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ABSTRACT
Internal chemical abundance spreads are one of fundamental properties of globular clus-
ters (GCs) in the Galaxy. In order to understand the origin of such abundance spreads, we
numerically investigate GC formation from massive molecular clouds (MCs) with fractal
structures using our new hydrodynamical simulations with star formation and feedback effects
of core-collapse supernovae (SNe) and asymptotic giant branch (AGB) stars. We particularly
investigate star formation from gas chemically contaminated by SNe and AGB stars (‘self-
enrichment’) in forming GCs within MCs with different initial conditions and environments.
The principal results are as follows. GCs with multiple generations of stars can be formed from
merging of hierarchical star cluster complexes that are developed from high-density regions
of fractal MCs. Feedback effects of SNe and AGB stars can control the formation efficiencies
of stars formed from original gas of MCs and from gas ejected from AGB stars. The simulated
GCs have strong radial gradients of helium abundances within the central 3 pc. The original
MC masses need to be as large as 107 M� for a canonical initial stellar mass function (IMF) so
that the final masses of stars formed from AGB ejecta can be ∼105 M�. Since star formation
from AGB ejecta is rather prolonged (∼108 yr), their formation can be strongly suppressed
by SNe of the stars themselves. This result implies that the so-called mass budget problem is
much more severe than ever thought in the self-enrichment scenario of GC formation and thus
that IMF for the second generation of stars should be ‘top-light’.

Key words: stars: AGB and post-AGB – globular clusters: general – galaxies: star clusters:
general.

1 IN T RO D U C T I O N

It has been established that internal chemical abundance spreads are
one of fundamental properties of old globular clusters (GCs) in the
Galaxy (e.g. Gratton, Carretta & Bragaglia 2012, for a recent re-
view), the Large and Small Magellanic Clouds (LMC and SMC, e.g.
Mucciarelli et al. 2009; Niederhofer et al. 2016), and the Galactic
dwarf satellites (e.g. Carretta et al. 2010; Larsen et al. 2014). Most
old GCs in the Galaxy show internal chemical abundance spreads
in light elements (e.g. Carretta et al. 2009, hereafter C09) whereas
only eight of them have been so far observed to have internal [Fe/H]
spreads (e.g. Marino et al. 2015). NGC 2808 and ω Cen are GCs
with He abundance spreads (e.g. Piotto et al. 2005), the origin of
which remains unclear. The Galactic GC M22 is observed to have
at least two groups of stars with (i) the [Fe/H] difference of ∼0.15
dex among the two groups and (ii) higher abundance of s-process
element in the Fe-rich group (e.g. Marino et al. 2009). The origin
of the observed ubiquitous anticorrelations between light elements
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and different levels of internal abundance spreads in GCs is one of
unresolved problems in GC formation and evolution.

If these abundance spreads in various elements are due largely to
secondary star formation from gas contaminated by earlier genera-
tion of stars within forming GCs (‘self-enrichment’), then we need
to understand how such self-enrichment processes are possible in
such compact stellar systems of GCs. Self-enrichment of pristine gas
by asymptotic giant branch (AGB) ejecta in forming GCs is demon-
strated to be essentially important for the origin of the observed
Na–O anticorrelations among GC stars (e.g. D’Ercole et al. 2010,
hereafter D10). Self-enrichment processes by supernovae (SNe)
could explain the observed large metallicity spread and metallicity
distribution function in ω Cen (e.g. Ikuta & Arimoto 2000). Lee
et al. (2009) found possible evidence of Ca abundance spreads in
seven Galactic GCs and thus suggested that self-enrichment pro-
cesses by SNe are quite important for the origin of the observed
spreads in [Ca/Fe].

In spite of such importance of self-enrichment processes in GC
formation, only several numerical simulations of GC formation
have investigated the processes so far. Bekki & Chiba (2007) in-
vestigated how stellar wind of massive stars can influence the star
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formation processes and chemical evolution of forming GCs within
turbulent, high-density giant molecular cloud (GMCs). They found
that (i) second generation (‘SG’) of stars shows a C–N anticorrela-
tion, (ii) the observed high [N/Fe] of ∼0.8 (e.g. NGC 6752) cannot
be reproduced in the simulated GCs for a canonical initial stellar
mass function (IMF), and (iii) the fraction of SG stars formed from
gas contaminated by massive stars is quite small (∼3 per cent).
Using two-dimensional (2D) hydrodynamical simulations of star
clusters (SCs) with stellar winds and SNe, Wünsch et al. (2008)
performed 2D hydrodynamical simulations of young SCs with su-
pernova winds and found that a significant fraction of SN ejecta can
be still trapped in their inner regions if SCs are quite massive. Bekki
(2010, 2011; B10 and B11, respectively) demonstrated that star for-
mation from AGB ejecta can proceed very efficiently in clusters of
first generation of stars (‘FG’), as long as the clusters are massive
enough (≥106 M�).

Although these previous simulations contributed to the better
understanding of self-enrichment processes of GCs, the adopted
initial conditions and models for GC formation are quite idealized
and less realistic in the following points. First, these simulations do
not consider the observed fractarity of MCs (e.g. Blitz & Williams
1990; Bergin & Tafalla 2007). The fractal structures of MCs play
key roles in the formation and evolution processes of SCs (e.g.
Elmegreen 2008), and the observed ubiquitous SC complexes (e.g.
Efremov 1995; Bastian et al. 2005; Adamo et al. 2012) can be
developed from such fractal structures and thus important for GC
formation (Bekki 2017, hereafter B17). Accordingly, the observed
fractarity needs to be included self-consistently in a more sophis-
ticated simulation of GC formation. Second, feedback effects of
SNe and AGB winds are not simultaneously and self-consistently
included in previous simulations, which means that self-enrichment
processes are not so realistic: either only chemical enrichment (and
feedback effect) by SNe or only that by AGB stars was included
in previous simulations. Accordingly, the previous models of GC
formation did not predict possible abundance spreads in heavy ele-
ments (due to chemical enrichment by SNe) and in light elements
(AGB stars).

Third, mass-dependent chemical yields of SNe and AGB are not
properly included in previous chemodynamical simulations of GC
formation. Given that chemical yields are different between SNe
and AGB stars with different masses (e.g. Karakas 2010, hereafter
K10) and star formation can proceed within a time-scale of 106 yr,
chemical abundance patterns of GC stars can depend strongly on
which SNe or massive AGB stars can contribute to chemical enrich-
ment processes within forming GCs. Accordingly time evolution of
chemical abundances in ejecta of SNe and AGB stars needs to be
included self-consistently. Fourth, secondary star formation from
gaseous ejecta from SNe and AGB stars within an existing single
giant SC with the mass (Msc) larger than 106 M� is not so realistic,
given that an SC is formed not in isolated but as a group of smaller
clusters (e.g. Efremov 1995; Bastian et al. 2005). Therefore, self-
enrichment processes investigated in previous three-dimensional
(3D) hydrodynamical simulations of GC formation (e.g. D’Ercole
et al. 2008, D08; B10, B11) in a gravitational potential that is not
evolving so much could be less realistic (B17). Thus, more realistic
initial conditions of GC formation are required to be adopted so
that self-enrichment processes of GCs can be better investigated in
numerical simulations of GC formation.

The purpose of this paper is to investigate self-enrichment pro-
cesses of GCs formed within massive MCs with fractal structures
using new hydrodynamical simulations with feedback effects of
SNe and AGB stars with different masses within MCs. We consider

Table 1. Description of (physical) meanings for acronyms and symbols
often used in this study.

Acronyms/Symbols Physical meaning

SC Star cluster
MC Molecular cloud
SF Star formation
FG First generation of stars
SG Second generation of stars
D3 Fractal dimension (in 3D space) of an MC
Mfg Total mass of FG stars
Msg Total mass of SG stars
Mns Total mass of new stars
Mej Gas mass ejected from SNe (AGB stars)
� Surface mass density (e.g. �g for gas)
εsf, fg Star formation efficiency of FG stars
εsf, sg Star formation efficiency of SG stars
tagb Lifetime of stars that become AGB stars.
tdelay, sg Time delay between SF and SNe in SG
ρth Threshold gas density for SF

that GCs can be formed from massive MCs with masses larger than
3 × 106 M� within gas-rich dwarf disc galaxies at high redshifts
and thereby investigate the transformation from fractal MCs into
compact stellar systems (GCs) in detail. We particularly investi-
gate the following points: (i) how FG can be formed from cold
gas of fractal MCs, (ii) whether new stars can be formed from gas
ejected from SNe and AGB stars during merging of hierarchical
SC complexes developed from fractal MCs, and (iii) how feedback
effects of SNe and AGB winds influence the formation efficiencies
of FG and SG stars in GCs. It should be noted here that AGB winds
can significantly influence secondary star formation within forming
GCs (Bekki 2016, hereafter B16).

The plan of the paper is as follows. We describe the models
for massive MCs with fractal structures, feedback effects of SNe
and AGB stars, chemical enrichment by these stars, star forma-
tion within MCs, and live gravitational potentials of GC-host dwarf
galaxies in Section 2. We present the key results of the simulation,
in particular, dynamics of GC formation from hierarchical SC com-
plexes developed from fractal MCs and self-enrichment processes
in GC formation in Section 3. Based on these results, we discuss
(i) important roles of feedback effects of SNe and AGB stars in the
physical properties of GCs and (ii) possibly different IMFs between
FG and SG star formation in Section 4. We summarize our conclu-
sions in Section 5. The physical meanings of acronym and symbols
(e.g. FG and SG) often used in this paper are summarized in Table 1
for convenience.

In this paper, we consider that the origin of the observed abun-
dance spreads in the Galactic old GCs is due largely to multiple
generations of stars in forming GCs. However, it is being hotly de-
bated whether the observed extended main-sequence turn-offs and
splits of main sequence of the LMC clusters can result from age
spreads (i.e. multiple generations of stars) or from internal stellar
rotation (e.g. Bastian & De Mink 2009; Li et al. 2016; Milone et al.
2016 ). Accordingly, the above scenario of multiple generations of
stars in the Galactic GCs could be just an assumption or hypothe-
sis. However, For & Bekki (2017) have recently discovered young
stellar objects (YSOs) with ages well less than 106 yr in the older
LMC SCs with ages of 0.1–1 Gyr. This result is direct evidence for
ongoing star formation in older LMC SCs and therefore strongly
suggests that secondary star formation could have occurred in some
of LMC SCs. Therefore, the above scenario of multiple generations
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of stars in forming GCs can be quite realistic, at least for some GCs,
though the origin of the LMC SCs with multiple stellar populations
can be different from that of GCs in galaxies other than the LMC.

2 TH E MO D EL

2.1 An overview

We consider that GCs can be formed from fractal MCs with their ini-
tial masses (Mmc) much larger than the typical mass of the Galactic
MCs in gas-rich dwarf galaxies at high redshifts. Harris & Pu-
dritz (1994) proposed that GC-hosting MCs should be very massive
(‘supermassive MCs’), because star formation efficiencies (SFEs)
of MCs are typically rather low. The original mass of an MC (Mmc)
or an MC association (a group of GMCs) hosting a GC with the
initial mass of Mgc, i can be estimated from the final GC mass (Mgc, f)
by considering (i) SFE within the MC (εsf), (ii) gas ejection through
SNe and AGB phases, and (ii) mass loss due to dynamical evolu-
tion (two-body relaxation and tidal stripping). The present-day (i.e.
final) mass of the GC is as follows:

Mgc,f = (1 − fstrip)(1 − fej)Mgc,i, (1)

where fstrip is the mass fraction of stars lost from the GC due to
dynamical evolution and fej is the fraction of gas ejected from SNe
and AGB stars. Therefore, the initial mass of GC-hosting cloud is
simply as follows:

Mmc = ε−1
sf Mgc,i. (2)

For a typical mass of the Galactic GCs (2 × 105 M�), reasonable
values of fej = 0.4 and fstrip = 0.5, and rather high εsf = 0.2, Mmc can
be therefore 3.3 × 106 M�, which corresponds to the most massive
GMCs in the Galaxy (e.g. Solomon, Sanders & Scoville 1979).
In this estimation, the initially rather large GC masses adopted in
previous self-enrichment scenarios for multiple generation of stars
in GCs (e.g. D08; B11) are not considered. If such GC masses are
considered, then Mmc can be [5–10] times larger than the above
value. Thus, we need to investigate GC formation in massive MCs
with Mmc ≥ 3 × 106 M� in order to discuss the physical properties
of GCs.

GMCs are observed to have fractal structures (e.g. Blitz et al.
2007), and their origin and nature have been extensively discussed
both observationally and theoretically (e.g. Bergin & Tafalla 2007;
Elmegreen 2008). However, it is not so clear how such fractal struc-
tures can influence the formation processes of GCs, in particular,
self-enrichment processes that lead to the formation of SG stars −
the major component of GCs. The key parameter of fractal MCs is
the fractal dimension (D3) in 3D space. Recent observations have
shown that D3 in interstellar medium (ISM), GMCs, and field stars
are different depending on galaxy environments (e.g. Sun et al.
2016), which implies that we need to choose reasonable ranges of
D3 depending on galaxy properties in the simulations of GC forma-
tion within MCs. By considering these observations, we investigate
the influences of initial fractal structures of MCs on GC formation.

In order to perform smooth particle hydrodynamics (SPH) simu-
lations of GC formation within massive MCs, we use our own orig-
inal simulation code that can be run on Graphics Progressing Unit
(GPU) clusters (Bekki 2013, 2015). Although this code enables us to
investigate the formation of molecular hydrogen (H2) from neutral
one on dust grains, dust formation, destruction and growth, effects
of photoelectric heating (PEH) on cold gas, star formation, and SN
feedback effects on star formation, we do not include dust-related
physics in the present simulation. This is first because we do not

focus on dust physics in GC formation in this study, and secondly
because simulations with such dust-related physics are very time-
consuming (Bekki 2015). Since the details of the code are given in
Bekki (2013, 2015), we briefly describe the code in this study.

2.2 Massive molecular clouds

We adopt a size–mass relation that is consistent with (i) the observed
relation between mass densities and sizes of GMCs discovered by
Larson’s (1981) and (ii) the observed typical mass and size of GMCs
in the Galaxy (e.g. Solomon et al. 1979). The following Rmc–Mmc

relation is used for deriving the size of a massive MC (Rmc) from
the mass (Mmc) for each MC;

Rmc = 40 ×
(

Mmc

5 × 105 M�

)0.53

pc (3)

We investigate models with Mmc ranging from 3 × 105 M� to
107 M� in order to simulate massive SCs (GCs) with the initial
total masses larger than 105 M�. This wide range of investigation
can allow us to derive physical conditions for self-enrichment by
AGB stars in a convincing manner.

An MC is assumed to have a power-law radial density profile
(ρmc(r)) as follows:

ρmc(r) = ρmc,0

(r + cmc)β
, (4)

where r, ρmc, 0, and cmc, β are the distance from the MC’s centre,
a constant that is determined by Mmc and Rmc, the core radius of
the MC, and the power-law slope. Although GMCs are observed to
have β = 1–2 (e.g. Ashman & Zepf 2001), we consider that β =
1 is more reasonable. This is because the total mass of a GMC is
roughly proportional to R3 − β , for which β = 1 is consistent with
the above mass–size relation (Mmc ∝ R2

mc).
AnMC is assumed to have a fractal gaseous distribution charac-

terized by a fractal dimension D3. The details of a way to set up
the initial condition of a fractal structure for a given β are given in
Appendix A. In the present model for fractal MCs, the power-law
radial density profile of an MC can be seen even in the smallest
sub-structure within the MC. Such a clumpy MC can show star
formation in sub-structures from the earlier evolution of the MC so
that low-mass unbound and bound SCs can be first formed from
high-density regions of sub-structures. Therefore, dynamics of GC
formation in fractal MCs can be significantly different from that in
MCs without fractal structures. We consider that D3 = 2 is more
consistent with β = 1, because Mmc is scaled to RD3

mc − a defini-
tion of fractal dimension. We therefore investigate the models with
D3 = 2 more extensively, though we also investigate models with
other β for comparison. The initial number of gas particles (Ng)
used in a simulation depends on D3 and Nmin, which is the mini-
mum number of gas particles used in the Level 1 distribution of gas
particles (Appendix A). It is initially 1048911 for the fiducial model
(described later) and the total gas particle number can increase with
time owing to the ejection of gas from AGB stars.

The initial virial ratio (tvir) can determine the total amount of
kinetic energy (Tkin) of an MC and it is described as follows:

tvir = 2Tkin

|Wmc| , (5)

where Wmc is the initial total potential energy of the MC. The random
motion of each gas particle is determined by the above equation
for a given spatial distribution of an MC. We investigate mainly
the models with tvir = 0.35, because the formation of compact
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stellar systems is ensured for that tvir (e.g. Dale et al. 2014). We
present only the results of the models with tvir = 0.35, because
other models with (i.e. tvir = 0.7) show essentially similar behaviour
in GC formation. We also consider rigid rotation of an MC in
some models, because previous observations suggested that velocity
gradients within MCs could be due to such rotation (e.g. Phillips
1999; Rosolowsky et al. 2003). Since the magnitude of rigid rotation
is not so well constrained, we assume that the amplitude of rigid
rotation is a free parameter. Accordingly, Tkin is the combination
of the total random energy Tran and the total rotational one (Trot) as
follows:

Tkin = Tran + Trot. (6)

The way to give 3D velocities of gas particles based on Tran and Trot

is given in Appendix A.
In order to discuss the importance of initial rotation of MCs in

GC formation, we introduce the following parameter:

frot = Trot

Tkin
. (7)

We mainly discuss the results of the models with trot = 0, and we
show the results for several rotating MC models with frot = 0.1 in this
paper. Single massive stellar systems can be formed for such low
frot. The results of models with larger frot, for which binary clusters
can be formed, will be discussed in our forthcoming papers. Initial
gaseous temperature and metallicity are set to be 10 K and [Fe/H]
= −2 in all MCs. The radiative cooling processes are properly
included by using the cooling curve by Rosen & Bregman (1995)
for T < 104K and the MAPPING III code for T ≥ 104K (Sutherland &
Dopita 1993).

2.3 Star formation and SN feedback

Gas particles can be converted into collisionless new stellar particles
(‘new stars’) if the following two physical conditions can be met.
First is that the local density (ρg) exceeds a threshold density (ρ th)
for star formation:

ρg > ρth. (8)

We consider that star formation can proceed in the dense cores of
MCs, and accordingly, ρ th is set to be [104–105] H atoms cm−3,
which is consistent with the observed values (e.g. Bergin & Tafalla
2007). Second is that the local velocity field around a gas parti-
cle is consistent with that for gravitationally collapsing, which is
formulated as follows

divv < 0. (9)

One SPH gas particle is converted into just one new star in this
study (i.e. not multiple times) so that the total particle number
cannot dramatically increase during a simulation.

Each new star particle is born with a fixed IMF and an initial
mass mns: it should be noted here that this mms is not a mass of each
individual star, which is denoted as ms. The stellar mass decreases
with time owing to mass loss by SNe Ia, SNe II, and AGB stars
and the final stellar mass after ∼3 × 108 yr evolution (duration
of a simulation) can be significantly different from mns. The mass
loss from intermediate- and high-mass stars (ms > 5 M�) plays a
significant role in self-enrichment processes of GC formation in this
study. The adopted IMF in number is defined as ψ(ms) = Cims

−α ,
where ms is the initial mass of each individual star and the slope α

= 2.35 corresponds to the Salpeter IMF. The normalization factor

Ci is a function of a stellar particle mass, ml (lower mass cutoff),
and mu (upper mass cutoff):

Ci = mns × (2 − α)

mu
2−α − ml

2−α
. (10)

where ml and mu are set to be 0.1 and 120 M�, respectively. Al-
though we investigate only the models with α = 2.35 in this study,
the importance of top-heavy IMF in GC formation will be discussed
in our forthcoming papers based on the results of the models with
lower α (e.g. α = 1.85).

SNe of new stars can give thermal and kinematic perturbation to
their surrounding gas within GC-forming MCs. Each SN is assumed
to eject the feedback energy (Esn) of 1051 erg that is converted into
thermal and kinetic energy of gas surrounding SN. Thornton et al.
(1998) investigated how much fraction of Esn of an SN can be used
for the increase of random motion of the surrounding gas (‘kine-
matic feedback’). In the present simulation, multiple SN explosion
can occur within a single MC at different epochs within ∼30 Myr
after star formation so that the energy ratio of kinematic feedback
to total SN energy (fkin) can be quite different from those predicted
in previous simulations for single SN. We consider that fkin is rather
high owing to interaction of expanding shells formed from different
SNe.

The way to distribute fkinEsn (i.e. kinetic feedback energy) of SNe
among neighbour gas particles is described as follows. Each SN can
eject gas with an initial ejection speed of vej, which is estimated from
the following equation:

fkinEsn = 0.5(ms − mBH)v2
ej, (11)

where mBH is the mass of a black hole that is left after SN explosion
for massive stars. The total mass of ejecta from an SN (mej) depends
on ms owing to different mBH. For ms = 8 M� and fkin = 1, vej

= 3800 km s−1 (mej = 6.5 M�). The kinetic energy of an SN is
distributed equally among gas particles surrounding the SN. If there
are Nnei gas particles around an SN, then jth gas particle can receive
momentum of mejvej/Nnei so that its velocity can be changed as
follows:

(mj + mej)v
′
j,k = mjvj,k + mejvej, (12)

where mj is the mass of the gas particle before interaction with the
SN, vj, k and v

′
j,k are the 3D velocity (k = 1, 2, 3 correspond to x,

y, and z components of the velocity) before and after gas-SN in-
teraction, respectively. Although different SNe with different initial
ms explode at different times, we consider that one star formation
event is followed by the following four SN events for different stel-
lar mass ranges: ms = [8–15], [15–30], [30–60], and [60–120] M�.
We adopt this model, because it is very time-consuming for this
study to change the 3D velocities (and chemical abundances) of gas
particles around all SNe with different masses.

We consider that the time delay between conversion of gas into
a new star and an SN explosion is parametrized by tdelay, which is
describe as follows:

tdelay = tto + tsf, (13)

where tto is the main-sequence turn-off time-scale and tsf is the time-
scale of a pre-main-sequence phase. Since the present simulation
cannot resolve the formation of individual stars from collapsing
MC cores, we cannot directly derive the time-scale of a pre-main-
sequence phase. Given that the observed age of YSOs is ∼106 yr
for massive stars (e.g. Whitney et al. 2008), tsf could be at least
106 Myr. This tsf is negligibly short in comparison with the main-
sequence time-scales of stars. We therefore investigated only the
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models with tsf = 0 in this study. It should be noted here that tsf can
be quite long for low-mass stars. However, inclusion of such long
tsf for low-mass stars in the present simulations would not change
the present results significantly, because energetic feedback effects
from low-mass stars on ISM are not possible.

In order to calculate tto from the main-sequence turn-off mass
(mto), we use the following formula (Greggio & Renzini 2011):

log mto(ts) = 0.0434(log ts)
2 − 1.146 log ts + 7.119, (14)

where mto is in solar units and time ts in years. Using the above
equation, we can derive tto for a given mto (=ms). This is not a good
approximation only for massive stars (ms > 10 M� that explode as
SNe; Greggio & Renzini 2011). For such massive stars, we adopt
ms = 3.0 × 107, 1.0 × 107, 4.9 × 106, and 3.4 × 106 yr for SNe with
ms = [8–15], [15–30], [30–60], and [60–120] M�, respectively. The
average SN explosion time (tsn) of these four discrete SN groups
for the Salpeter IMF is 1.42 × 107 yr.

Although time delay between star formation and SN explosion
(tdelay, fg) is considered to be dependent on ms for all FG stars, we
adopt a different model for time delay between star formation of
SG stars and SN explosion (tdelay, sg). This is because SG stars can
be formed from AGB ejecta very efficiently in B10 and B11 in
which SNe were not included at all (i.e. no SN feedback effects).
We investigate how the SN explosion from SG stars can influence
the formation processes of GCs with models with different tdelay, sg.
If the upper mass cutoff of the IMF (mu) is lower, then tdelay, sg can
be longer. By changing tdelay, sg, we can discuss how the IMF of SG
stars can control the physical properties of SG stars, which are the
main components of GCs. We investigate the models without SNe
from SG stars and those with tdelay, dg = 3, 10, and 30 Myr.

2.4 Gas ejection and feedback effects from AGB stars

Since AGB stars can eject gas significantly later than SNe, SN explo-
sion can expel almost all of original cold gas around intermediate-
mass stars. Accordingly, there can be almost no gas around the
stars when they start to eject gas during AGB phases. This is a
serious problem in implementing chemical enrichment of gas by
AGB ejecta if we adopt a standard model of chemical enrichment in
which chemical abundances of gas particles can change only when
the particles are within a certain radius from an AGB star: if no gas
particles around an AGB star, the AGB ejecta cannot be given to
any particles (no chemical enrichment). This unrealistic situation
needs to be avoided in the present simulation in which chemical
enrichment processes are investigated. We therefore adopt a novel
model (B16) in which each AGB star eject gas particles with chem-
ical abundances predicted from recent AGB models (e.g. K10).
Ejection of new particles from AGB stars (‘AGB particle’) means
that the total number of gas particles can significantly increase as a
simulation goes.

Chemical abundances of light elements are quite different be-
tween AGB stars with different masses (e.g. K10; Ventura et al.
2013), which means that SG stars formed from AGB ejecta at differ-
ent times can have different abundances of light elements. In order
to model chemical enrichment by AGB stars with different masses
more properly, we consider ejection of AGB particles at different
five epochs (tagb, which corresponds to tdelay for intermediate-mass
stars). These five are 200, 120, 80, 60, and 40 Myr and corre-
spond to the lifetimes of the masses of stars, (i) 3 ≤ ms < 4 (M�),
(ii) 4 ≤ ms < 5 (M�), (iii) 5 ≤ ms < 6 (M�), (iv) 6 ≤ ms < 7 (M�),
and (v) 7 ≤ ms < 8 (M�), respectively. Here, we consider only five
different AGB particles, because we cannot use excessively large

number of gas particles owing to the limited amount of simulation
time allocated to the project of this study. The minimum mass of
AGB stars (3 M�) is chosen, first because age differences between
FG and SG stars cannot be too large, and secondary because the
fraction of gaseous ejecta from AGB stars with ms < 3 M� is small.

An AGB particle is ejected from a new stellar particle with a
wind velocity of vwind at the end of the main-sequence phase of the
stellar particle. Although this vwind is an order of 10 km s−1, such
stellar wind can dramatically influence the star formation histories
(SFHs) within existing SCs (e.g. D08, B10, B11, and B16): such
stellar wind can be equivalent to kinematic feedback effects of
SNe. We adopt vwind = 10 km s−1, which is consistent with recent
observations of AGB stars in the LMC (e.g. Marshall et al. 2004).
The initial temperature of AGB wind (Twind) is set to be 1000 K,
which is consistent with standard theoretical models of AGB winds.
It is likely that SG formation from gas is possible only if stellar wind
can be efficiently cooled down from Twind to a few tens Kelvin.

If the wind velocities of AGB stars in a proto-GC exceed the
escape velocity (vesc) of the proto-GC, then the AGB ejecta is likely
to escape from the proto-GC. This condition is simply described as
follows:

vwind > vesc = f (Mmc, Rmc, D3), (15)

where vesc is a function of Mmc, Rmc, and D3, all of which can
determine the gravitational potential of the FG stellar systems. As
shown in B11, low-mass FG systems are unlikely to retain AGB
ejecta, because the above condition is not satisfied. Also, in order
to understand the importance of AGB feedback effects on SG star
formation, we investigated models with vwind = 0 and those with
Twind = 10 K for comparison. We confirmed that both Msg and εsf, sg

are higher in those models without AGB feedback effects, which is
consistent with the results in B11 and B16. Since this result appears
to be obvious (initially expected), we do not discuss these in this
paper.

2.5 Chemical enrichment

Gaseous ejecta from an SN can mix with its surrounding gas parti-
cles so that the gas particles can increase their chemical abundances.
We consider that such increment can occur if the gas particles are
located within rsn from the SN. This rsn is set to be the initial grav-
itational softening length (0.4 pc). The chemical abundance of kth
element (k = 1, 2, 3,. . . correspond to H, He, C, N, O,. . . , respec-
tively) for jth gas particle (Zj, k) among Nsn surrounding gas particles
around an SN can change according to the following equation:

(mj + mej)Z
′
j,k = mjZj,k + 
mejZsn,k

Nsn
, (16)

where Z
′
j,k are the chemical abundance of kth element after chemical

enrichment by the SN and Zsn,k is the chemical abundance of kth
element for the SN ejecta. We use the chemical yield table of SN II
from Tsujimoto et al. (1995, hereafter T95) to calculate Zsn, k in this
study. Since we will describe the chemical abundances of GC stars
with different ages and locations within GCs and their dependencies
on model parameters in our next paper, we briefly show some of the
result in this paper.

2.6 Live galactic potential

The tidal field of a dwarf galaxy hosting MCs can influence the
formation processes of GCs within MCs during the orbital evolution
of MCs around the MC-host dwarf. We therefore investigate such
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tidal effects on GC formation by constructing a model for live
galactic potential of a dwarf galaxy as follows. We assume that an
MC-host dwarf galaxy consists of a dark matter halo and a stellar
disc. Each of these components is represented by collisionless N-
body particles in this study: the galactic potential is ‘live’ so that not
only tidal effect of an MC-host dwarf on an MC but also dynamical
friction of an MC against disc field stars of the dwarf can be self-
consistently included. Therefore, this study is more sophisticated
and more realistic than our previous simulations of GC formation
under a fixed galactic potential (e.g. Bekki & Chiba 2007; Hurley
& Bekki 2008).

The present model for a dwarf galaxy is purely collisionless one,
which means that gas dynamics, star formation, chemical evolution,
and dust formation and evolution are not included at all, though the
present simulation code enables us to investigate these physical pro-
cesses. The dark matter halo with the total mass of Mh is represented
by the ‘NFW’ one (Navarro, Frenk & White 1996) with a central
cusp predicted by the cold dark matter model:

ρ(r) = ρ0

(r/rs)(1 + r/rs)2
, (17)

where r, ρ0, and rs are the distance from the centre of the cluster, the
central density, and the scalelength of the dark halo, respectively.
The virial radius (rvir), the scale radius (rs), and the ‘c’ parameter
(=rvir/rs) are chosen such that the values are consistent with recent
cosmological simulations for the adopted Mh (Neto et al. 2007).

The dwarf is assumed to be as a bulge-less disc galaxy with
the total stellar mass of Ms and the size of Rs. The radial (R) and
vertical (Z) density profiles of the stellar disc are assumed to be
proportional to exp (−R/R0) with scalelength R0 = 0.2Rs and to
sech2(Z/Z0) with scalelength Z0 = 0.04Rs, respectively. In addition
to the rotational velocity caused by the gravitational field of disc
and dark halo components, the initial radial and azimuthal velocity
dispersions are assigned to the disc component according to the
epicyclic theory with Toomre’s parameter Q = 1.5. The vertical
velocity dispersion at a given radius is set to be 0.5 times as large
as the radial velocity dispersion at that point.

We investigate only one dwarf model in this study, because the
main purpose of this paper is to investigate not the dynamical in-
fluences of MC-host dwarfs with different masses and types on
star-forming MCs but the GC formation in fractal MCs. The dwarf
galaxy is assumed to have Mh = 1010 M�, Ms = 6.0 × 107 M�,
Rs = 1.8 kpc, and no gas. The mass and size resolutions for the
simulation of the dwarf are 6 × 102 M� and 25 pc, respectively.
These resolutions are much lower than those for an MC with Mmc =
107 M� (9.5 × 10 M� and 0.4 pc, respectively). In order to avoid
unrealistically strong gravitational influences of clumpy distribu-
tions of dark matter and disc particles of a dwarf on the evolution
of its MC, we adopt (i) multiple gravitational softening methods
(Bekki & Tsujimoto 2016) and (ii) minimum time-step width for
numerically integrating different equations for the dwarf’s particles
being the same as that for the MC.

The initial position (x) of an MC orbiting around its host dwarf
is only a parameter for the tidal effects of MC-host dwarfs in this
study. The 3D position (x, y, and z) of an MC within a dwarf is
given as follows:

x = (rp, 0, 0), (18)

where rp is the distance of the MC from the dwarf’s centre. The MC
is assumed to have a circular motion within the dwarf’s disc plane
initially. Therefore, its 3D velocity (v) is given as follows:

v = (0, vc, 0), (19)

Table 2. Description of key physical properties for the fiducial massive MC
model.

Parameters Values

Initial MC mass 107 M�
Initial number of gas particles 1048 911
Mass resolution 9.5 × 10 M�
Size resolution 0.39 pc
Number of AGB particles per a gas particle 5
Number of SNe types (in mass) 4
SN and AGB feedback from FG stars Yes
SN and AGB feedback from SG stars No
AGB yield K10
SN yield T95
Threshold gas density for star formation 104 cm−3

Tidal field from a dwarf host No

where vc is the circular velocity at the position x. Accordingly, vc is
determined by the adopted live galactic potential of the dwarf. We
investigate the models with rp = 0.3 and 1 kpc in this study.

2.7 Parameter study

The key parameters for GC formation from fractal MCs are Mmc,
Rmc, frot, and D3, for a given IMF slope. Although other parameters
such as initial radial density profiles of MCs and galactic potentials
are also important, but we do not intend to discuss much about the
roles of these parameters in GC formation. We mainly describe the
results of the fiducial model in which Mmc = 107 M�, Rmc = 200 pc,
frot = 0, and D3 = 2, because this model shows the typical behaviour
of GC formation with multiple generations of stars within fractal
MCs. The basic parameters used for the fiducial model is summa-
rized in Table 2. We also discuss the results of other models with
different values of the key parameters. The parameter values of all
38 models discussed in this paper are summarized in Table 3.

We focus mainly on the physical properties of the simulated GCs
in models without SNe from SG stars, because it is expected that the
total masses of SG stars (Msg) are unlikely to be as large as 105 M�
owing to SF suppression by SNe in the models with SNe from SG
stars (B11). However, we extensively investigate how SNe from SG
stars can influence final Msg of GCs using models with SNe from
SG stars. We do not discuss the chemical abundances of simulated
GCs so extensively in this study, because this paper already contains
a substantial amount of new results and it is long. We accordingly
discuss the chemical properties of the simulated GCs in our next
paper using AGB and SN yields not only from K10 and T95 but also
from other groups (e.g. Ventura et al. 2013). The results of models
with ISM of dwarfs (i.e. possible gas that can dilute AGB ejecta)
will be discussed in our forthcoming papers too.

3 R ESULTS

3.1 Dynamics of two-stage GC formation

Figs 1–4 show how a massive GC consisting of FG and SG stars
can be formed from a fractal MC in the fiducial model M1 with
Mmc = 107 M� and Rmc = 200 pc and without SN feedback effect
for stars formed from AGB ejecta. Numerous small gas clumps can
be developed from local gravitational instability within the MC,
and their local gas densities can become higher than 104 cm−3 (T =
6 Myr). As a result of this, new stars can form in these gravitationally
bound low-mass clumps (T = 9 Myr) to become new low-mass
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Table 3. The basic model parameters for fractal MCs.

Model ID Mmc
a Rmc

b frot
c D3

d tdelay, sn
e rp

f Comments

M1 10 200 0 2 – – Fiducial
M2 10 200 0 2 3 –
M3 10 200 0 2 10 –
M4 10 200 0 2 30 –
M5 10 200 0 2 30 – No SN feedback for FG and SG
M6 10 200 0.1 2 – – Rotating MC
M7 10 200 0 2.4 – – Larger fractal dimension
M8 10 200 0 2.4 3 –
M9 10 200 0 3 – – Large fractal dimension
M10 10 200 0 2 – – ρth = 105 cm−3

M11 10 200 0 2 3 – ρth = 105 cm−3

M12 10 200 0 2 – – ρmc(r)∝r−2

M13 10 200 0 2 3 – ρmc(r)∝r−2

M14 10 290 0 2 – – Lower gas density
M15 10 139 0 2 – – Higher gas density
M16 10 139 0 2 3 –
M17 10 200 0 2 – 0.3 Tidal field of MC-host galaxy
M18 10 200 0 2 – 1.0
M19 3 100 0 2 – –
M20 3 100 0 2 3 –
M21 3 100 0.1 2 – –
M22 3 100 0.1 2 3 –
M23 3 100 0 2.4 – –
M24 3 100 0 2.4 3 –
M25 3 69 0 2 – –
M26 3 69 0 2 3 –
M27 3 100 0 2 – – ρth = 105 cm−3

M28 3 100 0 2 3 – ρth = 105 cm−3

M29 3 100 0 2 – 0.3
M30 3 100 0 2 – 1.0
M31 1 68 0 2 – –
M32 1 68 0 2 3 –
M33 1 68 0 2 – – ρth = 105 cm−3

M34 1 68 0 2.4 – –
M35 1 68 0 2.4 3 –
M36 0.3 32 0 2 – –
M37 0.3 32 0 2 3 –
M38 0.3 32 0 2 – – ρth = 105 cm−3

Notes. aThe initial total mass of a fractal MC in units of 106 M�.
bThe initial size for an MC in units of parsec.
cThe initial ratio of total rotational energy to total kinetic energy in an MC.
dThe 3D fractal dimension of an MC.
eThe time delay between star formation and the explosion of SNe in the formation of SG stars (Myr). The symbol ‘–’ means that no SNe can originate from
SG stars owing to a top-light IMF in the model.
fThe initial position of an MC with respect to the centre of its host galaxy in unit of kiloparsec. The symbol ‘–’ means that the model does not include the live
gravitational potential of the MC-host galaxy.

SCs. These new stars formed from pristine low-metallicity cold gas
correspond to FG stars. The new SCs can merge with one another
within the MC to form a single FG stellar system over the time-scale
of 108 yr. Star formation can proceed also in massive long filaments
developed during the dynamical evolution of the fractal MC.

Multiple SN explosion can occur well before most of the cold
gas is consumed by star formation, because SN explosion of
massive stars with shorter lifetimes (<10 Myr corresponding to
ms > 30 M�) are included in this fiducial model. Consequently,
a significant fraction of cold gas that was not converted into new
stars before SN explosion can be brown away from the MC. Once
cold gas is expelled from the MC (T = 21 Myr), most of the gas
can never be returned back to the inner part of the MC owing to the
shallow gravitational potential (and to the non-inclusion of galactic

potential). In the present fractal MC model, SN explosion can occur
during merging of low-mass SCs, which is in striking contrast with
SN explosion in the uniform distribution of cold gas in MCs. About
46 per cent of initial cold gas can gain a large amount of momentum
and be heated up so that the gas can be finally completely removed
from the MC through SN explosion in this model. The final SFE of
FG stars (εfg ∼ 0.5) in this model is higher than 0.2–0.5 required
for the formation of bound SCs (e.g. Hills 1980).

Chemical enrichment of pristine gas by SNe can proceed during
multiple merging of low-mass SCs and new stars can be formed
from such chemically polluted gas (T = 15 and 21 Myr). However,
the fraction of the new stars is quite small, because almost all of the
chemically polluted gas can be removed from the proto-GC region
(R < 100 pc) during GC formation. Furthermore, such new star
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Figure 1. Time evolution of the surface mass density (�) of original pristine gas projected on to the x–y plane for the fiducial model with Mmc = 107 M�,
Rmc = 200 pc, and D3 = 2. The time T at the upper left corner in each frame is given in units of Myr. A thick bar in each panel indicates a scale of 20 pc. For
clarity, a colour code in this figure is different from those used in Figs 2–4.

formation can occur well outside the inner region of the forming
GC so that they cannot be finally within the central region of the
SG stellar system (i.e. the main component of the GC) later formed.
Thus, it is not possible that the simulated GC can have significant
internal abundance spreads in heavy elements (i.e. δ[Fe/H] > 0.05
dex) between their stars within the central 5 pc.

After the removal of gas chemically polluted by SN explosion,
massive AGB stars (ms = [7–8] M�) start to eject Na-rich (He-rich)
gas into the MC (T = 53 Myr). Because of the relatively slow wind
velocity (vwind = 10 km s−1), the AGB ejecta can be gravitationally
trapped in the central region of the MC where a massive stellar

system composed of FG stars only is developing (T = 53 Myr).
The AGB ejecta can be slowly accumulated in the inner region
of the FG stellar system and finally converted into new stars when
the gas density exceeds ρ th. These new stars are SG in the MC
and have a very compact spatial distribution initially. As shown in
our previous works (B10, B11), this compact configuration is due
largely to energy dissipation of gas during its accretion process. The
SG stellar system is initially composed mostly of new stars formed
from gas ejected from massive AGB stars with ms ≥ 6 M�. The SG
system grow slowly by accretion of gas from AGB stars with lower
ms over a time-scale of 108 yr. New SG stars formed from ejecta
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Figure 2. The same as Fig. 1, but for new stars formed from original gas (‘FG’ stars).

from AGB stars with lower masses can be distributed in the outer
part of the SG system, which implies that He-rich SG stars has a
more compact distribution than He-normal ones in a GC.

Although a significant fraction of AGB ejecta can be converted
into new stars (SG), about 70 per cent of the ejecta (in particle
number) cannot be converted into new stars in the central region
of the forming GC. One of the physical reasons for this is that
the ejecta can be influenced by energetic SNe: if SN explosions
occur in the inner region of the forming GC, then the gas close to
them can be expelled from there. The other reason is that the gas
density is not as high as the adopted threshold gas density for star
formation. Since discrete four epochs of SNe (tsn) are assumed in

the present simulation, the influences of SNe on AGB ejecta could
be underestimated to some extent. It would be possible that gas
ejected from AGB stars between interval of two discrete SN events
can be accreted on to the central regions of GCs. However, such gas
accretion is less likely because the differences of tsn are typically
small.

The derived time-scale of SG formation that is much longer than
the lifetime of massive stars that explode as massive SNe (∼[3–
10] Myr) imply that the formation of such massive stars need to
be severely suppressed in SG star formation. The FG stellar system
grown through merging of hierarchical SC complex in this model
can finally have a very high mass (Mfg = 5.47 × 106 M�). It has a
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Figure 3. The same as Fig. 1, but for gas ejected from AGB stars of FG.

more diffuse distribution and a large effective radius (Re, fg ∼ 25 pc
at T = 113 Myr), whereas the SG stellar system has a very compact
configuration with Re, sg = 1 pc. The mass ratio of SG to FG stars
within the central 1 pc (=Re, sg) of the simulated GC at T = 113 Myr
is 1.9, which is consistent with the observed fraction of GCs (C09).
The final total mass of the SG system is Msg = 1.13 × 105 M�,
which is roughly similar to the present typical total mass of SG
stars (C09). Therefore, the mass ratio of SG to FG stars (fsg) is quite
small (∼0.021), though most of FG stars form an outer stellar halo
around the simulated GC. The derived large Mfg means that the vast
majority of FG stars should be lost from the nested stellar systems,
as discussed by several authors already (e.g. D08, B11, Vesperini

et al. 2010). In the present fractal MC model, the initial MC mass
should be quite large (Mmc ∼ 107 M�), which is even larger than the
mass (∼3 × 106 M�) of the most massive GMC in the Galaxy (e.g.
Solomon et al. 1987). This large required Mmc for GC formation
within MCs might explain why the Galaxy currently does not have
GCs in formation.

Although it is not straightforward to estimate the time-scale of
dynamical relaxation (tr) for the nested stellar system in the fidu-
cial model, we can derive tr separately for FG and SG stars using
the formula by Spitzer & Hart (1971). The FG stellar system has
tr = 3.5 × 1011 yr at R = 100 pc (for Mfg = 5.47 × 106 M�),
which is much longer that the Hubble time. The SG system has
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Figure 4. The same as Fig. 1, but for new stars formed from AGB ejecta of FG (‘SG’ stars).

tr = 6.8 × 108 yr at R = 5 pc (for Mfg = 1.13 × 105 M�). The
very long tr of FG stars suggests that it is not possible for the entire
FG and SG populations to be mixed well within ∼10 Gyr for the
simulated GC, though the stars in the central region can be mixed
together. Thus, the central region of the GC can be dominated by
SG stars for a long time-scale.

Fig. 5 shows that the simulated GC has an almost spherical dis-
tribution of SG stars in the inner 2pc with a more elongated (el-
liptical) outer halo of SG stars for the x–y and x–z projection. The
spherical distribution can be due to no rigid rotation of the MC
in this model. Fig. 6 demonstrates that there is a clear separation
between the initial bursty formation of FG stars and the later spo-

radic formation of SG stars from gas of AGB stars with different
masses. This is due largely to a combination of (i) efficient removal
of remaining gas by SN explosion and (ii) long tagb of AGB stars
(>4 × 107 yr). In the present model, continuous gas ejection from
AGB stars with different masses cannot be properly modelled ow-
ing to the strong limitation of gas particles numbers adopted in
the simulations. Therefore, there are five peaks in the ejection rate
(dMej/dt) of gas from AGB stars, which correspond to the com-
mencement of AGB phases of intermediate-mass stars with ms =
[7–8], [6–7], [5–6], [4–5], and [3–4] M�, respectively. Soon after
each epoch of gas ejection from AGB stars, the star formation rate
(SFR) for SG stars can significantly increase owing to the increased
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Figure 5. Mass distributions of SG stars projected on to the x–y (upper)
and x–z planes (lower) at T = 113 Myr in the fiducial model M1. A thick
bar indicates a scale of 2 pc.

mass density of gas in the central region of the proto-GC. This ap-
parently sporadic increase in SFR results simply from the adopted
model for gas ejection from AGB stars in this study: this should not
be interpreted as the formation of discrete sub-populations within a
single GC.

Fig. 6 shows that SN explosion is ongoing even when AGB
stars are ejecting gas in the forming GC (T > 50 Myr). Since SN
explosion is not assumed to occur in stars formed from gas ejected
from AGB stars (i.e. SG stars) in the fiducial model, all SNe in
Fig. 6 are from FG stars. These FG stars are formed from (original)
gas particles that were not influenced by SNe owing to its location
being not close enough to SNe at earlier times (T < 40 Myr). If
original gas particles are influenced by SNe, then they gain energy
and momentum and are chemically polluted by metals of the SNe.
Accordingly, such gas particles cannot settle down to the central
region of the forming GC. Thus, gas particles that are later (T >

50 Myr) converted into FG stars are much less chemically enriched
by SNe. The time lag between gas ejection of AGB stars and SG
star formation is rather short (<3 Myr), because accretion of AGB
ejecta on to the inner region of the forming GC can rapidly proceeds
after almost all massive stars explode.

The formation of SG stars from AGB ejecta is possible, only if
the ejecta is not located to the vicinity of an SN (i.e. only if it does
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Figure 6. Time evolution of ejection rates of gas from SNe (red dotted)
and from AGB stars (blue solid) in a proto-GC (upper) and the SFH of
the GC (lower) for the fiducial model. The epochs of gas ejection from
AGB star (tagb) with different masses are shown by thick green lines at the
top of the upper frame for the initial starburst around T = 5 Myr in this
model. Chemical pollution and feedback effects by SNe from SG stars are
not included in this model. Therefore, all of SNe in this figure are from FG
stars. Although most of the original gas can be expelled from the forming
GC by T = 0.04 Gyr, a very minor fraction of the gas can settle down to
the inner region of the forming GC at later times, because the gas is not
influenced by SN feedback effects (only gas that is not influenced by SNe
can stay in the inner region of the GC). SNe from FG stars formed later can
suppress/truncate star formation, if the SNe occur in the central region of the
forming GC during SG star formation there. AGB ejecta that is influenced
by SNe (i.e. ejecta located close to SNe) cannot stay in the central region
of the forming GC. Accordingly, such ejecta is unlikely to form new stars:
little self-enrichment in SG stars.

not gain energy and momentum from the SN). AGB ejecta can be
expelled from the forming GC if it is influenced by SN feedback
effects. Accordingly, SG star formation at T > 50 Myr in Fig. 6 is
from AGB gas particles that are not influenced by SNe: the apparent
coincidence of SN explosion and onset of AGB phase does not mean
chemical pollution of AGB ejecta by SNe. It should be noted here
that these later SNe are not necessarily located in the central region
of the forming GC. SNe of FG stars formed later in the central
region of the forming GC can expel the remaining AGB ejecta so
that SG star formation can be severely suppressed or temporarily
truncated.

A very small fraction of cold gas cannot be completely ejected
from the MC and therefore used for further star formation after its
accretion on to the stellar system developing in the MC. This gas
is not chemically polluted by SNe, because it is initially located in
the outer part of the gas cloud (or because it is not located close to
SNe). Given the pristine nature of the gas, AGB ejecta accumulated
in the stellar system can be mixed with (or ‘diluted by’) the gas,
though such dilution is not so efficient owing to the small mass of the
gas. This dilution of AGB ejecta by pristine gas is one of essential
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Figure 7. Time evolution of the total mass of FG (red) and SG (blue) stars
in the fiducial model. The epochs of gas ejection of AGB stars with different
masses are indicated by vertical green dotted lines, as shown in Fig. 1. A
horizontal black dotted line shows the total masses of SG stars observed for
typical old GCs of the Galaxy.

ingredients of chemical evolution models for GCs with multiple
stellar populations (e.g. Fenner et al. 2004; Bekki et al. 2007; D10),
and the origin of such pristine gas has been discussed in previous
works (e.g. D08, D10, B11, B17). This study accordingly suggests
that original cold gas that is not influenced by SN explosion can
be used for dilution of AGB ejecta in forming GCs. However, the
amount of such cold gas in this study is too small (an order of
∼104 M�) within the central 10pc of the proto-GC in comparison
with the required one in previous models.

Fig. 7 demonstrates that Msg can exceed 105 M� only after
gaseous ejecta of low-mass AGB stars with magb = [3–4] M� is
accumulated on to the central region of the proto-GC and converted
into new stars. This prolonged SG formation over ∼0.2 Gyr in the
MC can constrain the IMF of SG stars, as discussed later in this pa-
per. The SFE of SG stars (εsf, sg) is 0.3 in this fiducial model, which
suggests that the mass budget problem is even severer than ever
thought in previous models in which εsf, sg is assumed to be rather
high. These results suggest that the threshold MC mass (Mmc, th)
beyond which typical GCs with Msg ∼ 105 M� can be quite large:

Mmc,th ≈ 107 M�. (20)

It should stressed here that the original Msg in GCs can be sig-
nificantly larger than 105 M�, because GCs could have lost SG
stars from tidal stripping and long-term internal dynamical pro-
cesses driven by two-body dynamical relaxation. Thus, Mmc, th can
be larger than the above value.

The SFE of FG stars in this model is high (∼0.5), which is likely
to be overestimated, because this study does not include suppression
of star formation from original gas through ionizing photons and
stellar winds of massive stars. These suppression effects are properly
modelled in recent simulations of MC evolution (e.g. Dale et al.
2014). Since εsf, fg can control the total mass of AGB ejecta from
which SG stars can be formed, this study without gas ionization and
stellar winds of massive stars (before SNe) could also overestimate
the total mass of SG stars in each simulated GC.

Fig. 8 shows that Msg is smaller than 105 M� required for the for-
mation of genuine GCs in the models (M2 and M3) with SNe from
SG stars, if tdelay, sg ≤ 100 Myr. The model M2 with tdelay, sg = 3 Myr
shows Msf = 2.6 × 104 M�, which implies that Mmc, th should be
even significantly higher than 107 M� derived for M1. This result
means that SNe from SG stars themselves can severely suppress the
efficient conversion of AGB ejecta into new stars, because energetic
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Figure 8. Time evolution of the total mass of FG (red) and SG (blue) stars
in the models with tdelay, sg = 3 Myr (upper right; M2), tdelay, sg = 10 Myr
(upper left; M3), tdelay, sg = 30 Myr (lower left; M4), and no SN feedback
in both FG and SG formation (lower right; M5). The epochs of gas ejection
of AGB stars with different masses are indicated by green dotted lines, as
shown in Fig. 1.
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Figure 9. The projected radial profile of mean helium abundances (Y) of
GC stars (FG+SG) at T = 112 Myr in the fiducial model. An error bar
indicates the dispersion of Y in each bin.

SN feedback effects brow away the ejecta from the central region
of the proto-GC. This furthermore suggests that the formation of
high-mass SNe with short lifetimes (≤100 Myr) from SG stars need
to be truncated for the formation of GCs with Msg > 105 M�. This
results implies that the upper mass cutoff of the IMF for SG stars
needs to be quite low (<10 M�) for the efficient formation of SG
stars from AGB ejecta (εsf, sg ∼ 0.3). The simulated GC can have
Msg > 105 M� in the early phase of GC formation (T < 0.1 Gyr) in
the model (M5) without SNe from FG and SG stars, because AGB
ejecta can be quickly accreted on to the central region of the GC
without being influenced by SN feedback effects.

As shown in Fig. 9, the simulated GC in the fiducial model
has a negative radial gradient of helium abundance (Y) within the
central 3 pc of the GC. The higher Y in the inner region results
from the higher mass fraction of SG stars with higher Y due to their
more compact distribution. The dispersion in Y is also higher in the
central region, which reflects the fact that new stars can be formed
from gaseous ejecta from AGB stars with different masses and thus
different Y. The outer part of the simulated GC is dominated by FG
stars with Y = 0.24 so that the dispersion in Y can be rather small.
These negative Y gradient and higher dispersion in Y in the inner
region of the simulated GC can be seen in almost all massive MC
models of this study. The adopted simulation code does not allow
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Figure 10. The same as Fig. 1, but for SG stars formed from gaseous ejecta
of AGB stars with masses of [5–6] M� (left), [6–7] M� (middle), and
[7–8] M� (right),

us to discuss the long-term (>109 yr) dynamical evolution of a
GC through two-body relaxation processes. Accordingly, it remain
unclear whether the derived negative radial gradients of Y in the
simulated GCs can persist for 1010 yr. It could be possible that such
initial Y gradients can be kept as they are in massive GCs with long
relaxation time-scale, such as ω Cen.

In the present model of GC formation, gaseous ejecta from more
massive AGB stars can be accumulated on to a diffuse FG stel-
lar system earlier so that it can be converted into a very compact
stellar system. Most gaseous ejecta from less massive AGB stars
cannot reach the very central region of the forming GC, instead, it
can be accreted later on to the surrounding region of the compact

SG stellar system formed earlier (the ejecta forms a discy struc-
ture). As a result of this, SG stars formed from low-mass AGB
stars have more diffuse spatial distributions. Fig. 10 clearly demon-
strates that SG stars formed from massive AGB stars with masses of
[7–8] M� have a more compact distribution. If more massive AGB
stars with [7–8] M� can eject gas with higher Y than less massive
ones with [5–6] M�, then this result in Fig. 10 implies that there
can be differences in the spatial distributions between SG stars with
different Y. The chemical yield model of AGB stars from K10 adopt
in this study predicts such a trend of increasing Y with increase AGB
star mass.

3.2 Parameter dependence

Formation processes of GCs (i.e. ‘two-stage’ FG and SG star forma-
tion) and physical roles of feedback effects of SNe and AGB stars in
SFHs of GCs are essential the same between different models. How-
ever, the details of the two-stage GC formation processes and SFHs
depend on model parameters. Furthermore, Msg in some models
with lower Mmc is too small for the simulated GCs to be identified
as GCs with multiple stellar populations. Such GCs dominated by
FG stars are regarded as ‘failed GCs’ in this study and might be
better labelled as low-mass SCs. The time evolution of Mfg and Msg

and final Msg and εsf, sg for representative models in this study are
summarized in Figs 11 and 12, respectively. The dependences of the
present results on the model parameters are summarized as follows.

(1) As shown in Fig. 11, only some of the very massive MC
models with Mmc = 107 M� can show Msg ≈ 105 M�, which is
required for the present-day typical GCs. This result suggests that
there is a threshold MC mass beyond (Mmc, th) which GCs can be

Figure 11. The same as Fig. 7, but for 25 representative models in this study. The model ID is given in the upper right corner of each panel. 25 models are
selected from 38 investigated in this study.
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Figure 12. SFEs of SG stars (εsg) as a function of Msg for all models
investigated in this study. The vertical and horizontal dotted lines represent
the observed typical mass of SG stars in the Galactic GCs and the threshold
SFE (0.2) above which bound clusters can be formed from gas clouds (e.g.
Hills 1980; Elmegreen & Efremov 1997).

formed from MCs. Even the simulated GCs in the models with
Mmc = 3 × 106 M� cannot have SG stellar systems with Msg ≈
105 M�. This means that even the most massive Galactic MCs with
Mmc = 3 × 106 M� (e.g. Solomon et al. 1987) are unlikely to form
GCs. Thus, the possible presence of Mmc, th is a physical reason why
the Galaxy is currently not forming massive GCs.

(2) The simulated SCs (or ‘failed GCs’) in the models with
Mmc = [1 − 3] × 106 M� (M19–M35) can contain SG stars, how-
ever, both fsg and εsf, sg are significantly lower than those derived
for the models with Mmc = 107 M�. These results imply that fsg

can be quite diverse, however, the observed fsg is not so diverse
(C09). Although the results only for three models are shown in this
study (Table 1 and Fig. 11), it is confirmed that simulated SCs in
the models with Mmc = 3 × 105 M� (M36–M38) do not contain
SG stars at all for models with different parameters. Such an in-
ability of SG star formation in low-mass MC results from the fact
that AGB ejecta cannot form high-density gaseous regions within
stellar systems composed of FG stars. A significant fraction AGB
ejecta with a wind velocity of 10 km s−1 can escape from the low-
mass MCs with shallower gravitational potentials. The final SCs in
these models cannot be regarded as genuine GCs, and they are more
similar to open clusters with single stellar populations.

(3) Compact stellar systems with Msg ∼ 105 M� can be formed
within MCs with Mmc = 107 M�, regardless of whether they have
initial rotation (M6). However, εsf, fg and εsf, sg in the rotating MC
model M6 are slightly smaller than those in M1 without rotation.
This less efficient SF in FG and SG stars in rotating MCs can be seen
in models with different Mmc (e.g. M21 and M22). This suggests
that initial rotation of GC-hosting MCs can also control Mfg and
Msg and thus the present-day masses of GCs. It should be also noted
here that binary GCs can be formed in the models with frot ≥ 0.1
in some low-mass MC models. This binary SC formation in fractal
MCs will be discussed in our forthcoming papers.

(4) Regardless of Mmc, the two-stage GC formation process does
not depend strongly on D3 (e.g. M7 versus M8 for Mmc = 107 M�).
The suppression of SG star formation by SNe from SG stars and
the resultant lower Msg can be clearly seen in the models with D3

0 20 40 60 80 100
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0.4

Stars

Gas

Figure 13. Internal metallicity spreads (
[Z/H]) for GC stars (red) and
gas (blue) as a function of radius (R from the GC centre) in the simulated
massive GC for the fiducial model. The internal [Z/H] spread of gas is
smaller than that of the stars for R < 20 pc, because only the gas that is
not chemically polluted (not expelled by SNe) can remain in the central
region of the GC. The [Z/H] spread for SG stars formed from such gas (less
chemically contaminated by SNe) can be smaller than that of FG stars. The
[Z/H] spread of gas in the outer part of GC is significantly larger than that
of the stars (R > 60 pc), because the gas is the AGB ejecta expelled by SN
explosions after being chemically polluted by SNe. The [Z/H] spread of GC
stars is slightly larger than the observed small spread (<[0.02–0.03] dex) by
Carretta et al. (2010).

= 2.4 for Mmc = 107 M� (M8 versus M9), Mmc = 3 × 106 M�
(M23 versus M24), and Mmc = 106 M� (M33 versus M34), Here,
the results in the models with D3 = 2.4 are not described for
Mmc = 3 × 105 M�, simply because they do not show any SG
star formation. These results for D3 = 2.4 combined with those for
D3 demonstrate that SN feedback effects are the most important
physical effect for SG formation. These also imply that the IMF
for the SG star formation should be top-light (almost no massive
SNe) for GCs to have significant fractions of SG stars. This point is
discussed later in this paper.

(5) Threshold densities for star formation (ρ th) can also control
the time evolution of Mfg and Msg in the sense that Mfg and Msg can
be smaller for larger ρ th for models with different Mmc. The final
Msg can be significantly smaller in the models with ρ th = 105 than
in those with ρ th = 104 (i.e. strong suppression of SG formation).
Although this is initially expected for the adopted star formation
model, this has some implications on GC formation, which is dis-
cussed later in this paper. MCs with higher initial mass densities
can show larger Msg (e.g. M14 versus M15). The high-density mas-
sive MC model M16 with SNe from SG stars show εsf, sg = 0.24
and Msg = 1.0 × 105 M�. This result implies that if massive MCs
have rather high initial densities, then SNe from SG stars cannot so
strongly suppress SG star formation.

(6) The strong tidal field of an MC-host dwarf galaxy does not
so strongly influence the formation processes of GCs. Compact
SG systems can be formed from AGB ejecta in the models with
galactic tidal fields (M17, M18, M29, and M30). Final Msg and
εsg in the models with galactic tidal fields are appreciably smaller
than those without. For example, εsf, sg is 0.12 for rp = 0.3 kpc
(M17) 0.21 for rp = 1 kpc (M18). Galactic tidal fields can be
important for disintegrating the more diffuse FG stellar systems,
as suggested by previous numerical simulations of GC formation
(D08 and B11). The present models with and without galactic tidal
fields show a correlation between Msg and εsf, sg (see Fig. 12). This
is due partly to SFE of SG stars being higher in MCs with higher
masses.

(7) As shown in Fig. 13 for the fiducial model, GC stars do not
show large metallicity spreads in the simulated massive GCs. SG
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stars show a smaller metallicity spread than FG stars, because they
can be formed from almost pure AGB ejecta without significant
chemical pollution by SNe. However, 
[Z/H] can be as large as
0.04 dex for FG stars. Fig. 13 shows that 
[Z/H] of GC stars
(FG+SG) within 20 pc is slightly larger than the observed 
[Z/H]
(<[0.02–0.03] dex) for 17 Galactic GCs (Carretta et al. 2010). Gas
remaining in the outer part of the GC (R > 20 pc) shows a large
metallicity spread, because the gas was expelled by SNe after being
chemically polluted by SNe. It is not observationally clear whether
FG stars show a larger 
[Z/H] than SG stars in a GC, as predicted
in this study. If FG stars in observations do not show larger 
[Z/H],
then the present model would need to be revised in terms of chemical
pollution of original gas by SNe.

(8) In the present parameter study, mixing of AGB ejecta with SN
ejecta is not so well resolved in all models, because the minimum
number of AGB particles (or any gas particles) around one SN is set
to be 8. This could cause an underestimation of SN effects on AGB
ejecta. For example, this study could have overestimated Msg and
underestimated the metallicity spreads among SG stars owing to the
possible underestimation of the mixing of SN and AGB ejecta. This
issue will need to be discussed in our future simulations with a much
better spatial resolution for the interaction between SN and AGB
ejecta. The potential problem of AGB ejecta being contaminated by
hot gas from SNe has not been convincingly (and fully) solved in
this study with a spatial resolution of an order of 0.1pc.

4 D ISCUSSION

4.1 Necessity of top-light IMF in SG star formation in
self-enrichment scenarios

Most old GCs in the Galaxy to have star-to-star abundance spreads
in light elements (e.g. C, N, and O) and the observed Na–O an-
ticorrelation has been considered to be one of the characteristic
features of GCs (e.g. C09). If the majority (70 per cent) of stars
with enhanced Na and depleted O (i.e. SG stars) are formed from
gas ejected from FG stars with normal Na and O, then the original
total mass of FG stars in a GC can be inferred from the present-day
total mass of SG stars (Msg). Previous studies suggested that Mfg

should be much more massive than Msg (i.e. the mass budget prob-
lem). In the following, we discuss this mass budget problem in the
context of self-enrichment scenarios based on SG formation from
AGB ejecta.

The mass budget problem can be formulated as follows (B17):

Mfg = 1.4 × 107
( εsf,sg

0.1

)−1
(

fej,fg

0.1

)−1 (
Msg,0

1.4 × 105 M�

)
M�, (21)

where fej, fg is the mass fraction of gas ejected from AGB stars of
FG and the SFE in SG star formation (εsf, sg) is assumed to be 0.1,
as shown in the models with SN feedback effects on SG star forma-
tion. As long as a canonical IMF is assumed, such a small fej, fg and
SN feedback effects on SG formation (i.e. low εsf, sg) are inevitable
outcomes. The derived Mfg is underestimated to some extent, be-
cause mass loss of SG AGB stars are not considered. Nevertheless
Mfg appears to be too large, which means that 99 per cent of FG
stars needs to be lost to form GCs with the observed mass fractions
of FG and SG stars. Thus, if the IMF of SG stars is a canonical
one, then the mass budget problem is much more severe than ever
thought.

The mass budget problem can be less severe, if the IMF of FG
stars is top-heavy (i.e. a larger fraction of AGB stars thus a higher
fej) and if the IMF of SG stars are top-light (i.e. a smaller fraction

of SNe). Probably, the formation of massive SNe with shorter life-
times need to be completely shut down to alleviate the mass budget
problem. Such suppression of massive star formation was already
pointed out by D08, though they did not discuss this in a quan-
titative manner. A key question in any self-enrichment scenarios
is therefore whether or not the formation of massive stars (ms ≥
[30 − 120] M�) can be really severely suppressed (i.e. ‘top-light’
IMF) in SG star formation. Although our previous simulations of
SG formation in dense stellar systems of FG stars investigated star
formation processes (B10, B11), the IMF of SG stars could not be
investigated owing to the adopted resolution. It is accordingly our
future theoretical study to investigate the slope and the upper mass
cutoff of the IMF for SG stars using numerical simulations that
resolve star-forming cores. If our future study on this issue reveals
that there is no plausible theoretical reason for the top-light IMF of
SG stars, then we would need to discard self-enrichment scenarios
as a major mechanism of GC formation.

4.2 If self-enrichment scenarios are not viable, then why
cannot secondary star formation occur ?

If self-enrichment scenarios based on gaseous ejecta from AGB stars
are not viable for GC formation with multiple stellar populations,
then it needs to be clarified why secondary star formation cannot
occur in forming GCs with a plenty of AGB ejecta. As shown in pre-
vious theoretical works on the formation of massive GCs, gaseous
ejecta of AGB stars can be well retained in the central regions of the
GCs (D08 and B11). Therefore, some physical mechanisms need
to operate so as to suppress conversion from gas into new stars in
dense stellar systems. Recent galaxy-scale numerical simulations
of SFHs in luminous and dwarf disc galaxies have demonstrated
that star formation can be severely suppressed by PEH of cold gas
by dust (Bekki 2015; Forbes et al. 2016). The gas accumulated
on to FG stellar systems from AGB stars can be dust-rich so that
PEH effects can be strong if there is an enough amount of stellar
radiation from FG stars in the central regions of proto-GCs. How-
ever, if AGB ejecta is diluted by pristine metal-poor gas, which
is required for chemical evolution model of GCs, then such PEH
effect could be weak. Accordingly, we need to investigate how such
PEH effect can influence the secondary star formation processes in
proto-GCs.

It would be also possible that high number densities of stars in
proto-GCs can totally prevent gravitational instability of gas that
leads to star formation. The spatial resolution (∼0.4 pc) of the
present simulation is not good enough to investigate the very small-
scale (<<1 pc) formation processes of each individual stars. If
dense stellar environments can really prevent secondary star for-
mation, then it needs to be understood how and where AGB ejecta
can be lost in proto-GCs. Ram pressure stripping of AGB ejecta
by warm and hot ISM of GC-host galaxies could be a candidate
mechanism for the removal of AGB ejecta, if proto-GC can pass
through such ISM. It might be also possible that GCs can lose their
AGB ejecta by ram pressure when they orbit around the haloes
of their host luminous galaxies like the Galaxy. If self-enrichment
scenarios need to be discarded, a crucial question is when GCs
achieved star-to-star internal abundance spreads during their for-
mation histories. One idea is that new stars of proto-GCs already
had star-to-star internal abundance spreads before their first SNe
explode. It is not clear, however, how such chemical enrichment
can proceed within ∼ 3 Myr (before first massive SNe explode).

It should be noted here that the above discussion is based on sec-
ondary star formation of gas ejected from AGB stars. An alternative
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self-enrichment scenario based on gaseous ejecta from fast-rotating
massive stars (FRMS) has been already discussed by several authors
(e.g. Decressin et al. 2007). This FRMS self-enrichment scenario
has no problem associate with later SNe that can severely suppress
secondary star formation. However, it is not clear in this FRMS
scenario how SG star formation can be completed well before SN
explosion can brow away the cold gas of the molecular cloud (MC).
We here do not discuss how to avoid this potentially serious prob-
lem, because it is beyond the scope of this paper to investigate the
FRMS scenario in detail.

4.3 Metallicity spreads in GCs

Although Lee et al. (2009) investigated the colour magnitude dia-
grams (V versus b − y or hk) of the Galactic GCs and found evidence
of Ca abundance spreads in the 7 GCs, Carretta et al. (2010) showed
that Ca abundance spreads among FG and SG stars in 17 Galactic
GCs are less than 0.02–0.03 dex. The most massive Galactic GC
ω Cen and 8 GCs (e.g. M22) have been observed to show [Fe/H]
spreads among GC stars so far (e.g. Freeman & Rodgers 1975;
Marino et al. 2015). The apparent lack of internal [Fe/H] spreads
among GC stars in most GCs implies that self-enrichment by SNe
did not proceed efficiently at GC formation for some physical rea-
sons. Since these GCs show anticorrelations between light elements,
which could be due to self-enrichment by AGB stars, the physical
mechanisms that suppress self-enrichment by SNe in GC formation
need to be understood clearly. Nakasato, Mori & Nomoto (2000)
investigated SFHs of proto-GC clouds with the masses of 106 M�,
sizes of 150–300 pc, and initial temperature of 104 K using their
original SPH simulations with feedback effects chemical enrich-
ment by SNe. They found that although star formation in shell-like
gaseous structures formed through compression of gas through SNe
feedback effects is possible, self-enrichment is not seen to occur in
all of their models.

This study have demonstrated that although new star formation
from gas contaminated by SNe is possible, the mass fraction of
such stars is quite small. Furthermore, most of such stars can be
formed mostly in the shocked gas that are distant from the main
GC-forming regions, and therefore they cannot be finally within the
central regions of GCs. As a result of this, the mass fraction of
such (SG) stars with [Fe/H] by more than 0.05 dex larger than
(FG) stars formed from original cold gas of GC-forming GCs is
quite small within the central 10pc of GCs. This implies that the
apparent lack of [Fe/H] spreads in typical GCs is due largely to
SN feedback effects in GC-forming MCs. Baumgardt, Kroupa &
Parmentier (2008) show that the stellar masses of GCs required for
self-enrichment by SNe is more than 107 M�, which means that
original GC-hosting MC should be very massive (∼108 M�) for a
reasonable SFE (∼0.1). Therefore, typical GCs are unlikely to have
[Fe/H] spreads.

The most massive Galactic GC ω Cen has been suggested to
originate from a nucleated dwarf galaxy (e.g. Freeman 1993; Bekki
& Freeman 2003), where its deep potential well could retain ejecta
from SNe for further star formation. Although other eight ‘anoma-
lous’ GCs with [Fe/H] spreads could be also from defunct nucleated
dwarfs like ω Cen, it remains unclear what physical mechanisms are
responsible for their [Fe/H] spreads. One of intriguing observational
results is that some of anomalous GCs with metallicity spreads (e.g.
M22) also show abundance spreads in s-process elements (Marino
et al. 2011). The observed spreads in s-process elements could be
due to star formation from gas polluted by AGB stars. This study
has shown that SG stars have the same metallicities as those of FG

stars, because SG stars can be formed from AGB ejecta only after
SN explosion expel the remaining gas of MCs. Therefore, it appears
unlikely that simple self-enrichment scenarios can explain the origin
of abundance spreads both in [Fe/H] and s-process elements.

Bekki & Tsujimoto (2016) have recently demonstrated that merg-
ing between massive GCs with initially different [Fe/H] in their
host dwarf galaxy is possible, which ends up with a bimodal [Fe/H]
distribution that is consistent with observations for M22 (Marino
et al. 2011). They suggested that other anomalous GCs could be
also formed from GC merging within dwarf galaxies with differ-
ent SFHs. It could be possible that only very massive GCs like ω

Cen experienced self-enrichment by SNe at their formation: [Fe/H]
spreads in GCs alone do not necessarily mean star formation from
gas polluted by SNe within their host MCs. Although GC merg-
ing is a promising mechanism for the origin of anomalous GCs, it
has not reproduced several chemical abundances of their stars in a
fully self-consistently manner (e.g. abundance spreads in C+N+O).
Thus, there are still puzzling observational results on these GCs,
which need to be addressed in our future papers.

5 C O N C L U S I O N

We have investigated the formation processes of GCs with multi-
ple stellar populations within massive MCs with fractal structures
using our original hydrodynamical simulations with star formation,
feedback effects of SNe and AGB stars, and chemical enrichment
by these stars. The key parameters of the simulations are the masses
(Mmc), sizes (Rmc), ratios of rotational energy to total kinetic energy
(frot), and fractal dimensions (D3) of GC-forming massive MCs.
We have analysed the physical properties of new stars formed from
original pristine gas (‘FG’) and from gaseous ejecta of AGB stars
(‘SG’). We have also investigated (i) the models with and without
SN feedback effects in the formation of SG stars and (ii) those in
which tidal field of dwarf galaxies hosting GCs are included. The
principal results are as follows:

(1) Bound massive clusters of FG stars can be first formed from
merging of hierarchical SC complexes that are developed from
fractal gaseous structures of massive cold MCs with Mmc = 107 M�.
During merging of low-mass SCs within MCs, gas ejected from SNe
can interact with the surrounding pristine gas of GC-forming MCs.
SNe of very massive stars with ms = [60–120] M� can brow off
cold gas from the very early stage of GC formation. After almost all
of the cold gas is expelled from proto-GCs by SNe with different
masses, gas ejected from AGB stars can be accumulated into the
central regions of proto-GCs, where the AGB ejecta is converted
into SG stars. This formation process of SG stars from AGB ejecta
is consistent with the results of our previous 3D hydrodynamical
simulations of GC formation (B10, B11).

(2) Most SG stars can be formed from gaseous ejecta in the
central regions of FG stellar systems for all massive MC models.
The spatial distributions of SG stars are therefore initially more
compact than those of FG stars in GCs for all models with dif-
ferent parameters. Since SG stars can be formed from ejecta of
AGB stars with different masses, there can be significant differ-
ences in chemical abundances between SG stars. GC stars (FG and
SG) show negative gradients of helium (Y) abundances (i.e. higher
Y in the inner regions) within the central 3 pc of the simulated
GCs. SG stars formed from high-mass AGB stars (ms = 7–8 M�)
are more centrally concentrated than those from low-mass ones
(ms = 4–5 M�). This suggests that there are significant differences
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in spatial distributions between SG stars with different helium abun-
dance (Y), because high-mass AGB stars can eject gas with higher Y.

(3) There is a threshold MC mass (Mmc, th) beyond which Msg can
be as large as the observed value of typical GCs (∼105 M�). This
Mmc, th is as large as 107 M� for a canonical (Salpeter) IMF and it
can be smaller for more top-heavy IMFs. The final masses of FG
stars can be quite large (Mfg ∼ 5 × 106 M�) in the simulated GCs
for Mmc = 107 M� and the large fraction of FG stars reside in the
halo regions of the proto-GCs. This means that the vast majority of
the FG stars need to be lost for the simulated proto-GCs to become
genuine GCs dominated by SG stars. This required removal of
FG stars has been extensively discussed by previous simulations
already.

(4) The two-stage GC formation process (i.e. SG formation after
FG formation) through merging of hierarchical SC complexes does
not depend strongly on Mmc, Rmc, frot, D3, and tidal fields of MC-host
dwarfs, though the physical properties of simulated GCs depend on
these parameters. Threshold gas densities for star formation (ρ th)
can significantly influence the final Msg such that Msg can be lower
for higher ρ th. If ρ th is quite high ≥105, then SG formation is
severely suppressed, which ends up with SCs with small Msg that
cannot be identified as genuine GCs. This result implies that ρ th

could be similar between FG and SG formation for self-enrichment
scenarios to be viable.

(5) Formation of SG stars from AGB ejecta can last as long as
∼108 yr, because gaseous ejecta from AGB stars with different
masses thus different main-sequence lifetimes can be accreted on
to the proto-GCs. Accordingly, SNe from SG stars formed earlier
brow off the accumulated AGB ejecta so that star formation can
be severely suppressed. This suppression of star formation ends
up with significantly smaller Msg in GCs, which implies that the
mass budget problem is much more severe than ever thought in
the self-enrichment scenario of GC formation with multiple stellar
populations. Therefore, the formation of GCs with Msg ∼ 105 M�
requires a very small number fraction of high-mass stars with ms ≥
8 M� in SG star formation (‘top-light’ IMFs). Such suppression of
massive star formation in SG star formation was also pointed out
by D10.

(6) The required top-light IMF in SG formation has some im-
portant implications both on the observed properties of GCs and
young massive SCs and on theoretical studies of star formation.
First, even if secondary star formation is ongoing in young massive
SCs, massive OB stars cannot be observed in the SCs owing to
the lack of such massive stars. This may explain why recent ob-
servations of massive young SCs did not detect signs of massive
OB stars. Second, the mass budget problem needs to be revisited,
given that the mass fraction of low-mass stars (ms ≤ 0.9M�, i.e.
presently ‘alive’ old stellar population) in SG sub-population can
be significantly larger for top-light IMF. Third, a mechanism for
suppression of massive stars in dense stellar systems needs to be
theoretically understood.

(7) If top-light IMF is not possible in SG star formation, then
Mmc, th can be quite large (>107 M�) in any self-enrichment sce-
nario of GC formation owing to very low εsf, sg (<0.1). Therefore,
the scenario needs to explain how and why such a large Mmc, th is
possible in gas-rich dwarfs (or in other environments) at high red-
shifts. If the scenario fails to explain the physical origin of such
high Mmc, th, then it would need to be discarded as a viable scenario
for GC formation. Thus, a possible IMF variation in star formation
within dense stellar systems will need to be investigated in theoret-
ical studies of GC formation based on self-enrichment scenarios.
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APPENDIX A : A WAY TO SET UP INITIAL
F R AC TA L G A S E O U S D I S T R I BU T I O N O F M C S

We generate an initial fractal distribution of gas in an MC as follows.
First, gas (SPH) particles with the total particle number of Nmin are
distributed within a sphere according to an adopted radial density
profile of the MC (i.e. ρmc(r) ∝ r−1). A random number generator
is used in distributing these Nmin particles. This first step is called
Level 1 and the initial radius of the sphere is denoted as r1 for
simplicity. Second, at ith particle’s position (i = 1, 2, . . . , Nmin),
new gas particles with the total number of Nmin are distributed within
a sphere of r2 using the same radial profile adopted in Level 1. The

radius of the sphere in Level 2 is determined as follows:

r2 = r1

fdiv
, (A1)

where fdiv is a division factor, which is described as follows:

fdiv = N1/D3
min , (A2)

where D3 is the fractal dimension of the MC (as defined in the main
text). Accordingly, the large-scale particle distribution in Level 1
and the small-scale one around ith gas particle are self-similar. This
process is done for each of Nmin particles generated in the Level 1.
Thus, the total number of particles used in this Level 2 is Nfdiv

min .
If the particle distribution around ith gas particle in Level 2 is

exactly the same as the original particle distribution in Level 1, then
the final distribution of gas becomes very artificial (‘mathemati-
cal’) one. In order to avoid this, a random number generator is used
each time when gas particle distribution is generated for a given
(adopted) radial distribution of gas. By doing so, the final distribu-
tion of particles become more natural in this study. This process of
generating a self-similar particle distribution is repeated in Levels
3, 4, 5, etc., until the total number of particles becomes the adopted
number of particles of an MC in a simulation (i.e. Ng ∼ 106). In
this study, Nmin is set to be 32, which ensures that the initial dis-
tribution of gas particles in Level 1 can be a proper representation
of the adopted radial profile. If Nmin is too small, then the initial
distribution is not so similar to the adopted profile. On the other
hand, Nmin is large (e.g. 100), then the number of division becomes
smaller. We consider that the above number of 32 is appropriate for
the present investigation of GC formation within fractal MCs.

In order to give random motion of gas particles within a fractal
MC, we adopt the following model. We here consider that the total
number of sub-groups of gas particle at the final level of division (for
the fractal mass distribution of an MC) is ngr. These sub-groups have
random motion within the MC characterized by velocity dispersion
σ . Accordingly, σ is determined as follows:

Tran = 1

2

ngr∑
k=1

Mgr,kσ
2, (A3)

where Tran is the total random (kinetic) energy of the MC and Mgr,k

is the mass of each sub-group. Using a random number generator
and assuming an isotropic velocity dispersion, the 3D velocity of
each sub-group is given for the derived σ . In some models, an MC
has initial rigid rotation with the amplitude of  (constant). Each
sub-group’s  is therefore determined as follows:

Trot = 1

2

ngr∑
k=1

R2
kMgr,k, (A4)

where Trot is the total rotational energy of the MC and Rk is the
projected distance of kth sub-group from the MC’s centre. Using
the derived  and Rk, rotational velocities of gas particles within
each sub-group are calculated. Gas particles within a sub-group are
assumed to have the same velocities in this study.
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