundances of
subpopulations within present-day GCs rely on complex star for-
mation histories during a much smaller time range (∼10–50 Myr)
to explain the abundance anomalies observed in present-day GCs
(Maeder & Meynet 2006; Prantzos & Charbonnel 2006; Decressin
et al. 2007a; Decressin, Charbonnel & Meynet 2007b; Bastian et al.
2013a; Charbonnel et al. 2013; Krause et al. 2013; Cassisi & Salaris
2014; Hénault-Brunet et al. 2015; Bastian et al. 2016; Milone et al.
2016), with two of the most studied being the early disc accretion
(EDA) and the fast rotating massive star and/or interacting binaries
(FRMS/IBs) models. The EDA scenario (e.g. Bastian et al. 2013b)
requires low-mass stars to sweep up material pre-processed from
rotating massive stars and/or interacting high-mass binaries, while
the FRMS/IBs scenarios (e.g. de Mink et al. 2009; Krause et al.
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Figure 14. Mass accumulated for a potential with Mc = 107 M� and σ v

= 35 km s−1 at 300 Myr for different Ṁ and vw combinations. The shaded
region to the right of the yellow line illustrates the parameter space in which
star formation is triggered at 300 Myr. The coloured diamonds denote the
parameters which prescribe the mass-loss rates and wind velocities from our
turn-off (blue) and population averaged prescriptions (green), along with the
parameters from (D’Ercole et al. 2008) (yellow).

2013) assumes a second generation of stars forms from the ejecta
of rapidly rotating and/or dynamically stripped massive stars within
the first 20–40 Myr of a cluster’s life. While only a small amount of
material is expected to be retained by stellar winds during the time
span in which these two scenarios operate (0.5–2 per cent between
∼ 10 and 50 Myr in Figs 9–11), it is possible that it might have a
mitigating effect on these processes. The EDA model requires the
pre-main-sequence discs to survive for ∼10–20 Myr. Along with
other disc-damaging effects (Scally & Clarke 2001; de Juan Ove-
lar et al. 2012), the existence of the hot, thermalized stellar wind
intercluster medium could aid in the destruction of these pre-main-
sequence discs from ram pressure stripping during as the star moves
through the YMC. Inclusion of hot stellar wind material during the
first few tens of Myr of a cluster’s life also poses problems for the
FRMS/IBs scenario. If this small amount of stellar wind material ef-
ficiently thermalizes with the ejecta of FRMS or IBs, the additional
heat might be able to prevent a second generation of star formation.
Additionally, the combination of efficient mixing between stellar
ejecta at early times could also lead to dispersions in Iron, which
are not seen in all but a few clusters (e.g. Villanova et al. 2007).

Other methods of generating a subpopulation of stars with en-
hanced light element abundances during the early phases of cluster
evolution (�500 Myr) which either rely on pollution sources that
are highly centralized to the core of the proto-GC (Very Massive
Stars, Denissenkov & Hartwick 2014; Extended Central Star Forma-
tion, Prantzos & Charbonnel 2006; Elmegreen 2017; Wünsch et al.
2017), a top heavy IMF (Charbonnel et al. 2014), more complex gas
dynamics during initial phases of star formation (Inhomogeneous
Pre-enriched Gas, Marcolini et al. 2009; Turbulent Elemental Sepa-
ration, Hopkins 2014), or the reaccretion of remnant gas (Decressin

et al. 2007a,b) are not necessarily inconsistent with our models
given that they depend on sources of enrichment that do not follow
the stellar potential as we have assumed here. However, fast stellar
winds would undoubtedly add to the energy budget in such models,
decreasing the gas retention potential of all scenarios.

Indeed, the expected retention and expulsion of gas in YMCs as
predicted from our stellar wind only models potentially poses prob-
lems for all of the popular explanations of GC formation under the
assumption that YMCs evolve into IACs and eventually GCs. Given
our model’s agreement with both the current observed gas content
in YMCs (Section 6.1.1) and observed ongoing star formation (Sec-
tion 6.1.2), it is possible that the assumption that present-day YMCs
evolve into present-day GCs needs to be relaxed. However, we cau-
tion that because current abundance models for all scenarios fail to
fully reproduce the distribution of observed abundance anomalies
(Bastian, Cabrera-Ziri & Salaris 2015), the idea of a single for-
mation pathway and any effects our stellar wind models may have
on its success will likely need to be reevaluated as these scenarios
evolve.

6.2 Prospects for the detection of gas and star formation in
intermediate age clusters: age ∼ 1–4 Gyr

Our models predict the existence of large gas reservoirs during the
time period of 1–4 Gyr in all clusters with σ v � 25 km s−1 and
M � 106 M�. In addition, if the main-sequence winds thermalize
inefficiently with the winds from the turn-off stars (Fig. 9) or the
gas retention in the cluster ‘has memory’ (Fig. 11), a small amount
of star formation is predicted to be triggered during this time span –
approximately �10 per cent of the cluster mass may be available for
a second generation of star formation. Assuming the generous rate of
10 per cent star formation efficiency, this implies only ∼1 per cent
of the cluster’s mass forms stars once the cluster is older than
∼ 1–3 Gyr. To observe such a small rate of star formation at high
precision, we are limited in observations to within the Local Group
(∼1–2 Mpc) as photometrically derived SFHs in general to agree
with CMD derived ones at a level of a few per cent, a level which
is far higher than the �1 per cent one would need to resolve (Ruiz-
Lara et al. 2015). In one of the largest searches for star formation
locally in the Magellanic Clouds, no ongoing star formation has
been observed in star clusters with ages up to ∼1 Gyr (Bastian
et al. 2013b). For observations of older clusters matters are further
complicated as to accurately age data clusters photometrically in
the range of 1–4 Gyr both optical and NIR are necessary to break
the strong age-metallicity degeneracy between these and the much
older ∼13 Gyr old clusters (Trancho et al. 2014), making such
observations more expensive for clusters older than ∼1 Gyr.

Merging galaxies provide another possible avenue to observe
ongoing star formation and gas retention in massive clusters, al-
beit at lower precision than in the Local Group, as these systems
typically generate a multitude of star cluster formation with ages
approximately the age of the merger itself (Whitmore et al. 2007).
However, observations of one of the most studied mergers, the An-
tennae galaxies, occurring ∼500 Myr ago, shows that while upper
limits on gas content show intercluster gas at the level of�9 per cent
(Cabrera-Ziri et al. 2015), there are large gas reservoirs surrounding
the clusters (Zhu, Seaquist & Kuno 2003) – hardly the clusters in
isolation studied here – making a strict comparison between our
prescription and those in intermediate age merging systems less
straightforward. Furthermore, external gas reservoirs could either
aid in the retention of intercluster gas or help with its expulsion.
If the clusters move through hot and/or dense gas ram pressure
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stripping may be effective at removing material over a few sound
crossing times across the cluster (Frank & Gisler 1976; Martell &
Smith 2009; Naiman et al. 2009; de Silva et al. 2009; Pancino et al.
2010a; Naiman et al. 2011; Priestley et al. 2011). If, however, they
move slowly enough relative to the sound speed of the gas the large
reservoir of external material may aid in the retention of gas within
the clusters’ centres (Pflamm-Altenburg & Kroupa 2009; Naiman
et al. 2011; Priestley et al. 2011).

More locally, the effects of gas retention on observations of SMC
and LMC star clusters has focused predominately on the YMC
population (Bastian & Strader 2014; Longmore 2015). While there
are IACs in the LMC and SMC with large extinctions there is not
an overall trend with age (Perren, Piatti & Vázquez 2017) as would
be suggested by the work presented here. However, we caution here
that once again LMC and SMC clusters are not necessarily the
isolated systems discussed in this work.

Finally, if IACs are believed to evolve into GCs, the amounts of
gas retained from stars during the 1–4Gyr time span would possibly
lead to subsequent populations of stars with enhanced C+N+O,
which is not currently observed in the enhanced population of stars
in galactic GCs (Decressin et al. 2009).

While observations of star formation and gas retention in IACs
are far from complete, the observed lack of star formation and
gas retention implies that there is efficient thermalization between
main-sequence and evolved stellar winds as depicted in Fig. 10 or
an additional source of heat in these systems. Additionally, other
mechanisms beyond ram pressure stripping and stellar wind feed-
back may be responsible for clearing the gas. In lower mass and
less dense clusters, radiation from white dwarfs may result in the
ionization of the gas at ages �1 Gyr (McDonald & Zijlstra 2015),
and classical novae may be able to drive gas out in the lower mass
clusters (Moore & Bildsten 2011). Furthermore, in both low- and
high-mass clusters, the accretion on to stellar-mass black holes
could aid in removing this build-up of mass in the system (Leigh
et al. 2013).

Both further observations of star formation and gas content in
IACs and more physically realistic simulations are needed before a
more robust comparison between the stellar wind retention models
presented here and the observed properties of IACs can be made.

6.3 Current gas content in globular clusters: age � 7 Gyr

As there is little to no ongoing star formation predicted in our models
and observed in galactic GCs or old SMC and LMC clusters (e.g.
Martocchia et al. 2018), we here focus solely on the current gas
content of GCs.

Given that the typical time between gas stripping Galactic GCs’
disc passages, 0.1 Gyr (Odenkirchen et al. 1997), is long enough
for significant slow RGB wind material to be injected into GCs
(Tayler & Wood 1975), if this wind material is effectively retained
within the cluster we expect to see approximately 10–100M� of
gas within Galactic GCs. However, the majority of Galactic GCs
show little or no evidence for gas of 10–100M� within their interi-
ors, as measured either in neutral hydrogen (Heiles & Henry 1966;
Robinson 1967; Kerr & Knapp 1972; Knapp, Rose & Kerr 1973;
Bowers et al. 1979; Birkinshaw, Ho & Baud 1983; Lynch, Bowers
& Whiteoak 1989; Smith et al. 1990; van Loon et al. 2006, 2009),
CO (Troland, Hesser & Heiles 1978; Smith, Woodsworth & Hesser
1995; Leon & Combes 1996), OH and H2O maser emission (Knapp
& Kerr 1973; Kerr, Bowers & Knapp 1976; Cohen & Malkan 1979;
Dickey & Malkan 1980; Frail & Beasley 1994; van Loon et al.
2006), or dust (Lynch & Rossano 1990; Knapp, Gunn & Connolly

1995; Origlia, Ferraro & Pecci 1996; Hopwood et al. 1998, 1999;
Evans et al. 2003; Boyer et al. 2006; Barmby et al. 2009). The most
stringent constraints come from a combination of radio dispersion
measurements of millisecond pulsars in 47 Tucanae (Camilo et al.
2000) showing ne = 0.067 ± 0.015 cm−3 and neutral hydrogen mea-
surements indicating MHI � 3.7 M�, which when taken together
indicate a dearth of gas within 47 Tucanae. In addition, as men-
tioned in previously in Section 6.2, while there are enhancements in
extinction in SMC and LMC clusters, it is not a highly ubiquitous
feature of the old clusters in these systems (Perren et al. 2017).

In Figs 9–11, we find little expected gas retention in all but
the most compact star clusters (σ v � 40−45 km s−1) at a popula-
tion age of 10 Gyr, but caution any gas retention is likely to de-
crease for less massive clusters (Mc < 107 M�) as indicated in the
right-hand panel of Fig. 9. For σ v � 23 km s−1, we find negligible
mass retention across all mass-loss prescriptions and cluster masses
(Macc/Mc ∼ 0 per cent). Thus, our results are in excellent agreement
with both observations and a previous analytically derived limit of
σ v � 22 km s−1 by Smith (1999), who also account for the effects
of main-sequence stellar wind heating on the intercluster gas.

7 SU M M A RY A N D C O N C L U S I O N S

We have presented a grid of spherically symmetric simulations of
gas retention and expulsion due to stellar winds within star clusters.
While previous work has estimated the ability of star clusters to re-
tain stellar winds (D’Ercole et al. 2008, 2010; Vesperini et al. 2010;
Conroy & Spergel 2011; Conroy et al. 2011), calculations have so
far been under taken over a smaller range of cluster properties and
stellar ages, typically with lower stellar wind velocities than those
argued for in this work. Motivated by this, we have calculated gas
retention in star clusters of various ages, stellar mass, and com-
pactness. Additionally, we include a discussion of the choice of the
kinetic energy injection proxy, taken here as the wind velocity, vw,
and its relation to the observed distribution of outflow velocities
observed in field and GC AGB and RGB stars.

Our main conclusions are the following:

(i) We conclude that in compact star clusters a choice of vw = vesc

best reproduces both the observations of stellar winds and the as-
sumed level of mixing between stellar wind and the intercluster
medium.

(ii) Given our assumptions about the mass-loss rates and wind
velocities emanating from stars residing in clusters, we find the
optimum time for gas retention is approximately 1–2 Gyr. However,
depending on how efficiently the slow winds from AGB/RGB stars
mix with the fast winds from the numerous main-sequence cluster
members, and how effectively gas is cleared after each episode of
star formation within the cluster, we find star formation may not be
triggered within this optimum time span as the gas may be too hot.

(iii) We find significant gas retention can occur when cluster
velocity dispersions are high, σ v � 25 km s−1, but the amount of gas
retained drops as the velocity dispersion grows due to the efficient
funnelling of gas to the central regions of the cluster and subsequent
triggering of star formation for very compact clusters.

(iv) We compare our results with observations of YMCs, IACs,
and GCs. We find our models generally agree with observations.
We predict little gas retention and star formation in YMCs and
GCs. Our models predict higher levels of gas retention in IACs
(≈10 per cent of the stellar mass). However, we caution that both
the lack of observations of isolated IAC systems and the lack of
inclusion of all the sources of thermal and kinetic energy in star
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clusters in this age range makes any conclusions drawn from our
models preliminary.

(v) Finally, we discuss the implications of our models on the
assumed evolutionary sequence of YMC → IAC → GC resulting
in observations of multiple sub-populations with different levels of
light element enhancement in present-day GCs. The majority of
proposed origins for these sub-populations rely on some amount of
gas retention in the age range few 100s of Myr. However, we find
hot stellar winds are effective at driving material from the cluster
during this time frame for all but the most massive and compact
clusters. This result is problematic for the AGB wind retention
scenario (D’Ercole et al. 2008, 2010; Conroy et al. 2011; Conroy &
Spergel 2011) invoked to explain the abundance anomalies observed
in present-day Galactic globular clusters, but if hot stellar winds can
effectively thermalize with the intercluster medium during this time,
our models pose problems for gas retention in the EDA (Bastian
et al. 2013b) and FRMSs (Krause et al. 2013) scenarios as well.

In this work, we have also tried to minimize the effect of ex-
ternal mass inflow by considering star clusters in isolation. This
is certainly not the case for clusters moving through cold, dense
environments, as they can potentially amass a significant amount of
gas from their surroundings (Naiman et al. 2009, 2011), or clusters
moving quickly though hot halo gas or the galactic disc (Priest-
ley et al. 2011). If the star clusters reside within cold gas, stellar
winds and exterior inflows in such clusters could combine to cre-
ate even larger central density enhancements (Naiman et al. 2009;
Pflamm-Altenburg & Kroupa 2009; Conroy et al. 2011; Naiman
et al. 2011). Additionally, one-dimensional spherically symmetric
models cannot accurately model all multidimensional phenomena.
For example, these simulations are not able to follow the effects
of cool fragments which may exist in otherwise hot gas, thereby
overestimating the effects of hot gas expelling material from the
cluster (Krause et al. 2012). A self-consistent treatment of both
interior and exterior gas accumulation in multidimensional sim-
ulations, which includes the effects of compact object accretion,
tidal stripping, photoionization, and pulsar heating will be presented
elsewhere.
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