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A B S T R A C T 

We simulate the formation of second-generation (SG) stars in young clusters with masses of 10 

5 and 10 

6 M � within 30 –100 Myr 
after the formation of clusters. We assume the clusters mo v e through a uniform interstellar medium with gas densities of 10 

−24 

and 10 

−23 g cm 

−3 and consider the stellar winds from asymptotic giant branch (AGB) stars, gas accretion on to the cluster, ram 

pressure, star formation, and photoionization feedback of our stellar systems including binary stars. We find that SG stars can 

be formed only within the 10 

6 M � cluster in the high-density simulation, where the cluster can accrete sufficient pristine gas 
from their surrounding medium, leading to efficient cooling required for the ignition of SG formation and sufficient dilution of 
the AGB ejecta. Hence, our results indicate that a denser environment is another requirement for the AGB scenario to explain 

the presence of multiple populations in globular clusters. On the other hand, the ionizing feedback becomes ef fecti ve in heating 

the gas in our low-density simulations. As a result, the clusters cannot accumulate a considerable amount of pristine gas at their 
centre. The gas mass within the clusters in these simulations is similar to that in young massive clusters (YMCs). Hence, our 
studies can provide a possible reason for the lack of gas, star formation, and SG stars in YMCs. Our results indicate that the 
ionizing stellar feedback is not a severe problem for SG formation; rather, it can help the AGB scenario to account for some 
observables. 

Key words: hydrodynamics – radiative transfer – methods: numerical – stars: formation – globular clusters: general. 
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 I N T RO D U C T I O N  

lobular clusters (GCs), containing low-metallicity ([Fe/H] � 1), 
ow-mass ( � 0 . 75 M �), and old ( � 1 Gyr ) stars (Cadelano et al.
020 ), can provide useful information as early star-forming sub- 
ystems to study the formation history of their parent galaxies 
Larson 1996 ). Recent observations have revealed that GC stars 
isplay anomalous variations in light elements (e.g. He, C, N, 
, Na, Al, and sometimes Mg) that are not expected to be due

o low-mass stars during stellar evolutionary processes (Prantzos, 
harbonnel & Iliadis 2007 ; Carretta et al. 2009 ; Piotto et al. 2015 ).
ogether with another population characterized by a composition 
imilar to normal field stars, such anomalous stars build multiple 
tellar populations (MSPs) observed in GCs. The anomalous stars 
re enriched in N and Na and depleted in C and O, whereas
he sum of the C, N, and O abundances inside these stars are
bserved to be generally constant within the measurement errors 
Dickens et al. 1991 ; Yong, Grundahl & Norris 2015 ). Addition-
lly, except for some massive GCs such as ω Cen (Johnson &
ilachowski 2010 ), no considerable spread in Fe abundance and 
eavy elements has been found in GCs hosting MSPs (Gratton, 
neden & Carretta 2004 ; Gratton, Carretta & Bragaglia 2012 ). 
his specific abundance pattern makes it difficult to explain how 
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SPs have been formed in GCs; hence, their formation remains a
ystery. 
Such an abundance pattern is expected from the yields of hot hy-

rogen burning within intermediate-mass and massive stars (Renzini 
t al. 2015 ). Hence, most scenarios proposed for the formation of
SPs are based on the ejecta of these stars, fuelling the formation

f the SG stars, where MSPs are subsequent generations. The 
opulation with the same composition as the field stars at the same
etallicity [Fe/H] is referred to as the first generation (FG) or
rst population. Stars within GCs showing variation in the light 
lements compared to the first population are commonly categorized 
s the second generation (SG) or second population (Bastian & 

ardo 2018 ; Milone & Marino 2022 ). To date, the suggested FG
andidates are intermediate-mass asymptotic giant branch (AGB) 
tars (4 ≤ m/ M � ≤ 8; D’Ercole et al. 2008 ; Conroy & Spergel 2011 ;
’Ercole, D’Antona & Vesperini 2016 ; Bekki 2017 ), fast-rotating 
assive stars (FRMS, 20 ≤ m/ M � ≤ 120; Decressin et al. 2007a ;
ecressin, Charbonnel & Meynet 2007b ; Krause et al. 2013 ), and

upermassiv e stars ( m/ M � ≥ 10 4 ; Denissenko v & Hartwick 2014 ;
enissenko v et al. 2015 ). Alternativ e scenarios propose different
echanisms in which the MSPs may be coe v al. F or e xample, in the

arly disc accretion scenario, the FG low-mass stars accrete enriched 
tellar winds from more massive interacting binary stars, resulting in 
ifferent abundances (Bastian et al. 2013a ). 
Each proposed scenario has its own advantages and drawbacks, 

ut none of them has been able to explain all the observed properties
is is an Open Access article distributed under the terms of the Creative 
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f MSPs (see Renzini et al. 2015 ; Bastian & Lardo 2018 ), such as
he observed chemical anomalies. To solve this issue, the ejecta need
o be diluted by pristine gas, i.e. the gas with the same composition
s the one that formed the FG stars. In addition, most models, such
s AGB and FRMS scenarios, encounter a ‘mass budget problem’
o produce a cluster with an SG fraction similar to observed values,
etween ∼30 and 90 per cent for Galactic GCs (Milone et al. 2017 ).
ne problem is that, assuming a standard initial mass function

IMF), the FG ejecta do not contain enough mass to make up the
ntirety of the observed SG mass. This problem might be alleviated
n specific conditions, such as a top-heavy IMF for FG stars and
 binary fraction close to unity (D’Ercole et al. 2008 ; Khalaj &
aumgardt 2015 ; Krause et al. 2016 ; Vesperini et al. 2021 ). While
enerally not clear from observations, the epoch of SG formation
nd age difference between populations depend on the proposed
cenario. In models based on massive and very massive stars, SG
ormation should occur within a short time-scale after the formation
f FG stars and before the start of Type II supernova (SN) explosions
o a v oid the incorporation of newly produced Fe and a significant
etallicity spread (e. g. Krause et al. 2013 ). On the other hand, in

he AGB scenario, the SG formation starts after the end of SNe
about 30 Myr ) and lasts for roughly a few ten Myrs (D’Ercole
t al. 2008 ; D’Ercole, D’Antona & Vesperini 2016 ; Calura et al.
019 ). 
The presence of MSPs with anomalous chemical compositions

s found to be specific to only massive GCs older than 2 Gyr
Bastian & Lardo 2018 ). It is not clear yet whether young massive
lusters (YMCs; with a mass range of [10 4 –10 5 . 5 ] M � and ages
 100 Myr 
host MSPs with such anomalous chemical compositions (Portegies

wart, McMillan & Gieles 2010 ). Ne vertheless, observ ationally
hese clusters do not show any significant amount of gas (Bastian
t al. 2013b ; Bastian, Hollyhead & Cabrera-Ziri 2014 ; Cabrera-Ziri
t al. 2015 ; Hollyhead et al. 2015 ) and any evidence for ongoing star
ormation (SF; Bastian et al. 2013b ). As their age can be compared
ith the proposed epoch for SG formation in scenarios, in principle

hese facts can constrain SG formation models (Bastian et al. 2013b ;
astian & Strader 2014 ; Bastian, Hollyhead & Cabrera-Ziri 2014 ),
ssuming that YMCs are equi v alent to proto-GCs. But some rely on
he idea that the SG formation is limited to only the early Universe,
ot the present-day one (Renzini et al. 2015 ; D’Ercole, D’Antona &
esperini 2016 ). For example, D’Ercole, D’Antona & Vesperini
 2016 ) show that the AGB scenario needs ambient surrounding
roperties of GCs consistent with those of star-forming disc galaxies
bserved at redshifts > 2. Moreover, the fact that YMCs are almost
as free (Bastian et al. 2013b ; Bastian, Hollyhead & Cabrera-Ziri
014 ; Cabrera-Ziri et al. 2015 ; Hollyhead et al. 2015 ) indicates
hat they efficiently expel their intracluster medium (ICM), despite
ignificant mass-loss from their stars and their capability to accrete
as from the ambient medium. This raises another question: under
hich physical conditions can a young cluster get rid of its ICM?
o answer this question, we require more comprehensive theoretical
tudies of the gas dynamics in young clusters, including the key
rocesses, including SN feedback, ram pressure, radiative feedback,
luster potential, and stellar wind heating (Conroy & Spergel 2011 ;
alura et al. 2015 ; Gavagnin et al. 2017 ; W ̈unsch et al. 2017 ; Naiman,
amirez-Ruiz & Lin 2018 ; Chantereau et al. 2020 ). 
Since a few years, we have focused on the gas accumulation

nd SG formation in young ( > 30 Myr ) clusters with different
asses [10 5 –10 7 M �] based on the AGB scenario (Calura et al.

019 ; Lacchin, Calura & Vesperini 2021 ; Lacchin et al. 2022 ;
aghoobi et al. 2022a , b ). In this scenario, the origin of SG stars
NRAS 528, 5477–5486 (2024) 
s a mixture of the AGB stellar winds and pristine gas accumulated
n clusters. D’Ercole, D’Antona & Vesperini ( 2016 ) investigate
he origin of the pristine gas and its dynamics during the phase
f SG formation. Their model follows three requirements: (i) the
ristine gas should initially be remo v ed from the cluster by Type
I SN explosions within about 30 Myr after the birth of the FG
f stars; (ii) the cluster should be able to accrete the pristine gas
ithin about 60 Myr ; (iii) the SN II ejecta should not contaminate

he pristine gas. They show that these conditions can explain the
rigin of SG stars only in massive clusters that formed in the
iscs of galaxies at z > 2 (Kravtsov & Gnedin 2005 ; Kruijssen
015 ). 
Using 3D hydrodynamical simulations, we investigated this model

or clusters of different masses in Calura et al. ( 2019 ) and Yaghoobi
t al. ( 2022a ; hereafter Paper I ). We performed a parameter study
f the gas density of the interstellar medium (ISM) with values
0 −24 and 10 −23 g cm 

−3 , roughly corresponding to the values ob-
erved in star-forming galaxies at low and high redshifts (Marcolini,
righenti & D’Ercole 2003 ; D’Ercole, D’Antona & Vesperini 2016 ;
ardlow et al. 2017 ) to explore the effect of different environments

n the formation of SG stars. We found that the properties of the SG
opulation depend significantly on the surrounding environment of
he clusters. In the high-density simulations, massive clusters (with

asses ≥10 6 M �) could o v ercome the ram pressure, accrete pristine
as, and retain their own stellar winds, producing a massive SG.
ositive correlations were also found for the SG mass fraction and
aximum He enhancement in GCs versus the cluster mass. 
In Yaghoobi et al. ( 2022b , hereafter Paper II ), we included

onizing radiation from stars in our simulations and found that the
ravitational potential of a very massive cluster (10 7 M �, with half-
ass radius 30 pc ) is strong enough to accumulate both accreted

ristine gas and AGB ejecta at its centre. Photoionization heating
as found to be efficient in warming up and expanding the gas

or only about the first 50 Myrs from the FG formation. After
hat, the gas cooling dominates the radiative heating and the gas
ccumulated in the innermost regions results in SF. Ho we ver, due
o ionizing feedback effects, the total SG mass became a factor
wo lower than in the run without ionizing radiation at the end
f simulations (100 Myr after the cluster formation). Nevertheless,
he SG mass fraction within the cluster reached 40 per cent in the
igh-density model, comparable with observed fractions for Galactic
Cs (Milone et al. 2017 ). Ho we ver, in the low-density case, the
as content and SG fraction were very low ( ∼4 per cent ). To
urther explore the viability of this scenario, our study including
he photoionization feedback needs to be expanded to clusters with
ifferent structural parameters, since it is shown that the cooling and
eating processes depend on the properties of the cluster (W ̈unsch
t al. 2017 ; Yaghoobi et al. 2022a ). Particularly, we are interested
n studying the SF in the clusters expected to be equi v alent to
roto-GCs and YMCs to explore the role of stellar feedback in SG
ormation. Moreo v er , we in vestigate how results are sensitive to the
ifferent environments, which are expected to be different for GCs
nd YMCs. 

This study is a follow-up to Paper II to investigate the SF and gas
ontent in young clusters with different properties (mass and half-
ass radius). We aim at checking whether these clusters can retain

heir stellar winds, accrete the pristine gas from the ambient medium,
nd cool their ICM in the presence of ionizing radiation. The paper is
rganized as follows. In Section 2 , we describe the simulation set-up
nd main assumptions of our model. In Section 3 , we present the
esults of our simulations, and in Section 4 we discuss them. Finally,
n Section 5 , we list the main conclusions of our study. 
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Table 1. Main parameters of our simulations for both cases of RT and NORT . 
Column description: M FG is the mass of the cluster; ρpg the gas density of 
the pristine gas; t I the time when the cluster reaches the ISM (Section 2.1 ) at 
the time reference of this paper (the FG formation). Note that the AGB ejecta 
in all simulations start at t AGB = 39 Myr . 

Simulation M FG (M �) ρpg (g cm 

−3 ) t I (Myr) 

M5INFALL24 10 5 10 −24 33.9 
M5INFALL23 10 5 10 −23 30.0 
M6INFALL24 10 6 10 −24 42.5 
M6INFALL23 10 6 10 −23 33.9 
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 SIMULATION  SET-UP  

he simulation set-up in this study is the same as Paper II for a
luster with the mass of 10 7 M � and half-mass radius of 23 pc ,
xcept that we study the SG formation within FG clusters with 
asses of 10 5 and 10 6 M �, and half-mass radius of 4 pc , moving

hrough a homogeneous ISM with uniform density. These masses are 
omparable with the initial masses derived for GCs by calculating 
he cluster orbits backward in time (Baumgardt et al. 2019 ). To study
he role of environments in SF formation, we consider different 
alues for ISM densities; 10 −24 g cm 

−3 for a typical dwarf galaxy 
Marcolini, Brighenti & D’Ercole 2003 ) and 10 −23 g cm 

−3 as a 
epresentati ve v alue for star-forming regions in galaxies at high 
edshifts (Wardlow et al. 2017 ). As in Paper II , we consider the
ffects of the ionizing FG and SG radiation using radiation-transfer 
imulations ( RT simulations). We also run their analogues without 
adiation ( NORT ) to better understand the role of stellar radiative
eedback in SG formation. The main simulations of this study and 
heir rele v ant characteristics are listed in Table 1 . 

We use RAMSES-RT (Rosdahl et al. 2013 ; Rosdahl & Teyssier
015 ), the radiative hydrodynamics version of the RAMSES (Teyssier 
002 ) code. The code uses a second-order Godunov scheme to 
olve the Euler equations and a particle-mesh solver to compute 
he dynamical evolution of particles. In Paper I , the appropriate 
imulation volume for the 10 5 and 10 6 M � clusters was found to
e about 50 pc . Ho we ver, we find that we need to consider a larger
ox to achieve convergence in results due to gas expansion resulting
rom photoionization heating. We find that a cube with a width of
28 pc and inflow boundaries can fulfill this goal. Moreo v er, we use
he Adaptive Mesh Refinement (AMR) strategy with a maximum 

ize of �x max = 1 pc ( l min = 7 in the RAMSES code) and a minimum
ize �x min = 0 . 062 pc ( l max = 11). Cells are refined to smaller sizes
f their mass exceeds 10 M �. As in Paper I , we performed a series of
ests assuming different resolutions, ranging from �x min = 1 pc to 
 x min = 0.062, indicating that the chosen set-up is sufficient for our

esults to converge. 
The simulation set-up of our model has been discussed e xtensiv ely

n Paper II . Here, we briefly recap it and encourage the reader to
onsult Paper I , Paper II , and Calura et al. ( 2019 ) for more details.
n our notation, time t = 0 corresponds to the birth time of the FG of
tars. 

.1 Initial conditions 

e set the initial conditions of our simulations as proposed in 
’Ercole, D’Antona & Vesperini ( 2016 ). Type II SN explosions 
f FG stars have formed a bubble of hot and diffuse gas around
he cluster at the end of their activity, assumed to be 30 Myr after
he birth of the FG. The bubble radius depends on the cluster mass,
SM density, and velocity with respect to the gas (see Calura et al.
019 ). It is assumed that the bubble is filled with extremely diffuse
as in hydrostatic equilibrium with the cluster. Thus, FG stars are
ot initially in direct contact with the pristine ISM gas until they
raverse this radius and reach the ISM. After that, the pristine
as encounters the cluster and starts to dilute the enriched AGB
jecta. We also assume that the injection of AGB ejecta starts at
 AGB = 39 Myr . Following this model, we consider the velocity of
lusters to be 23 km s −1 , of the order of the gas velocity dispersion
n an ionized medium, and assume it to be constant during the
imulations. Accordingly, the time at which the cluster reaches 
he ISM ( t I ) can be estimated, as described in Paper I . t I s for our
imulations are computed by means of equation (11) of D’Ercole, 
’Antona & Vesperini ( 2016 ) and presented in the fourth column
f Table 1 . With the exception of the M6INFALL24 model, the infall
tarts earlier than stellar winds in all our simulations. This is visible
rom the comparison of t I and t AGB in Table 1 . All simulations finish
t t = 100 Myr at the start of FG Type I SNe (D’Ercole et al. 2008 ).

The FG stars are modelled by a static Plummer ( 1911 ) density
rofile: 

∗, FG ( r ) = 

3 M FG 

4 π r 3 p 

( 

1 + 

r 2 

r 2 p 

) − 5 
2 

, 

here r is the distance from the centre of the cluster, r p = 3 pc and
 FG are the Plummer radius and the cluster mass, respectively. We

e glect an y changes in the FG stellar distribution due to cluster
volution during the simulation. We perform the simulations in the 
eference frame of the cluster. Therefore, we assume a static FG
luster at the centre of the box and, after a time of t I , the ISM gas
nters into the box from the left side with the velocity of the cluster
23 km s −1 ). Hence, the cluster is exposed to the ram pressure of the
ncoming gas and can accumulate it to form new stars. 

.2 Stellar winds of the FG stars 

tellar winds from the AGB stars are assumed to start at t AGB =
9 Myr after the formation of the FG stars. Following the models
escribed in Calura et al. ( 2019 ), the rate of injected mass by AGB
tars can be modelled as a function of time t (expressed in yr) as: 

˙AGB ( r) = αρ∗, FG ( r) , 

here α = 0 . 065 t −1 . 01 yr −1 is the specific injection rate. We add this
ate as a source term into the continuity equation for gas density. We
pecify these ejecta with a different He abundance from the pristine
as. To do that, we define a passive scalar advected with the gas
ensity and follow the evolution of helium (He) mass fraction for all
he gas in the box. The He mass fraction of the ejecta is assumed
o slightly change from Y ( t = 39 Myr ) = 0 . 36 to Y ( t = 100 Myr ) =
 . 32 (Ventura & D’Antona 2011 ), whereas for the pristine gas we
ssume Y = 0.25. 

.3 Star formation 

e use the SF model described in Rasera & Teyssier ( 2006 ) to turn
as mass into ‘star’ particles in eligible cells for SF based on the
tandard Schmidt ( 1959 ) law. Thus, a source term is added to the
ontinuity equation as: 

˙sf = − ρ

t ∗
, (1) 

here the t ∗ is the SF time-scale which is assumed to be 0 . 1 Gyr , as
n Calura et al. ( 2019 ). In this paper, we adopt four physical criteria
MNRAS 528, 5477–5486 (2024) 
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or SF: (i) a gas temperature less than 2 × 10 4 K, (ii) a converging
as velocity ( ∇ · v < 0), (iii) a local Jeans’ length smaller than 4
finest) cell width, i.e. less than 0 . 25 pc , and (iv) a density higher than
 × 10 −23 g cm 

−3 . When these criteria are fulfilled, star particles are
ormed stochastically. The stellar particle mass is an integer multiple
f m ∗ = 0 . 4 M �, sampled from a Poisson probability distribution as
escribed in Rasera & Teyssier ( 2006 ). The star particles are placed
t the centre of their parent cell, with a velocity , metallicity , and He
bundance equal to their natal gas. 

.4 Radiati v e transfer 

he RAMSES-RT code is a momentum-based radiative transfer code
hat couples the hydrodynamics equations to the radiative transfer
quations using the M1 closure for the Eddington tensor. It models
he propagation of ionizing radiation and its interplay with gas via
on-equilibrium thermochemistry for hydrogen and helium. The
requency range of photons is split into discrete photon groups,
nd then the radiative transfer equations can be solved separately
or each group. In this study, we assume three photon groups
H I , He I , and He II ionizing photons) with mean energies of 18.2,
3.0, and 61.3 eV, as described in Paper II . Thus, in every cell,
he evolution of ionization fractions for hydrogen and helium is
ollowed (Rosdahl et al. 2013 ; Rosdahl & Teyssier 2015 ). Using this
ode, we study the effects of photoionization heating, cooling, and
adiation pressure of ionizing radiation from the FG and SG stars as
ur luminous sources. Note though that additional simulations, not
ncluded in this paper, show that radiation pressure has no role in
as evolution and SF, and that all effects of the ionizing radiation
resented in the next sections are due to photoionization heating.
he number of injected photons by the FG and SG is estimated by a
pectral energy distribution model, depending on the mass, age, and
etallicity of stars. In our simulations, we use the binary population

nd spectral synthesis (BPASS) code (Eldridge et al. 2017 ) and
ssume a metallicity of Z = 0.001 and a standard Kroupa ( 2001 )
MF for the FG stars. The same metallicity is considered for the
G stars but assuming a truncated IMF with maximum mass of
 = 8 M � to neglect the SN feedback effects, as assumed in Calura

t al. ( 2019 ) and Yaghoobi et al. ( 2022b ). Moreo v er, we assume a
educed speed of light 0.002 c to reduce the computational cost of
imulations. 

.5 Cooling and heating 

n RAMSES-RT , radiative heating and cooling processes contribute
ith positive and negative rates in the energy equation, respectively.
hey are functions of the gas temperature, density, photon properties,
nd ionization fractions, as described in Rosdahl et al. ( 2013 ). The
ooling processes considered for hydrogen and helium are collisional
onization, excitations, recombinations, dielectronic recombinations,
remsstrahlung, and Compton cooling, and metal cooling. 
Following Calura et al. ( 2019 ), we also include the heating effects

f stellar winds from the AGB stars in the energy equation as: 

 = 0 . 5 αρ∗, FG 

(
3 σ 2 + v 2 + v 2 wind 

)
, (2) 

here σ is the one-dimensional velocity dispersion of the cluster,
 wind is the wind velocity of the AGB stars, and v is the local gas
elocity (D’Ercole et al. 2008 ). We assume a wind velocity of v wind =
0 km s −1 and an adiabatic index of γ = 5/3. The stellar winds from
ther sources, e. g. main-sequence stars, can be neglected due to their
ow mass-loss rates ( Paper II ). 
NRAS 528, 5477–5486 (2024) 
 RESULTS  

ur recent studies (Calura et al. 2019 , Paper I ) showed that the
ravitational potential of massive clusters ( 10 6 and 10 7 M �) can
 v ercome ram pressure and stellar wind heating. As a result, clusters
an accumulate a significant amount of gas within their central
egions, where the accreted pristine gas dilutes the ejecta. In Paper II ,
e showed that stellar radiative feedback can also not resist against

he potential of the cluster. Ho we ver, it delays the formation of SG
tars in massive clusters of 10 7 M � and decreases the total SG mass by
0 per cent. In this section, we describe the results of our simulations
isted in Table 1 with lower mass clusters and explore how the
adiative feedback can affect the gas accumulation, of both retained
GB ejecta and accreted pristine gas. We set our simulations to start
t t = t AGB for M6INFALL24 and at t = t I for three other simulations.
ote that the 64 pc distance between the left side and the centre of the

luster causes a time delay about 1 . 8 Myr for incoming gas to reach
he cluster centre. To take this into account, we allow the incoming
as to come into the simulation box at t = t I − 1 . 8 Myr so that it
asses the centre at t I . 

.1 Low-mass clusters 

n Paper I , we found that without the effects of photoionization, the
am pressure e x erted by the ambient medium can limit the ability
f the gravitational potential of a 10 5 M � cluster to retain its stellar
inds and accrete the pristine gas. Ho we ver, it did not suppress

he gas accumulation at the centre entirely. As a result, SG stars
ith high-( ≈0.06) and intermediate-He ( ≈0.12) enhancements were

ormed within the cluster centre in low- and high-density simulations,
espectively. These results were in contrast with the He enhancements
bserved ( ≤0.01) in low-mass clusters (Milone et al. 2020 ). Here,
e include the ionizing feedback in our simulations with 10 5 M � to

xplore how this process affects the formation of SG stars. 

.1.1 M5INFALL24 

ccording to the model proposed by D’Ercole, D’Antona & Ves-
erini ( 2016 ), we assume that the cluster in this simulation has
lready traversed the bubble radius created by SN feedback and
eached the ISM. Therefore, the incoming gas reaches the cluster’s
entre at t I = 33 . 9 Myr (fourth column of Table 1 ), while the injection
f mass and energy from the AGB stars begins at t AGB = 39 Myr .
ig. 1 shows the density (upper panels) and temperature (lower
anels) maps in the x –y plane for our RT and NORT simulations
ith 10 5 M � clusters at the final time (100 Myr ). The arrows on the

emperature maps indicate the velocity field of the gas. In the NORT
imulation (right column of Fig. 1 , also discussed in Paper I ), the
luster could retain some of the ejecta in the central regions, accrete
 marginal amount of pristine gas, and results in SG stars with a total
ass of about 3 × 10 3 M � formed from almost-pure AGB ejecta.
he left panels show that the photoionizing feedback of FG stars
as increased the temperature and pressure of the gas within the
luster, leading to its expansion in the central regions. In the upper-
eft panel of the figure, a shell is seen at a distance of about 60 pc
rom the centre, due to the expanding bubble hitting the incoming
ristine gas. The bottom-left panel shows that the gas inside the shell
s warm, with T > 10 4 K, and therefore ionized. Hence, this shell
pecifies the region affected by the FG radiation around the cluster.

oreo v er, the maps display a weak shock in the central regions due
o the ICM hitting the ISM. Therefore, gas heating exceeds the gas
ooling within the cluster, resulting in no SG SF in this simulation. 
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Figure 1. Gas density (top panels) and temperature (bottom panels) maps 
for the M5INFALL24 model in the cases with ( RT , left column) and without 
( NORT , right column) photoionization feedback at the end of simulation, i.e. 
at t = 100 Myr (after the FG formation). The black arrows represent the gas 
velocity field. Photoionization heating has caused the gas inside the cluster 
to expand. In contrast, radiative cooling is insufficient to cool the gas at the 
centre of the cluster. As a result, no stars can form within ∼100 Myr in this 
low-mass clusters. 

Figure 2. The same as Fig. 1 but for the M5INFALL23 simulation. 
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.1.2 M5INFALL23 

n the M5INFALL23 simulation, the ambient gas density is ten times
ore than the previous simulation. The model starts with the infall 

f pristine gas at t I = 30 Myr , and about 9 Myr later is followed by
he injection of the AGB ejecta. t I is shorter than in the previous
odel because the FG SN feedback is expected to be less ef fecti ve in

ushing the ICM out into the higher density medium. As can be seen
n the right panels of Fig. 2 , a denser medium makes ram pressure
tronger in the corresponding NORT case and suppresses SF but does 
ot completely stop the accumulation of the ejecta into the cluster. 
o we ver, we reported in Paper I that a low-mass SG can be formed
n the case of high-density simulation. This different result comes 
rom the fact that in this study, we have assumed the Jeans’ length
hreshold (0 . 25 pc ) that prevents forming stars in cells in which the
eans’ length is larger than four cell width (see Section 2.3 ). 

The left panels of Fig. 2 correspond to the gas density and
emperature maps of the RT simulation of M5INFALL23 at the final
ime. Again, two shocks are visible in the central regions but not close
o the left boundary. The region affected by the ionizing heating is
ess extended than in the previous simulation due to a denser infall.

ithin this region, the gas density is much lower than in the other
arts of the box due to higher pressure and temperature of the gas
nside the shock. Therefore, the gas conditions inside the cluster are
gain not appropriate for forming SG stars within the first 100 Myr
rom the formation of the FG stars. 

Thus, in low-mass clusters, photoionization heating and ram pres- 
ure o v ercome the FG potential, prev ent a significant accumulation
f cold gas inside the cluster, and result in no SG SF within 100 Myr
f the FG formation. 

.2 Massi v e clusters 

rom theoretical consideration, a 10 6 M � cluster can o v ercome the
am pressure and accumulate gas in the NORT case (Lin & Murray
007 ). We numerically confirmed this conclusion in Paper I and
howed that not only could the cluster retain its AGB ejecta and
ccrete the pristine gas, but also that efficient cooling occurred in
he central regions, leading to the formation of a massive SG. The

ore massive the cluster, the more accreted pristine gas, and the
ore massive the SG cluster and with lower He abundances. We

ow study the effects of ionizing radiation on SG formation for this
luster mass. 

.2.1 M6INFALL24 

 massive cluster in a low-density medium is assumed to create the
argest SN bubble among our models. Thus, it takes more time for the
ncoming gas to reach the cluster’s centre. Therefore, this simulation 
tarts with the injection of the AGB ejecta at 39 Myrs after the birth
f the FG stars, and after about 3 . 5 Myr the incoming pristine gas
asses through the cluster centre. 
Fig. 3 shows the density and temperature maps at different times

or our simulations with massive clusters. The white contours on the
ensity maps display the SG stars formed in the simulation box. The
eft-most panel in the top ro w sho ws that the AGB ejecta are already
ccumulating at the centre of the cluster at t = 42 Myr , even before
he infall reaches the centre. All the gas in the simulation box is
mmediately exposed to the FG radiation and becomes ionized. As a
esult, at distances larger than ∼10 pc from the centre of the cluster,
he photoionization heating by FG stars pushes the ICM off, as can
e seen from the arrows in the temperature map. After the cluster
nters the dense ISM, all the gas within the box becomes ionized and
arm. As the simulation proceeds, a slight gas accumulation is seen

n the cluster centre until the end, but it does not result in sufficient
ooling for SF. This situation is more or less unchanged until the end
f the simulation. The minimum temperature in this run is 3 × 10 4 K.
herefore, the suitable conditions for SF are not met in this case. The

wo upper-right panels show the final results of the NORT simulation
n which an SG with the mass of ≈6 × 10 4 M � has been formed.
omparing to the final results of the RT with NORT simulations, the

onizing radiation suppresses the SF at least for 100 Myr , as predicted
y Conroy & Spergel ( 2011 ). 
MNRAS 528, 5477–5486 (2024) 
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Figure 3. Gas density and temperature maps for the M6INFALL24 (first and second rows from top) and M6INFALL23 (third and fourth rows) simulations at 
different times for RT runs. The right column shows the results of the corresponding NORT runs at the final time. In the gas density maps, the outer white and 
inner orange contours show regions in which the SG stellar densities are 10 −6 (i.e. showing the extent of almost all SG stars) and 10 −3 times the maximum 

stellar density, respectively. 
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.2.2 M6INFALL23 

n a denser medium, the infall reaches the centre at t = 33.9, and
he cluster accretes more pristine gas. Eventually, efficient cooling
ccurs only at the centre of the box and stars start forming at
bout 40 Myr after the formation of the FG. The two bottom-left
anels of Fig. 3 display that two shocks formed at t = 42 Myr , as
een in the previous simulations. The white contour on the density
ap shows the first SG stars formed at this time. Moreo v er, the

ense shell due to the ionizing radiation is formed ahead of the
luster at a distance of about 40 pc from the centre, showing that
he radiation of FG stars is not sufficient to ionize all the gas in
he simulation box, in contrast to M6INFALL24 . As the simulation
NRAS 528, 5477–5486 (2024) 
roceeds, a cold gaseous tail is formed behind the cluster due to the
igher gas accretion rate. Ho we ver, this tail has a lower density than
n the simulation without radiation, resulting in no SF on the tail,
nlike the NORT case (see the last column). As a consequence, SG
tars are more concentrated in the cluster centre than in the NORT
ase. 

The top and bottom panels of Fig. 4 show the cumulative SG
ass and the star formation rate (SFR) versus time for the RT and
ORT simulations, in which the mass contributions of the pristine
as (dotted line) and AGB ejecta (dashed line) are shown. Moreo v er,
he mass injection rate from the AGB stars is shown with dash–
otted lines. As seen in the top panel, the amount of recycled AGB
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Figure 4. Top: cumulative stellar mass of SG stars formed in the M6INFALL23 
simulation and corresponding NoRT run as a function of time, along with the 
contribution from processed AGB matter and pristine gas. Bottom: SFR of 
the SG versus time for these runs. The lines are colour-coded as follows: the 
solid, dashed, and dotted lines show the final SG stellar mass, the mass formed 
from AGB ejecta, and the mass formed from the pristine gas, respectively. 
The dash–dotted lines display the rate of stellar mass return injected into the 
simulation box. 
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Figure 5. Mass distribution of SG stars versus He abundance Y for the 
M6INFALL23 simulation at different times. The He mass fraction of the SG 

stars varies between Y = 0.26, which is a little higher than the helium mass 
fraction of the pristine ISM gas (and FG stars, Y = 0.245) at the end of 
the simulation, and Y = 0.34, corresponding to the SG stars formed from 

less-diluted ejecta at the beginning of the simulations. 
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jecta is the same for both R T and NOR T simulations at the end
f the simulations, whereas the contribution of the accreted pristine 
as in SF has decreased by almost 50 per cent in the case of RT .
herefore, the inclusion of ionizing radiation leads to a 30 per cent
rop in the final SG mass (10 5 M �) due to the lower amount of
ccreted pristine gas. This result is in agreement with previous 
nalytical studies, showing that the accreted mass decreases with 
igher temperature (Naiman, Ramirez-Ruiz & Lin 2011 ). The bottom 

anel shows that the ionizing radiation produces a 2 Myr delay in 
F. In the NORT simulation, the SFR fluctuates around an almost 
onstant value. This rate is larger than the rate of mass injection from
GB stars and can be attributed to the accretion rate of the pristine
as. In the case of the RT run, the SFR experiences a visible drop
t ≈50 Myr related to the ionizing feedback of the first SG stars
nd then follows approximately the NORT rate until the end of the
imulation. 

Fig. 5 shows the He distribution of SG stars formed in the
imulations at different times. The SG stars with the highest He 
bundances are formed in the first Myrs of the simulation when the
ilution degree of the AGB ejecta is still low. Later the cluster accretes
urther pristine gas and the distribution eventually tends towards 
ower helium abundances. Comparing the final NORT (dashed line) 
nd RT distributions (grey region), SG stars generally have a higher 
e mass fraction in the RT simulation because the ionizing radiation
imits the pristine gas accretion. While no extremely He-rich ( Y =
.36) stars are formed in this run, the maximum He abundance of SG
tars is 0.34. 

 DI SCUSSI ON  

n a previous study ( Paper II ), we investigated the effects of
onizing feedback on the formation of SG stars in a very massive
luster (10 7 M �) in the context of the AGB scenario of D’Ercole,
’Antona & Vesperini ( 2016 ). To explore the role of different

nvironments in SG SF, we assumed that the cluster mo v es through
 medium of different densities, i.e. 10 −24 and 10 −23 g cm 

−3 . In the
ow- and high-density simulations, we found that the total SG masses
ormed within 100 Myr after the FG formation were a fraction of 0.06
nd 0.6 of the FG mass, respectively. In this work, we expand the
tudy to FG clusters with the different masses of 10 5 and 10 6 M � and
ssume a half-mass radius of 4 pc , estimated to be typical for proto-
Cs and YMCs (Baumgardt et al. 2019 ; Krumholz, McKee & Bland-
awthorn 2019 ). In both our low- and high-density simulations with

he cluster mass 10 5 M �, the radiative heating dominates the ram
ressure and gravitational potential of the cluster. Hence, it does 
ot allow the gas inside the cluster to accumulate at its centre,
nd as a result, SF is suppressed throughout the entire time of the
imulation (100 Myr , Figs 1 and 2 ). For 10 6 M � clusters, our results
re density-dependent. In the low-density simulation ( M6INFALL24 ), 
he FG ionizing radiation heats and expands the gas inside the cluster,
esulting in no SG stars formed until the end of the simulation (the
rst two rows in Fig. 3 ). On the other hand, in the high-density case
 M6INFALL23 ), a higher accretion rate on the cluster occurs, causing
he ICM to cool efficiently at the cluster’s centre. Eventually, a more
ompact SG cluster than in the NORT case is formed, with a mass of
.1 of FG mass (Fig. 3 ). 
To explore the role of ionizing feedback in the SG formation,

e assume the maximum possible luminosities for our stellar 
opulations, including binary stars (BPASS model; Eldridge et al. 
017 ). As in Paper II , we assume a bottom-heavy IMF for the SG
tars so that the mass of SG stars is truncated at 8 M �. Hence, Type
MNRAS 528, 5477–5486 (2024) 
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Table 2. Main results obtained at the end of M6INFALL23 simulation in this study and in Paper II 
with a 10 7 M � cluster. From left to right, the columns show the name of the model, the mass of 
the FG cluster, the final SG mass, the final SG mass fraction, the fraction of AGB ejecta, pristine 
gas incorporated in SG stars, and the minimum and maximum He abundance of SG stars. 

Model FG mass ( M �) SG mass ( M �) f SG / FG f AGB f P Y min Y max 

M6INFALL23 10 6 1.0 × 10 5 0.1 0.9 0.1 0.26 0.34 
M7INFALL23 10 7 64.0 × 10 6 0.64 0.1 0.9 0.247 0.36 
M7INFALL24 10 7 6.0 × 10 5 0.06 0.6 0.4 0.345 0.36 
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I SNe for SG stars are not included in our simulations, and SG
uminosities are not as high as the FG ones. 

In Table 2 , we report the final properties of the SG population
btained at the end of our RT simulations with cluster masses 10 6 

this work) and 10 7 M � ( Paper II ). The SG masses in our high-density
imulations exhibit an increasing trend with FG cluster mass. The
eason is that more massive clusters can accrete more pristine gas,
eading to the formation of more massive SG clusters. Assuming that
he FG and SG stars have the same IMF at 100 Myr , the SG mass
raction and SG number ratio are equi v alent. Therefore, the AGB
odel can qualitatively explain the observed positive correlation

etween the SG fraction and cluster mass for the GCs hosting MSPs
see Paper I ). Ho we ver, the observed SG fractions (0.1–0.9) are
igher than the ratios computed in our simulations. This difference
ight come from the fact that our simulations can account only for

he first 100 Myr of the evolution, whereas the observed systems have
ndergone several Gyrs of dynamical evolution. The SG-to-FG ratio
s expected to increase during the dynamical evolution (D’Ercole
t al. 2008 ; Vesperini et al. 2021 ) due to the depletion of FG stars.
t is found that most SG stars are retained within clusters because
hey are located in the central regions. In Paper I , we showed that
ssuming factors between 5 and 20 1 for the ratio between the initial
ass of the cluster and the present-day mass, allows us to account

or the observed correlation between SG fraction and cluster mass. A
imilar conclusion can be obtained for our RT simulations of different
asses. The dilution of the AGB ejecta in the RT - M6INFALL23

imulation results in the formation of SG stars with He mass fractions
f 0.26 < Y < 0.34. The contribution of pristine gas in forming the
G is about 10 per cent of the FG mass, which is consistent with

he value proposed by D’Ercole, D’Antona & Vesperini ( 2011 ). In
act, based on the observed Na–O anticorrelation, they show that
he amount of pristine gas cannot be larger than ∼0.1 M FG . On the
ther hand, the 10 7 M � clusters can form SG stars with extreme-He
ass fractions ( ≈0.36, see last two columns of Table 2 ), showing

hat some of the SG stars originate out of pure AGB ejecta. It is
orth noting that the dilution process of the enriched ejecta has a

onger delay in massive clusters, due to the formation of a larger
ot bubble by FG Type II SNe around the cluster. This causes some
G stars to form from enriched materials only before the dilution of
tellar winds. This result is consistent with what was proposed by
NRAS 528, 5477–5486 (2024) 

 As for the factor 5, Larsen, Strader & Brodie ( 2012 ) showed that the mass 
f the field stars of the Fornax dwarf galaxy can at most be 4–5 times larger 
han that of his GCs. In case the field stars have all been lost from the GCs, 
his result imposes an upper limit on their initial mass. Ho we ver, an important 
uantity currently unknown is the mass of Fornax, which in the past could 
ave been greater than today. The factor 20 comes from the argument that it 
s possible to show that approximately 5 per cent (i.e. 1/20) of the FG mass 
omes out with the right composition, in terms of He abundance and p-process 
lements, to produce SG stars (Renzini 2013 ), assuming a 100 per cent SF 
fficiency. 
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’Ercole, D’Antona & Vesperini ( 2016 ) to explain the existence of
xtreme-He fraction in SG stars in massive GCs. From our high-
ensity simulations with cluster masses of 10 6 and 10 7 M �, the
aximum He enhancement shows an increasing trend with cluster
ass. In principle, this increasing trend can explain the observed

ositive correlation between maximum He enhancement and cluster
ass (Milone et al. 2020 ). The capability of reproducing this trend

s a promising result for the AGB scenario. Moreo v er, we found in
aper I that in NORT simulations corresponding to M5INFALL24 ,
5INF ALL23 , and M6INF ALL24 , SG stars with extreme-He fractions

ould be formed, which is not in agreement with observations. This
tudy shows that the radiative feedback suppresses the SF in these
imulations and prevents the formation of these extreme-He stars.

oreo v er, it suppresses SF in low-mass clusters, regardless of the
ensity of the external gas. Therefore, our results indicate that the
onizing stellar feedback is not a severe problem for SG formation.
ather, it can help the AGB scenario to account for some observables,

uch as the lack of extreme He-rich stars in lowest mass GCs.
o we ver, other issues, such as the mass budget problem and the

ssumption of a bottom-heavy IMF for SG stars, still need further
nvestigation. 

Our study confirms that only massive GCs can form a new
eneration from their AGB ejecta and accreted pristine gas, as already
roposed for this model (D’Ercole et al. 2008 ; D’Ercole, D’Antona &
esperini 2016 ). Moreo v er, we introduce another requirement for

his scenario; these massive clusters should be located in dense
nvironments to accrete sufficient pristine gas, in order to fulfill two
equirements. First, to provide a significant gas accumulation within
lusters, for the efficient cooling required for SF. Secondly, to supply
he pristine gas required for appropriate dilution of the AGB ejecta,
o that the chemical compositions of SG stars can be comparable
o observations. Therefore, our simulations with photoionization
eating confirm the key role of pristine gas accretion in SG formation
n diluting the AGB ejecta and solve the abundance problem. In
ddition, we confirm its undeniable role in efficient cooling within
oung clusters. 
The density of 10 −23 g cm 

−3 , used in our high-density simulations,
s found in star-forming disc galaxies observed at redshift z >
, in agreement with the D’Ercole, D’Antona & Vesperini ( 2016 )
ssumption that the formation of SG stars is limited to these redshifts.
n the other hand, this point can explain why no strong evidence has
een found so far for the presence of MSPs in YMCs (Mucciarelli
t al. 2008 , 2014 ; Martocchia et al. 2018 ). Probably, they could
ot be able to accumulate a considerable amount of pristine gas at
heir centre, because they are located in lower density environments
han the ones assumed here for the formation of MSPs, and their
onizing feedback becomes ef fecti ve in heating the ICM. As a result,
he necessary conditions for SG SF may not be satisfied in these
lusters. This can also explain why YMCs do not sho w e vidence of
ngoing SF and why they are gas free (Bastian et al. 2013b ). We can
heck the gas content within young clusters in our simulations with
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Figure 6. Gas mass within different radii from 1 to 5 pc in the clusters studied 
in this paper as a function of time. 
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he caveat that the assumed metallicity in our model is lower than in
ocal galaxies, with possible effects on radiative cooling. 

Fig. 6 shows the evolution of the ICM mass in the radii of 1 (dash–
otted line), 2 (thin solid line), and 5 pc (thick solid line) from the
luster’s centre for the simulations of this study. To better follow how
as mass inside the cluster depends on the radius, the coloured shaded 
egions indicate the areas covered by lines corresponding to each 
imulation. The gas mass quickly increases after the infall passes 
hrough the cluster centre and then settles on to an approximately 
onstant value. This translates into an equilibrium state between the 
G gravity, ram pressure, and FG ionizing feedback. Bastian et al. 
 2013b ) estimate the mass of ionized gas within a sphere of radius
 pc in YMCs according to their H β flux. They find that the gas mass
ithin YMCs should be lower than 100 M �. As can be seen in Fig. 6 ,

he gas mass within 1 pc for those simulations in which no SG stars
orm ( M5INF ALL24 , M5INF ALL23 , and M6INF ALL24 ), including both
ow-density simulations, is much lower than this value (grey dashed 
ine), while it is larger in the M6INFALL23 simulation. Therefore, our 
tudy suggests that radiative feedback can prevent the accumulation 
f gas and SF inside clusters of masses ≤10 6 M � in local galaxies.
o we ver, further simulations specific to YMCs should be performed 

o confirm this result. This topic represents an interesting subject for
uture work. 

 C O N C L U S I O N S  

sing hydrodynamical simulations, we have investigated the effects 
f photoionization feedback on SF and gas content in young clusters
ith masses of 10 5 and 10 6 M � within 30 –100 Myr from the birth of

lusters. We assume that the clusters mo v e in a uniform ISM with gas
ensities of 10 −24 and 10 −23 g cm 

−3 to explore the effect of different 
nvironments on the amount of gas accretion on to clusters and SG
ormation. These simulations are designed to check the predictions 
f the AGB scenario in the formation of a new generation from the
tellar winds of AGB stars and accreted pristine gas in the presence
f photoionization heating. Our main results can be summarized as 
ollows: 

(i) In the simulations with a 10 5 M � cluster, the radiative heating 
ominates the ram pressure and gravitational potential of the cluster. 
hen, it does not allow the gas inside the cluster to accumulate at its
entre and create any low-mass stellar aggregate. As a result, SF is
uppressed until the end of simulations. 
(ii) For 10 6 M � clusters, we find that our results are density-
ependent. In the low-density simulation ( M6INFALL24 ), the FG 

onizing radiation heats and expands the gas inside the cluster, 
esulting in no SG stars formed until t = 100 Myr . On the other
and, in the high-density case ( M6INFALL23 ), a higher accretion rate
n the cluster occurs, causing the ICM to cool efficiently at the
luster’s centre. Eventually, a more compact SG cluster than in the
ORT case is formed, with a mass of 0.1 of FG mass. Due to ionizing

ffects, the cluster accretes less pristine gas, and therefore the new
eneration has a lower mass (30 per cent) and higher He abundances
n comparison to the simulation without radiation. 

(iii) We confirm the key role of pristine gas accretion in SG
ormation and introduce another requirement for the AGB scenario: 
assive clusters should be located in dense environments to accrete 

ufficient pristine gas to fulfill two goals. First, to provide a significant
as accumulation within clusters for the efficient cooling required for 
F. Secondly, to supply the pristine gas required to dilute the AGB
jecta and produce an increasing trend between maximum Y variation 
nd mass. 

(iv) From the results of our study, it is apparent that the ionizing
tellar feedback is not a severe problem for SG formation. Moreover,
t can also help the AGB scenario to account for some observables,
uch as the lack of extreme He-rich stars in lowest mass GCs.

oreo v er, the SG masses and maximum He enhancement in high-
ensity simulations exhibit increasing trends with FG cluster mass. 
(v) In our low-density simulations, the gas content is too low 

o that it can be compared with estimated values for YMCs. In
ddition, these simulations do not show SF, as seen in YMCs. Hence,
ur high-density simulations can better be matched to observations 
orresponding to GCs hosting MSPs, while our low-density ones 
an quantitativ ely e xplain the properties of young clusters in the
ocal Universe. Therefore, the AGB model can provide a reason why
MCs do not sho w e vidence of SG formation and any significant

CM. 
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