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ABSTRACT

By means of 3D hydrodynamic simulations, we study how Type la supernovae (SNe) explosions affect the star formation history
and the chemical properties of second-generation (SG) stars in globular clusters (GC). SG stars are assumed to form once first
generation asymptotic giant branch (AGB) stars start releasing their ejecta; during this phase, external gas is accreted by the
system and SNe la begin exploding, carving hot and tenuous bubbles. Given the large uncertainty on SNe Ia explosion times,
we test two different values for the ‘delay time’. We run two different models for the external gas density: in the low-density
scenario with short delay time, the explosions start at the beginning of the SG star formation, halting it in its earliest phases.
The external gas hardly penetrates the system, therefore most SG stars present extreme helium abundances (Y > 0.33). The
low-density model with delayed SN explosions has a more extended SG star formation epoch and includes SG stars with modest
helium enrichment. On the contrary, the high-density model is weakly affected by SN explosions, with a final SG mass similar
to the one obtained without SNe Ia. Most of the stars form from a mix of AGB ejecta and pristine gas and have a modest helium
enrichment. We show that gas from SNe Ia may produce an iron spread of ~0.14 dex, consistent with the spread found in about
20 per cent of Galactic GCs, suggesting that SNe Ia might have played a key role in the formation of this sub-sample of GCs.

Key words: hydrodynamics —methods: numerical -ISM: supernova remnant-— galaxies: star formation-—globular clusters:
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1 INTRODUCTION

Over the last decades many photometric and spectroscopic studies
have shown that Galactic globular clusters (GCs) host multiple
stellar populations, therefore they can no longer be considered a
single stellar population (SSP). First evidences of the presence of
different populations within the same GC came from studies on the
chemical composition of the host stars, a fraction of which showed
chemical abundances rarely found in field stars; these anomalies
concern mainly light elements, such as C, N, Na, O, Mg, and Al (see
e.g. Carretta et al. 2009a,b,c; Gratton, Carretta & Bragaglia 2012;
Gratton et al. 2019; Masseron et al. 2019; and references therein).
Later, photometric studies revealed that GCs are characterized by
a splitting of sequences in colour—-magnitude diagram, which have
provided further evidences of the presence of multiple populations
within the same GC (Lee et al. 1999; Pancino et al. 2000; Bedin
et al. 2004; Piotto et al. 2005, 2007; Marino et al. 2008; Piotto 2009;
Piotto et al. 2015; Milone et al. 2017; Marino et al. 2019). Stars with
chemical composition similar to field stars are considered to represent
the first generation (FG) population whereas ‘anomalous’ stars i.e.
stars showing enhanced in He, N and N and depleted in O and C, are
associated to subsequent stellar generations. However, how and when
these peculiar stars were formed is still an open question. Several
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scenarios have been proposed so far to account for the origin of
multiple populations in GCs, however none of them is able to explain
all the features and the trends observed in GCs without encountering
some difficulties (see Renzini et al. 2015; Bastian & Lardo 2018;
Gratton et al. 2019). Among the various theories proposed to date, the
most thoroughly studied one is the asymptotic giant branch (AGB)
scenario (D’ Antona & Caloi 2004; D’Ercole et al. 2008; Bekki 2011),
in which the first generation stars are supposed to be formed at once
and with the same chemical composition (i.e. an SSP). Then the
feedback from massive stars, both in the pre-supernova (SN) and SN
phases, has cleared the system from all the gas, therefore no enriched
material, coming from the ejecta of massive stars, has been left in the
system (Calura et al. 2015). At this stage, a new stellar generation
can form from the ejecta of FG AGB stars plus diluted gas with same
composition as FG stars (see D’Ercole et al. 2010, 2012; D’ Antona
et al. 2016).

Other scenarios assume that second-generation (SG) stars form
from gas ejected by fast-rotating massive stars (Decressin, Charbon-
nel & Meynet 2007), massive interactive binaries (de Mink et al.
2009), massive stars (Elmegreen 2017), very massive (m ~ 10* Mg)
stars (Denissenkov & Hartwick 2014; Gieles et al. 2018), black
holes accretion discs (Breen 2018) and other mechanisms (Sanchez-
Blazquez et al. 2012; Wang et al. 2020). Many are the observational
constraints that these scenarios should reproduce, like the chemical
patterns of the SG stars, the relative number of FG stars and SG stars
and their spatial distribution.
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The work we are presenting here is accomplished in the AGB
framework and is aimed at extending the works of D’Ercole et al.
(2008) and Calura et al. (2019, hereafter C19). Focusing on the
AGB scenario, D’Ercole et al. (2008) shows that the gas ejected
by AGBs collects in a cooling flow towards the cluster core and
later condenses forming SG stars, which are therefore more centrally
concentrated than the FG ones. In addition, they show that the AGB
yields alone are not able to reproduce the observed SG abundance
patterns, especially when light elements are concerned. In particular,
AGB models predict a direct correlation between sodium and oxygen,
while observationally an anticorrelation is obtained (Carretta et al.
2009a). The proposed solution is to assume a dilution of the AGB
ejecta with pristine gas (i.e. same chemical composition of the gas
out of which the FG stars were formed) during the formation of
the SG stars (D’Ercole et al. 2008, 2012; D’Antona et al. 2016;
D’Ercole, D’Antona & Vesperini 2016). Dilution is required by
all the other models as well in order to reproduce the observed
chemical abundance patterns. Moreover, since the physical processes
which cause the end of the star formation (SF) are still not known,
D’Ercole et al. (2008) ran simulations including also Type Ia SNe
to test whether they could halt the SF in a GC. They performed
1D hydrodynamic simulations taking into account the feedback
from Type Ia SNe comparing the results with a case without
such feedback. They found that, assuming a constant SN rate,
the gas is rapidly wiped out from the system almost immediately
after the first explosions, which results in a sudden halt of the
SF.

Recently, C19 performed 3D hydrodynamic simulations of a
star-forming massive GC moving through a uniform distribution
of gas to study the formation of SG stars, including also mass
return from AGB stars and studying the He content of SG stars.
They varied the density of the pristine gas, studying its effects
on the spatial distribution of SG stars. They concluded that the
most He-rich SG stars were concentrated in more central regions
than the less enriched ones. However, in this study the feedback
of Type Ia SNe was not included. Their effect on the gas removal
might be different from the one obtained in 1D simulations but
also from what has been found by Calura et al. (2015) and more
similar to what has been recently obtained by Romano et al.
(2019). Romano et al. (2019) found that the filling factor of the
superbubbles created by sparse energy sources in an ultrafaint
dwarf galaxy is quite small and the bulk of the cold gas is not
removed. We intend to verify whether stellar feedback from Type
Ia SNe of the FG could have the same effect in denser systems like
GCs.

In general, since the bulk of GCs are characterized by a narrow
internal iron dispersion of o e < 0.1 dex (Carretta et al. 2009¢),
Type Ia SNe belonging to the FG, which are significant Fe producers,
should not provide a significant contribution to the gas out of
which SG stars are formed but they could provide the mechanism
responsible for halting the SG formation. On the other hand, about 20
per cent of the Galactic GC (referred to as Type II clusters in Milone
et al. 2017; see also Johnson et al. 2015) are instead characterized
by a significant dispersion in Fe; the origin of this spread and its link
with the SG formation is still unknown (e.g. Wirth et al. 2021).

In this paper we present, for the first time, a series of 3D
hydrodynamic simulations to explore the effects of the feedback
of SN Ia explosions on the duration of the SG star formation phase
and on the chemical properties of the SG stars.

This paper is organized as follows: in Section 2 we describe the set-
up of the model we are adopting, together with the main ingredients
we have taken into account focusing in particular on the Type Ia
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SN feedback. In Section 3, we present the results we have obtained
which are then discussed in Section 4. Finally, in Section 5, we draw
our conclusions.

2 SIMULATION SET-UP

The initial configuration of our work is the same presented in C19
with the addition of Type Ia SNe. Therefore, the starting point of our
simulations 7agp lies 39 Myr after the formation of the FG, when
the gas has been already wiped out from the system because of
the FG core—collapse SNe (CC-SNe) explosions. For computational
reasons, however, we assume that the computational box is filled with
anegligible amount of gas. The cluster is composed only by low- and
intermediate-mass stars (i.e. m < 8 Mg,), the more massive of which
are undergoing the AGB phase and are therefore starting to return
mass and energy to the system. However, as it has been discussed in
Section 1, the AGB ejecta alone are not able to reproduce the observed
SG abundance patterns therefore they are generally assumed to be
diluted with pristine gas. As in C19, we assume that the cluster is
moving into a background distribution of gas representing the disc of
a star-forming high-redshift galaxy (Kravtsov & Gnedin 2005; Bekki
2012; Kruijssen 2015; McKenzie & Bekki 2021). The consequence
of this motion is an asymmetric accretion of gas on the system from
the side towards which the cluster is moving (Naiman, Ramirez-
Ruiz & Lin 2011). We assume two values for p,,, the density of
the infalling pristine gas. The low density case is characterized by
ppe = 107" g cm™ while for the high density case, we assume a
gas density 10 times greater. Ours is one of the first ‘wind tunnel’
experiment on cluster scale (Priestley, Ruffert & Salaris 2011, C19),
in which the effects of feedback are investigated in 3D (together
with Chantereau et al. 2020, who included photoionization). In our
setup, the cluster is maintained fixed in its position and, at time ¢,
gas is allowed to flow into the computational box from one of the
boundaries. The onset of the infall event does not correspond with
the beginning of the simulation but happens after a time #, since,
following D’Ercole et al. (2016), we suppose that the subsequent
explosions of FG massive stars have generated a wind which has
carved a large cavity surrounding the system. This hypothesis is
supported by numerical simulations (Mac Low & McCray 1988)
and more recently by hydrodynamic ones, both in one (Sharma
et al. 2014) and in three dimensions (Hopkins, Quataert & Murray
2012; Creasey, Theuns & Bower 2013; Walch et al. 2015; Kim,
Ostriker & Raileanu 2017) which study the evolution of SN-driven
superbubbles in galactic discs. The maximum radius achieved by this
cavity, corresponding to the radius at which the wind ram pressure
equals the pressure of the ambient medium, is:

172
Regr = 41.43 Lz‘“ 5 1)
noVuw.s (Uo,() + Upgﬁ)

expressed in units of 100pc. The term L, is the mechanical
luminosity of the supernova-driven wind in units of 10*' ergs~! and
depends on the number of FG massive stars. For a cluster mass
of Mgg = 10" My, and a standard initial mass function (IMF) the
number of CC-SNe is ~10° which means Ly, ~ 1. The quantity ng
represents the number density of the ambient medium while V,, g is
the velocity of the wind in units of 10% cm s~! which we assume to be
Vs ~ 2. The two velocities oo ~ 1 and vy 6 ~ 2, both expressed in
units of 10°%cm s~!, represent the isothermal sound speed, namely the
velocity dispersion of the cluster within the galaxy, and the velocity of
the recollapsing ambient medium relative to the system, respectively.
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Table 1. Parameters of the simulations.

Parameter Description Adopted values
Mg Stellar mass of the FG 10’ Mg

a Plummer radius of FG stellar distribution 23 pc

Ppe Density of the pristine gas 1072, 107¥ gem ™
Vpe Pristine gas velocity relative to the cluster 2 x 10 cms™!
Zpe Metallicity of the pristine gas 0.001

Xre Iron mass fraction of the pristine gas 3.774 x 1072 ¢
Xne Helium mass fraction of the pristine gas 0.246

Toe Temperature of the pristine gas 10* K
Thoor Minimum temperature 10° K

1. Star formation time-scale 0.1 Gyr

Note. “taken from D’Ercole et al. (2012).

At solar metallicity, Silich, Tenorio-Tagle & Rodriguez-Gonzalez
(2004) found that if the radiative cooling is efficient, SN explosions
do not form a stationary radiative wind. Through hydrodynamic
simulations, Wiinsch et al. (2017) showed that, in young, massive,
and compact clusters, stellar winds become thermally unstable
leading to the formation of dense and cool clumps (see also Wiinsch
et al. 2008). Inside these clumps the gas is able to self-shield from
the extreme ultraviolet stellar radiation and form new stars giving
rise to an SG. The SN energy in our setup is, instead, assumed to
be mostly thermalized and a strong wind is established as derived in
the adiabatic case (Chevalier & Clegg 1985). We follow the results
obtained by Calura et al. (2015), where, through 3D hydrodynamic
simulations, they found that, the residual gas, out of which the FG
formed, is expelled from the cluster by the combined action of stellar
winds and SN explosions.

Once CC-SNe stop exploding, the surrounding gas starts to fall
towards the system. Depending on the size of R, the gas will reach
the system at different times. In particular, the time at which the gas
starts to be re-accreted by the cluster is given by:

R )

Linf = tsNe + ————,
00 + Upg

where fsne = 30 Myr is the lifetime of the least massive CC—SN
progenitor (corresponding to a mass of ~9 My), which means that
after that time no more massive stars are exploding. Assuming that
Ny ~ Ppe/My, We obtain tiyr ~ 60 Myr for ppe = 1072* g cm =3 while
tinr ~ 40 Myr for pp, = 10723 g em™.

In Table 1 we have summarized the main parameters we have
adopted in our simulations while Table 2 contains a more detailed
description of each model we have run.

2.1 Physical ingredients

In this work, we use a customized version of the adaptive mesh
refinement code RAMSES (Teyssier 2002), which solves the Euler
equations of hydrodynamics with an unsplit second-order Godunov
method, to perform 3D simulations of a young GC. The fluid follows
the adiabatic equation of state for an ideal monoatomic gas with
adiabatic index y = 5/3. The model includes the mass and energy
return from AGB stars, radiative cooling, star formation, and the
feedback from Type Ia SNe. Newborn stars are treated as collisionless
particles and their trajectories are computed thanks to a particle-mesh
solver taking into account of the mutual gravitational interactions
between FG, SG stars, and the gas. The gravitational effect of FG
stars is considered assuming a static external potential, while for the
SG stars and the gas self-gravity is taken into account. Moreover, we
follow the chemical composition both of the gas and of the newborn
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stars through passive tracer focusing on iron, helium, and metallicity
Z. The system is located at the centre of a cubic computation box
with a volume L* = (160pc)®. In all our simulations, we adopt a
uniform grid reaching a resolution of ~0.3 pc for the run performed
at the highest level of refinement. We adopt free outflow boundary
conditions for all the six faces of the computational box. At f¢,
the infalling gas enters the box from the yz plane at negative x.
For simplicity, in all our simulations we assume that gas continues
to enter, even when the SN bubbles reach this boundary. This
assumption affects neither the chemical composition of newborn stars
nor the final stellar mass of the cluster (as explained in Section 4).

We summarize here the main physical ingredients of our simula-
tions focusing on the Type Ia SN feedback, the novelty introduced
in our work (for more details on basic setup see C19).

The mass return from AGB stars is taken into account adding a
source term to the mass conservation equation given by:

Px,AGB = APy, 3)

where « is the specific mass return rate and p, is the density of the
FG stars, distributed following a Plummer (1911) profile with mass
Mg = 10" Mg, and Plummer radius a = 23 pc.

In order to trace the helium abundance, we adopt the yields of
Ventura & D’Antona (2011) (for AGBs with a progenitor mass of
8 Mg we have chosen an average value between the model of Ventura
& D’ Antona 2011 and Siess 2010) calculated for a metallicity of Z=
1073, Since AGBs are not producing iron, their ejecta have the same
iron mass fraction of the pristine gas.

The energetic feedback from AGBs it is implemented as a source

term of the form:
S = 0.5ap. (307 + v + v3i4). “4)
where o represents the velocity dispersion of the FG stars, v is the gas
velocity while vyyg is the wind velocity of the AGB stars (D’Ercole
et al. 2008).

Both p, ags and S are added at each time-step to the fluid density
and energy, respectively.

Together with the heating associated with the energetic feedback
from AGBs, the source term includes the cooling due to radiative
gas losses. We use the RAMSES built-in cooling rates calculated, for
temperature 7 > 10* K, fitting the difference between the cooling
rates at solar and zero metallicity through the photoionization code
cLouDY (Ferland et al. 1998), which involves both atomic (i.e. due
to H, He) and metal cooling (see Few et al. 2014). For temperatures
T < 10* K, metal-line structure cooling rates are taken from Rosen
& Bregman (1995). The temperature of the pristine gas is fixed to
10* K, a typical one for the ISM in a star-forming galaxy which
is maintained photoionized by a stable UV radiation field (Haffner
et al. 2009). A temperature floor of 7= 10* K is adopted.

In our work, we use the RAMSES built-in star formation recipe,
which is largely described by Rasera & Teyssier (2006). Star
formation is allowed only in cells in which the temperature 7 <
2 x 10* K, therefore only where the gas is assumed to be neutral, and
where V - v < 0, corresponding to the cells in which the net flow is
converging. Moreover, for numerical reasons, not all the gas inside a
cell can be used to form stars; in our code a maximum of 90 per cent
of the gas in each cell is available for star formation. Then, once the
cells eligible for SF are known, gas is converted into stars according
to the Schmidt (1959) law:

. p
Px,SG = . o

MNRAS 506, 5951-5968 (2021)
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Table 2. Models description. Columns: (1) name of the model, (2) description of the model, (3) pristine gas density,
(4) time of pristine gas reaccretion, (5) starting time of Type Ia SN explosions, (6) resolution. Times listed in (4) and (5)

are expressed assuming 7agg = 39 Myr as the time zero.

Model Description Ppe(g ecm™3)  fipr Myr) 1, (Myr)  Resolution (pc)
LD Low density 107 21 0 0.6
LD_HR? Low density at high resolution 107 21 0 0.3
LD.DS  Low density with delayed Type Ia SNe 107 21 25 0.6
LD.DSI” Low density with delayed Type Ia SNe 107 21 25 0.6
HD High density 1023 1 0 0.6
HD_DC  High density with delayed cooling 1023 1 0 0.6

Notes. “truncated after 17 Myr.

binfall stopped once the first SN bubble reaches the boundary from which the infalling gas is entering the box (~28 Myr).

The quantity 7, represents the star-formation time-scale, which
is proportional to the local free-fall time, and has been set to
be t, = 0.1 Gyr. Every collisionless stellar particle has a mass
M, = Nmg, where my = 0.1 Mg is the minimum mass while N
is obtained sampling the Poisson distribution with a mean value of

hp = (2 ﬁgs )%’. The chemical composition of each newborn star is
the same of the gas in its parental cell. These particles are located at
the centre of the cell in which they are formed with a velocity equal
to the local fluid one. The mass, momentum, and energy associated
to the newborn stars are conservatively removed from the parental
cell and also from the passive tracers devoted to follow the chemical

composition of the gas.

2.2 Type Ia SN feedback

The novelty of this work is the introduction of Type Ia SN feedback
on the study of a star-forming cluster by means of 3D hydrodynamic
simulations. Type I SNe are originated by the thermonuclear explo-
sion of white dwarfs in binary systems. When a Type Ia explodes, we
assume that one Chandrasekar mass (1.44 Mg) is released into the
ISM with an amount of iron of 0.5 M, (Scalzo, Ruiter & Sim 2014)
and a metallicity equal to 1. Each SN will also release 10°! erg of
thermal energy in the ISM. To every Type la SN progenitor, we have
associated an explosion time assuming the delay time distribution
(DTD) of Greggio (2005, their equation (16) for the single degenerate
scenario. Therefore, the SNe are assumed to start exploding 40 Myr
after the FG formation.

Given that the number of Type Ia SNe per unit mass for the
Kroupa IMF (Kroupa 2001) is 1073, assuming an FG mass of 10" Mg,
we end up with 10* Type Ia SN explosions in 10 Gyr. In the first
0.1 Gyr, the time-span we are interested in, ~1000 SNe explosions
would take place. Spatially, SNe have been distributed following the
Plummer profile (Plummer 1911) computed for a cluster mass of
10" Mg and a Plummer radius of @ = 23 pc. The maximum radius
of the distribution has been set to 80 pc, the radius of the sphere
inscribed in the computational box; this means that all the SNe are
located inside our region of interest.

In order to have a good sampling both of the DTD and of the
Plummer profile, we have created 1000 random realizations for each
function and then selected the realization that deviates less from the
mean. This configuration has been then used to derive the positions
and the explosion times of the 1000 SNe. In Figs 1 and 2 we show
the mean over all realizations in red with the uncertainties at 1 and 2
o and the chosen realization in blue. In black, we have reported the
two functions that have been sampled.
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Figure 1. Spatial distribution of Type Ia SNe as a function of the radius.
In black, we show the analytical result for the Plummer profile assuming
M, = 10’ Mg, and a = 23pc. The red line indicates the mean of 1000
realizations with the associated regions within 1 and 2 o in green and light
green, respectively. The chosen realization is shown in blue, corresponding to
the one that deviates less from the mean among the 1000 realizations. All the
plotted lines are normalized imposing for‘“"“ N; dr = 1 with maximum radius

rmax = 80 pc, which corresponds to half the size of the computational box.

—— mean
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Figure 2. Delay time distribution function. In black, we show the theoretical
one from equation (16) of Greggio (2005) assuming @ = 2.35 and y =
2. The red line indicates the mean of 1000 realizations with the associated
regions within 1 and 2 o in green and light green, respectively. The chosen
configuration among the 1000 realizations is shown in blue, namely the
one that deviates less from the mean. The plotted lines are all normalized
imposing f;" N; dr = I, where 7; = 40 Myr is the lifetime of a 8 M, star
and tx = 140 Myr in order to cover all the time-span we are focusing on, with
the normalization factor in units of Gyr~!.
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Figure 3. The distribution of the gas density in the cells where the SNe
are exploding for the low density simulation. The red shaded area represents
the region of densities for which the Kim & Ostriker (2015) criterion is not
satisfied.

2.2.1 The ‘overcooling’ problem

The dynamical evolution of an SN remnant (SNR) can be split in
various phases, each of them characterized by a different expansion
rate. Immediately after the explosion, the material ejected by the
SN expands freely into the ISM. Once the SN ejecta interacts
with the circumstellar medium a forward and a reverse shocks are
formed; in particular, the reverse shocks moves inward heating
up the expanding ejecta which results in high temperatures and
pressures. This phase lasts until the mass of the swept up gas becomes
comparable to the ejected mass. From then on, the system evolves
almost adiabatically during the so-called Sedov Taylor (ST) phase as
long as radiative losses become important. However, when, as in our
case, SN feedback is modelled through thermal energy injection, if
the SNR is not well resolved the injected energy can be artificially
radiated away very quickly, reducing the duration of the ST phase
(Katz 1992). As a consequence, the impact of SN explosions on
the ISM heavily decreases leading to the ‘overcooling problem’.
Kim & Ostriker (2015) studied the evolution of an SNR varying the
numerical grid resolution in order to find the maximum cell size
one has to assume to model the SN feedback without falling into
the overcooling regime. They found that the numerical resolution A
has to be at least three times smaller than rg, the radius at the shell
formation which is given by:

rg = 22.1 15 pe (6)

for a uniform medium.

We have therefore applied the criterion to our simulations to
determine whether our SNe are resolved or not.

In Figs 3 and 4, we report the results obtained for the LD and
HD models, respectively. It has to be said that, given that we have
truncated our simulations at different times, in the LD model, more
SNe have exploded than in the HD one. What emerges is that the
number of SNe that do not satisfy the criterion is greater in the
HD model than in the LD one. This is a direct consequence of
equation (6): the higher the density of the gas the lower is the radius
at shell formation and therefore the required numerical resolution
increases. However, for computational limitations, we have assumed
the same A for both the models.

Focusing on the LD case, the fraction of exploded SNe that do
not meet the Kim & Ostriker (2015) criterion is very low, i. e.
0.41 per cent. In the HD model this fraction is still very low, although
it is nearly a factor ~10 larger (3.5 per cent) than in the LD model.
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Figure 4. The distribution of the gas density in the cells where the SNe are
exploding for the high density simulation. The red shaded area represents
the region of densities for which the Kim & Ostriker (2015) criterion is not
satisfied.

To better investigate this issue, we have decided to perform, for
the HD model, a second simulation in which cooling is artificially
switched off in the cells surrounding the SNe at the time of their
explosion. This method is widely used in literature to prevent the
occurrence of the overcooling problem. However, in literature there is
not a unique way to switch off cooling manually, neither a definition
of the extent of the region of interest in which cooling has to be
switched off nor of the duration of this phase (Rosdahl et al. 2017). In
this work, we turn-off cooling using the RAMSES built-in prescription
described in Teyssier et al. (2013). Each Type Ia SN is supposed
to inject an equal amount of thermal and non-thermal energy into
the ISM; the energy density of non-thermal component is stored in
a new variable, ey, Which acts as a passive tracer. In each cell,
the velocity dispersion associated to the non-thermal component is
calculated through:

Oturb = 2@ s (7)

o

where p is the density of the gas inside the cell. The cooling is
switched off, according to Teyssier et al. (2013), in all the cells
where o, > 10 km s~!. This method allows us to overcome the still
poorly understood causes leading to the problem of ‘overcooling’,
being them related either to resolution problems or lack of physics
(such as turbulence and radiative feedback).

2.2.2 The shape of the delay time distribution

Many studies have been done so far aimed at constraining the shape
of the DTD, the Type Ia SN rate resulting from a brief burst of
star formation. The uncertainties concern both its slope and the
time interval, with particular focus on its starting point. While
most of the observations agree with ocz~! dependence at ¢ > 2 Gyr,
theoretical works find different shapes, especially at short times as
shown in Maoz, Mannucci & Nelemans (2014, their fig. 8). Some
models predict the first explosions after ~30—40 Myr like the one
proposed by Greggio (2005) while others after some hundreds of
Myr. However, the duration of SG formation is assumed to end before
stars with m < 3 Mg undergo their AGB phase (Renzini et al. 2015;
D’Antona et al. 2016), corresponding to an age of ~200-300 Myr,
in agreement with the upper limits found by Nardiello et al. (2015)
and Lucertini, Nardiello & Piotto (2021), therefore we have focused
our attention on the DTD with short delay times. Nevertheless, given
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the uncertainties of the starting point of the DTD, we have decided
to test a case in which Type Ia SN explosions are shifted of 25 Myr
with respect to the Greggio (2005) formulation, in order to study its
effect on the SF of the SG stars. We have chosen this time because we
want to study the case in which SNe start exploding when the infall
of pristine gas has already started. We have performed one run with
delayed Type Ia SN explosions for the low-density case since the
effects of SNe for this model are larger than for the high-density one.

2.2.3 Numerical issues

Together with the ‘overcooling’ problem, the introduction of Type la
SNe feedback leads to other numerical difficulties. SNe explosions
inject fast fluid into the ISM with velocities as high as 10> km s~
which have strong effects of the time-step of the simulation. To
satisfy the Courant—Friedrichs—Lewy condition, in fact, the time-step
is heavily reduced reaching the order of 10 yr in the highest resolution
model (see also Romano et al. 2019). Emerick, Bryan & Mac Low
(2019) overcome this difficulty lowering artificially the velocity of
the fluid to be able to follow the evolution of the system for various
hundreds of Myr. In all our simulations we do not apply such artefact,
therefore we are able to study only a limited time-span. In addition,
the high-density models are slower than the low-density ones because
of the higher cooling efficiency characterizing them (Romano et al.
2019). Therefore, we have truncated all our low-density models after
48 Myr while the high-density ones after 39 Myr.

3 RESULTS

In this paper we present the results for four models, all of them
including the feedback from Type la SNe.

We have performed two runs, the LD and the HD, varying only
the density of the pristine gas (see Table 2 for the details of all the
models). In addition to these models, we have performed, for the
low-density one, a run shifting the Type Ia SNe explosions of 25 Myr
given the large uncertainties on the shape of the DTD highlighted
in Section 2.2.2. We have chosen to perform such test for the low
density case since, as we will show, the major effects of Type Ia SN
feedback are observed in this model.

In addition, we have run a simulation in which cooling is
temporarily switched off in regions surrounding the SN explosions,
for the high density scenario. This choice has been suggested given
the non-negligible number of Type Ia SNe not meeting the Kim &
Ostriker (2015) criterion.

Lastly, we performed a simulation similar to the LD_DS one but
assuming that infall is stopped once the first SN bubble reaches the
negative x boundary, namely the face out of which the gas is entering
the box. We tested this case since in all our models we are imposing,
for simplicity, that gas continues to enter the box even when SN
bubbles are pushing it back, far from the cluster. We will not focus in
detail on this model, referring to it only for a comparison in Section 4.

Here we show the results obtained at various times during the
evolution of the system. It has to be clarified that all the times
throughout the paper are expressed assuming fagg = 39 Myr as the
time zero.

3.1 Low-density model

3.1.1 Dynamical evolution of the gas

In Fig. 5, we show four snapshots of the 2D density and temperature
maps at different evolutionary times, for the low density model. The
maps have been obtained by selecting all the cells laying on the plane
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centred in the middle of the computational box and perpendicular to
the z-axis.

In the gas density map, the velocity field has been overplotted as
black arrows. In addition, we have highlighted in green the regions
where the velocity of the gas is pointing towards the cluster centre
(the pristine gas infall is not included). It has to be clarified that, to
compute such regions, we have used all the cells laying in the selected
plane, while the black arrows are drawn only for some, equispaced
cells. Finally, the white dots in the temperature maps represent the
newborn stars (with a lifetime of <0.05 Myr), while the red contour
describes the region enclosing 50 per cent of the SG mass.

We have decided to show the maps at the same evolutionary times
as C19 for a comparison. However, for computational reasons, we
have truncated our run at 48 Myr, therefore the last map represents
the system at this time, at variance with C19. The other three maps
are taken at = 10 Myr, t = 26 Myr, and ¢ = 39 Myr.

At ~10 Myr most of the gas in the system is composed by AGBs
ejecta. The remaining gas is coming from Type Ia SNe which
create several cavities filled with hot, low-density gas expanding
at high velocity of the order of 107 cms™'. Two of these bubbles
can be clearly seen in both the maps. The effect of such explosions
influences almost all the computational box as it is clearly shown
by the velocity field which is pointing towards the boundaries. In
the case without Type Ia SNe (taken from C19, renamed LD_C19),
instead, a cooling flow composed by AGB ejecta is formed . The
fast ejecta released by SN explosions push the gas out from the
system. However, this outward motion does not happen isotropically
because SNe are distributed in space. In this map, two cold and
dense filaments are departing from the centre of the cluster, one
pointing upwards and the other downwards. The gas within them
has a lower velocity if compared with their surrounding, and cooling
flows pointing towards the cluster core are formed as it is highlighted
by the green shaded areas. Very few stars are formed in these dense
regions, while most of the stars are born in the very central part of the
system.

In the second panel, at 26 Myr, a clear separation between the
pristine gas and the hot material carried by the SN bubbles appears
both in the gas density and temperature maps; as shown in these
maps, the pristine gas and the hot material are pointing in opposite
directions. However, due to the large pressure of the material ejected
by the SNe the pristine gas is not able to penetrate deeply into the
system as in the case without Type Ia SNe (LD_C19). Two SN bubbles
can be seen with the one located at negative y-coordinates reaching
a temperature of 7~ 108 K and high velocities (~5 x 10" cm s~ 1),
meaning that the explosion is very recent. Even in this case most
of the gas in the computational box is moving outwards at high
velocity, imprinted by the SN explosions. Two filaments of cold
and dense gas are present, and, also in this case, part of the gas
within them is moving towards the centre in a cooling flow. The
very central part of the cluster remains dense and stars are still
formed but with a lower extent in comparison with the previous
evolutionary time. Very few stars are instead formed along the
filaments.

At 39 Myr the pristine gas is still confined at the border of the box
by the SN explosions. The velocity field is pointing outwards even in
the central part of the cluster, and the gas is generally hot and rarefied
as a result of the SN explosions. Here very few filaments of cold and
dense gas can be seen at variance with the previous maps. No cooling
flow is generated since almost all the gas is highly perturbed by SN
explosions whose filling factor is grown with time as a result of the
increased SN rate (see Fig. 2).

In the last maps, taken at 48 Myr, almost all the box is filled with
hot, rarefied, and high-speed gas moving away from the system. The
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Figure 5. 2D maps of the gas density (left-hand panels) and of the temperature (right-hand panels) in the x—y plane at different evolutionary times (reported on
top of each pair of panels) for the low density simulation (LD). From the top left to the bottom right: # = 10, 26, 39, 48 Myr. The black arrows in the density
maps represent the velocity field, while the green shaded areas represent the regions of the plane where the gas is moving towards the cluster centre (see the
text for details). The white dots in the temperature maps represent the newborn stars (with a lifetime of <0.05 Myr). The red contour in the temperature maps

describe the region enclosing 50 per cent of the SG mass.

pristine gas remains confined at the boundaries by the SN expanding
bubbles. No cooling flow is formed and the regions of cold and dense
gas are strongly reduced in comparison with the previous times, and,
as a consequence, also the areas where stars can be formed. Only in
the core of the system the gas is dense and cold enough to allow star
formation.

3.1.2 Evolution of the stellar component

In the first column of Fig. 6 we plot the density profiles of the FG
(magenta dashed lines), for the SG both the total (black solid lines)
and the profiles computed for different ranges of the helium mass
fraction Y. The same has been plotted in the third column but for
the [Fe/H] ratio. The density profiles have been computed placing
the origin in the centre of mass of the system. In the second and
fourth columns the Y and the [Fe/H] mass distributions are plotted,
respectively. The vertical black dashed line represents the pristine
gas abundances, which are the same of the FG stars while the solid
black line in the fourth column represents the normalized cumulative
mass as a function of the [Fe/H] ratio.

At~10 Myr all the stars are highly enriched in He, meaning that the
effects of Type Ia SNe on the helium enrichment is almost negligible.
However, the density of SG stars in the centre of the system is around
an order of magnitude lower than in LD_C19 (see C19, their fig. 3).
As for iron, the most metal-poor stars, at this stage, have a [Fe/H] ~
—1.48 dex, which reflects the chemical composition of the ejecta of
the most massive AGBs. The vast majority of the stars are however
more enhanced in iron, due to the pollution of the AGB ejecta with
the material expelled by Type Ia SNe, as it can be seen from the
[Fe/H] mass distribution function. We can therefore define enriched
stars the ones with a [Fe/H] > —1.48 dex, while the ones with [Fe/H]
< —1.48dex are produced a mix of AGB ejecta and pristine gas
whose [Fe/H] ~ —1.55 dex. It has to be said that the AGB yield of
He decreases as a function of stellar mass, which means that also the
[Fe/H] of the ejecta will decrease during the evolution of the system.
However the variation is almost negligible during the time interval
we are looking at.

At 26 Myr the bulk of the stars are still highly enriched in helium
and are therefore formed mostly from AGB ejecta, while only a
negligible number of stars are poorly enriched in He. Such stars,
formed out of diluted gas, are mainly located far from the centre since,
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Figure 6. First and third columns: total density profile of SG stars at = 10, 26, 39, 48 Myr and density profiles of SG stars for several ranges of the helium
mass fraction Y and the [Fe/H] ratio, respectively, for the low-density model (LD). The FG density profile is also plotted (see the legend for the details). Second
and forth columns: the mass distribution of Y and [Fe/H] ratio, respectively, in the SG stars at the aforementioned evolutionary times (reported in each panel).
The distributions have been obtained summing, in each bin, the masses of the stars belonging to it, and then normalizing every distribution to its maximum
value. The black dashed lines represent the pristine gas composition both for Y and [Fe/H] ratio while the solid black line represents the normalized cumulative

mass as a function of the [Fe/H] ratio.

asitcan be seen in the maps, the external gas hardly penetrates into the
system. A large spread is visible in the [Fe/H] ratio where three peaks
can be clearly seen. As we will discuss further on, the star formation
in this model is not constant during the evolution of the system as it
happened in LD_C19, namely the case without Type Ia SNe. Some
small, but still relevant, bursts of star formation are present which
lead to peaks in the [Fe/H] mass distribution where, in general, the
higher the [Fe/H] ratio of the peak the younger the stars. The density
profile in the third column of Fig. 6 shows that the bulk of the stars
have a [Fe/H] ratio between —1.5 and —1.1 dex, with an increased
number of enriched stars in comparison with the previous snapshot.

At 39 Myr most of the stars still have an extreme He enrichment,
at variance with LD_C19 where a peak at intermediate helium

MNRAS 506, 5951-5968 (2021)

enrichment is formed in the Y distribution. This results from the
inability of the pristine gas to mix with the AGB ejecta since the
SNe are confining it to the border. Stars not showing an extreme He
enrichment give a negligible contribution to the mass of the system
and therefore also to the density. Focusing instead on the [Fe/H] ratio,
the contribution from the two more metal-rich peaks is increased in
comparison with the previous snapshot, meaning that newborn stars
are formed from gas significantly polluted by Type Ia SNe.

In the last evolutionary time, at 48 Myr, not much differences
can be seen in the graphs if compared with the previous ones. The
intermediate helium enriched stars give a negligible contribution to
the mass at variance with what has been obtained without Type
Ia SNe (LD_C19), therefore the bulk of the stars still show an
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Figure 7. 2D maps of the gas density on the left-hand panels of each plot and of the temperature on the right-hand panels in the x—y plane at different
evolutionary times for the low density simulation with delayed Type Ia SNe (LD_DS). From the top left to the bottom right: t = 10, 27, 39, 48 Myr. Other

symbols and lines as in Fig. 5.

extremely He enrichment. Also the [Fe/H] mass distribution is almost
unchanged, since the SF is lowered and stars produced at this time
give a negligible contribution.

At all the evolutionary times we have selected, SG stars are
dominant in the central 2-3 pc, while, at larger radii, most of the
stars belong to the FG, in agreement with observations (Lardo et al.
2011; Dalessandro et al. 2019). This result is quite similar to the one
obtained by C19, however, the total stellar density of the SG that we
obtain in the central region is almost two orders of magnitude lower
than in their case. The other major difference regards the helium
enrichment in the SG stars; we find that SG stars with an extreme He
composition are dominant at all radii, at variance with C19 where
this population is concentrated in the central part of the system but
it is not prevailing in the outskirts.

At the end of the simulation, the average [Fe/H] of SG stars is
—1.32dex with a dispersion of o3y = 0.11 dex. To obtain them,
we have converted the dM/d[Fe/H] of each bin into number of stars
assuming a Kroupa IMF truncated at 8 My, following the results
of Bekki (2019). In order to compare our results with observations,
we have estimated the internal iron dispersion of the whole cluster
assuming that most of FG stars are lost during the subsequent
evolution, ending up with a fraction of SG stars of ~(0.7, as observed
in massive GCs (Milone et al. 2017). In this way, we derive o (re/m) =

0.14 dex, which is larger than the observed value in the bulk of
GCs (Carretta et al. 2009c; Bailin 2019) but in agreement with the
typical spread found in Type II GCs. However, in this model, the
infalling gas dilutes negligibly the AGB ejecta and therefore SG
stars are mostly displaying an extreme helium abundance, at variance
with observations. Moreover, as shown by D’Ercole, D’ Antona &
Vesperini (2011), dilution is required by the AGB scenario in order
to reproduce the Na—O anticorrelation. Here, instead, Type Ia SNe
prevent the accretion of pristine gas and, therefore, the dilution of
AGB ejecta. For these reasons, the LD scenario is not viable and has
to be discarded.

3.2 Low-density model with delayed Type Ia SNe

3.2.1 Dynamical evolution of the gas

In Fig. 7, we show the 2D maps for the case in which Type Ia SN are
delayed, with respect to the standard Greggio (2005) formulation, of
25 Myr. In this scenario the infall of pristine gas starts before the first
SN explosion, at variance with the LD scenario. The maps are taken
at the same evolutionary times as for the low-density model, with
the exception of the second snapshot for which we have decided to
show the maps at 27 Myr.
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At 10 Myr the system is isolated and the gas, composed only by
AGB ejecta, creates a cooling flow towards the cluster core as it can
be seen looking at the velocity field. The gas concentrated near the
cluster centre has a high density and is cold (~Tf) With an almost
spherical shape. Stars belonging to the SG have already formed in
the centre of the cluster as it is shown both by the contours and by
the white dots. This stellar component is more compact and more
spherically distributed than the SG in the LD model.

At 27 Myr the infall of pristine gas is already started, the front
shock has crossed the centre of the system and the first Type Ia
SN has just exploded in the cluster central regions. In most of the
computational volume, the gas velocity field reflects the motion of the
pristine gas. Far from the system, the arrows are parallel to the x-axis,
meaning that the gas is not affected by the presence of the cluster. As
we approach the cluster core, the velocities are increasingly distorted
in the y-direction as a result of the gravitational force exerted by the
cluster. Even the front shock is distorted by the presence of the cluster,
displaying two symmetric ‘wings’ downstream of the system. These
wings delimit the gas already shocked from the unperturbed one; the
latter, besides being less dense, is still pointing towards the cluster
centre. The only other part of the box in which the velocity field is not
driven by the infall is the central region, where an SN explosion has
created a bubble. Near the shell, the density is high, while, inside the
bubble, it is almost equal to the pristine gas one with the exception
of the very central region, corresponding to the cluster centre, where
the density remains high and stars continue to be formed. It has
to be noted that the temperature distribution inside the bubble is
asymmetric, being hotter next to the shell downstream of the shock,
while cold upstream of it. Such an inhomogeneity, which appears
also in the density maps, even though it is less evident, is due to the
infall of pristine gas. Upstream the density is higher given the direct
effect of the infall which leads to an higher efficiency of cooling and
consequently to a lower temperature.

Despite the SN explosion, a clear tail of dense and cold gas moving
towards the cluster centre is formed. Through this accretion column
(Bondi & Hoyle 1944; Shima et al. 1985; Moeckel & Throop 2009),
the gas is able to flow and reach the central part of the system, mixing
with the AGB ejecta to form new stars. Newborn stars are present
also along the tail, but only in the portion still not perturbed by the
SN shock front. In the part of the tail already crossed by the SN
expanding shell almost no stars are formed due to the perturbation
produced by the shock wave.

At 39 Myr, pristine gas is no more falling deeply inside the system,
as it happens in the previous snapshots. SNe explosions are confining
it to the border of the computational box, as in the LD model. Gas is
still falling towards the centre in limited areas of the system, next to
the cluster centre. However, the bulk of the gas is pointing outwards,
driven by the continuous SN explosions. Even the tail and the related
accretion column formed by the pristine gas infall and visible at
27 Myr have already disappeared. Stars are formed almost only in
the very central region where cold and dense gas is still present.

At 48 Myr, the pristine gas is still confined far from the system
by the gas moving outwards, after being perturbed by shock waves
generated by SNe. Only in the central region cold gas is falling
towards the cluster centre where stars are still formed.

3.2.2 Evolution of the stellar component

In Fig. 8, we plot the density profiles of SG both total and for various
helium composition and [Fe/H] ratio, together with the Y and [Fe/H]
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mass distributions for the low-density model with Type la delayed
of ~25 Myr, at different evolutionary times.

At 10 Myr, all the stars are extremely helium-enriched, since the
only gas present in the system at this stage is coming from the AGB
ejecta. Also the iron composition is peaked at the AGB value because
no Type Ia SN has exploded yet. The density in the central region
is higher than in the LD model, since star formation is not hindered
by SN explosions. In addition, a sharp cut off is present at ~10 pc
because the gas eligible for star formation is concentrated at the
centre and is distributed almost isotropically.

Later, at 27 Myr, the pristine gas is diluting the AGB ejecta,
especially in the external regions, where stars with lower helium
enrichment and [Fe/H] ratio are formed, being, in the outermost
regions, even the dominant component. The pristine gas has, in fact,
the same iron mass fraction of the AGB ejecta, but a higher hydrogen
one.! Almost no star with an higher iron composition is already
formed, since only one SN is exploded and the iron it has ejected has
not been used to create new stars yet.

At 39 Myr, instead, an increasing number of stars is formed out of
mixed gas with intermediate helium composition, which gives rise
to a second smaller peak in the Y distribution. These stars are less
centrally concentrated than those with an extreme helium enrichment.
The presence of a small fraction of stars with a higher [Fe/H] ratio
indicates that the iron produced by Type Ia SNe has been recycled.
Most of these stars are located in the central regions, where, however,
the dominant component still remains the one composed by stars
formed mainly from AGB ejecta, followed by stars born out of AGB
ejecta plus pristine gas ([Fe/H] < —1.5 dex).

At48 Myr, not many differences are visible in comparison with the
previous time-step. The reason lies in the decreased star formation
rate (SFR) and, as a consequence, in the almost negligible increase
of the total SG stellar mass between the two evolutionary times.

Many are the differences between the model we are describing
here and the LD one. First, while in the LD scenario almost all
stars are characterized by extreme helium enrichment, here stars
with intermediate helium composition contribute significantly, in
particular at large radii where they become the dominant component.
This result resembles what has been obtained by C19 although in
our model the contribution from mildly enriched stars is lower.
Unlike the LD model, in the LD_DS one the pristine gas is able
to reach the central part of the system and stars with a mixed
composition are formed. As for iron, when SNe explosions are
delayed, stars with [Fe/H] ratios similar to the pristine gas one
are formed even in the central part of the cluster, while in the
LD model this component is absent. On the contrary, very few
stars in the scenario with delayed SNe are strongly enriched with
respect to the AGB yield value, whereas three peaks at higher
[Fe/H] ratios are present in the LD model. In the LD_DS sce-
nario, in fact, no burst of SF is present, at variance with the LD
one.

The mean [Fe/H] ratio of SG stars at the end of the LD_DS
simulation is —1.45dex with an dispersion of o3¢y = 0.06 dex.
As for the LD model, we have calculated the iron dispersion of the
whole cluster assuming that the SG account for the 70 per cent of
the stars, obtaining o (re; = 0.07 dex, which is within the range of

IBefore and during the AGB phase stars experience various dredge-ups,
deepenings of the convective envelope which lead to mixing of the outer
envelope with products of the H and He burnings. The consequence, from the
chemical point of view, is that the hydrogen mass fraction in the external part
of the envelope, and therefore also on the ejecta, is reduced.
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Figure 8. First and third columns: total density profile of SG stars at r = 10, 27, 39, 48 Myr, and density profiles of SG stars for several ranges of the helium
mass fraction Y and the [Fe/H] ratio, respectively, for the low-density model with delayed Type Ia SNe (LD_DS). The FG density profile is also plotted (see the
legend for the details). Second and forth columns: the mass distribution of Y and [Fe/H] ratio, respectively, in the SG stars at the aforementioned evolutionary

times (reported in each panel). Other symbols and lines as in Fig. 6.

values found in Type II clusters. However, similar to the LD model,
most of the SG stars show extreme helium abundance. Even though
a second peak at intermediate Y is formed (see Fig. 8), the spread in
helium is still too large in comparison with observations, meaning
that dilution is still too low. The extent of dilution depends on the
delay of Type Ia SN explosions with respect to the onset of the infall,
becoming larger with greater delays and approaching the results
of C19. To better constrain the time-scales at play, more chemical
elements need to be traced and more delay times to be tested in future
works.

Overall, our results and those of C19 suggest that in the context of
low-density models, longer delay times, possibly leading to the first
SN Ia explosions around 80-100 Myr after the FG formation, are
required to produce multiple-population properties consistent with
those observed in Galactic GCs. Concerning the central SG density,

the LD model predicts a lower value than the case with delayed SNe
due to the larger number of explosions characterizing it.

3.3 High-density model

3.3.1 Dynamical evolution of the gas

In our high density simulations we have assumed that the density of
the pristine gas is ppe = 107> g cm™, a value 10 times greater than
that adopted in the lower density model. Through equation (2), we
have derived that, for this value of the pristine gas density, the infall
starts around 40 Myr after the FG formation which corresponds to
~1 Myr after the starting point of our simulations. In Fig. 9, we show
the density and temperature maps on the x—y plane computed at the
same evolutionary times as C19, with the only exception of the last

MNRAS 506, 5951-5968 (2021)
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Figure 9. 2D maps of the gas density on the left-hand panels of each plot and of the temperature on the right-hand panels in the x—y plane at different
evolutionary times for the high density (HD) simulation. From the top left to the bottom right: r = 6, 14, 26, 48 Myr. Other symbols and lines as in Fig. 5.

map. The times associated to the four snapshots are r = 6 Myr, r =
14 Myr, t = 26 Myr, and t = 39 Myr.

A comparison of these maps with the ones obtained for the LD
case, shown in Fig. 5, shows that, in the HD model, the infalling
pristine gas is able to penetrate deeper into the system, limiting the
expansion of the SN bubbles. The pristine gas is surrounding the
system, at variance with the low density case in which it remains
confined at the border of the computational box. In addition, a
significantly larger number of stars are formed, not only in the very
central part of the cluster, but also along the accretion column, absent
in the LD model, downstream of the system.

At 6 Myr, the pristine gas has already crossed the system, however,
the cold, dense, and narrow tail formed in C19 simulation is not
clearly seen here because it is constantly disrupted by the continuous
Type Ia SN explosions. Dense regions can be found also around the
shell of the SN bubbles, where the swept up gas collides with the
pristine gas. Here, stars can be formed far from the cluster centre,
however, most of the stars are formed in the central region and along
the perturbed tail.

At later times, at 14 Myr, the overlap of various bubbles has created
an extended region of hot and rarefied gas surrounding the dense,
cold stream visible along the x-axis. A large number of stars are
formed in the central part of the system, but also in the dense region
corresponding to the tail location, where a flow of dense material is

MNRAS 506, 5951-5968 (2021)

pointing towards the centre of the cluster. The infalling pristine gas
is acting against the bubbles expansion, in particular pushing them
rightwards. The stellar component has expanded with respect to the
previous snapshot, especially downstream of the system.

At 26 Myr, hot bubbles are present as a result of recent SN
explosions near the centre of the system. Nevertheless the bubbles
are not expanding through the entire computational box as it happens
in the low density case (Fig. 5, top right-hand panel). The bubbles
are more confined and their shape is far from being spherical. This
is the result of the ram pressure of the pristine gas which is highly
effective in the HD model. The velocity field reveals also in this case
the presence of a flow of gas extending in a tail. A large number of
stars are formed in this region of cold and dense gas, even though the
bulk of stars are formed in the proximity of the centre of the system.

At 39 My, the system has not changed much; cold and dense gas is
forming new stars both in the central regions and along the accretion
column which is still present at this time. The gas heated up by SNe
explosions is still confined by the pristine gas.

3.3.2 Evolution of the stellar component

In Fig. 10, we plot the density profiles of the SG for various ranges of
Y and [Fe/H] ratio at different evolutionary times for the high-density
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Figure 10. First and third columns: total density profile of SG stars at r = 6, 14, 26, 39 Myr, and density profiles of SG stars for several ranges of the helium
mass fraction Y and the [Fe/H] ratio, respectively, for the high-density model (HD). The FG density profile is also plotted (see the legend for the details). Second
and forth columns: the mass distribution of Y and [Fe/H] ratio, respectively, in the SG stars at the aforementioned evolutionary times (reported in each panel).

Other symbols and lines as in Fig. 6.

model, together with the helium and [Fe/H] ratio mass distribution
functions.

At 6 Myr, the shock caused by the infall of pristine gas has
already crossed the system and stars are formed from a mixed
gas. In the external region stars with no helium enrichment, and
therefore formed mainly out of pristine gas, are dominant, while in
the central region the AGB ejecta have been less diluted and stars
display extreme helium abundances. However, the component not
enriched in helium is dominant in mass as it can be seen from the Y
mass distribution where three peaks at low, intermediate, and extreme
helium enrichment can be clearly seen. On the other hand, the iron
mass distribution is peaked around [Fe/H] ~ —1.45 with a long tail
towards higher values, which however contributes almost negligibly
to the total stellar mass. The density of the SG is higher than the FG

one in the central region but it is lower than the case without Type Ia
SNe studied by C19 (HD_C19).

At 14 Myr, stars with almost no helium enhancement (with respect
to FG stars) have become dominant at all radii, while those with
high helium abundances give the lowest contribution, as illustrated
by both the density profiles and the Y distribution. Therefore, the
pristine gas comprises a large fraction of the gas out of which SG
form, at variance with the LD case, but in agreement with HD_C19.
Conversely, the [Fe/H] ratio of the bulk of the stars is increased:
this means that, even though the pristine gas is significantly diluting
the AGB ejecta, iron from Type Ia SNe is retained by the system
and recycled to form new stars. Most of the stars show a significant
iron enrichment, in particular in the central region, while poorly iron
enriched stars represent a very small fraction of the total stellar mass.

MNRAS 506, 5951-5968 (2021)
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Later, at 26 Myr, the SG is dominated at all radii by stars with
modest helium enrichment. In this scenario, Type Ia SNe are not
able to confine the infalling gas like in the low-density models, as it
is visible from the 2D maps. The [Fe/H] mass distribution becomes
narrower and peaks around —1.25 dex, with stars falling in it being the
dominant component in the central part of the system. The density
in such region is similar to what has been obtained by C19. With
the exception of a large number of Fe-enriched stars formed in our
simulation, our results are similar to HD_C19, meaning that SN
effects in a dense medium are significantly reduced with respect to
the low-density case.

At 39 Myr, the density in the centre of the cluster is slightly
increased and the peaks both in the Y and [Fe/H] distributions are
sharper than at 26 Myr. The bulk of the stars are mildly enriched in
helium but remarkably enriched in iron, in particular in the central
region.

The average stellar [Fe/H] ratio of SG stars at the end of the
simulation is —1.28 dex, slightly larger than the LD value, with a
dispersion of U[SFS’/H] = 0.08 dex. As for the previous two models,
we have estimated the internal iron dispersion of the whole cluster
assuming that 70 per cent of stars belong to the SG. We derive
oem) = 0.14 dex, which agrees with the typical spread found in
Type II clusters (Johnson et al. 2015; Milone et al. 2017). As for
the helium abundance, its spectroscopic determination is much more
challenging than the iron one, therefore, most of the studies rely on
photometric determination of the relative helium abundance between
multiple populations (Milone et al. 2015, 2018; Martins, Chantereau
& Charbonnel 2021 and references therein). We derive the average
mass fraction Ysg = 0.258 for the SG stars, which leads to a spread
between second and first generation of AYsg_pg = 0.012 in very
good agreement with observations. Some of the Type II GCs analysed
by Milone et al. (2018), in fact, display small helium spreads between
the two generations, in some cases even smaller than what we have
derived for the HD model.

3.4 High-density model with delayed cooling

As shownin Fig. 4, in the HD model, 3.5 per cent of all the SNe do not
meet the Kim & Ostriker (2015) criterion, hence they are basically not
resolved. One potential risk of this result is that, in the HD simulation,
the global effects of SN feedback might be underestimated. In order
to better assess the impact of this issue on our simulation and to
be sure that this does not lead to a severe underestimation of SN
feedback, we performed another simulation where radiative cooling
has been delayed, i.e. temporarily switched off, in all the locations
where SNe explode. We have followed the prescriptions described in
Teyssier et al. (2013) to artificially turn-off cooling. Here we focus
on the density profiles of the SG and on its abundance pattern as
shown in Fig. 11, which are quantities not particularly sensitive to
the stochasticity of processes such as star formation or to the local
effects of a small number of SN explosions.

As for such quantities, no substantial differences can be seen with
respect to the HD model, which denotes that even though some SNe
were not satisfying the condition of Kim & Ostriker (2015), the
cluster capability to accreate gas and form new stars is not affected.
We have also verified that the SNe not meeting the criterion are
located far from the centre of the system, and therefore their effect,
in the HD_DC scenario, is not significantly perturbing the gas in the
inner regions.

MNRAS 506, 5951-5968 (2021)

4 DISCUSSION

With the exception of D’Ercole et al. (2008) who, by means of
1D simulations, found that a few SN Ia are able to halt the SF
immediately after their explosion, our study is the first that addresses
the effects of Type Ia SNe on the star formation in GCs through
hydrodynamic simulations. It is however important to stress that
Type Ia SNe do not play any role in regulating the star formation
history of FG stars, which is expected to have lasted only a few Myr.

In Fig. 12, we show the evolution of the cumulative mass in the
upper panel and of the SFR in the lower one and compare our results
with the ones of C19.

As discussed in Section 3.1, with the short delay time adopted in
this work the LD models are strongly affected by SN Ia feedback,
which prevents the reaccretion of pristine gas. In the LD model, SN Ia
feedback halts the SG star formation early limiting the total mass of
the SG population. The infall of pristine gas, which starts at 21 Myr,
does not have a significant effect on the evolution of the system, as
shown in Figs 5 and 6.

Focusing on the SFR, it can be seen that its evolution is character-
ized by three major peaks in the first 15 Myr which are responsible
for the peaks in the [Fe/H] mass distribution. Only during these peaks
the SFR is comparable with the one of the model SNe (LD_C19),
while between the peaks it is almost halved. After 15 Myr, the SFR
decreases with several peaks at later times which, however, do not
affect significantly the total stellar mass.

‘We have also plotted the time evolution of the cumulative mass for
the LD_HR model, namely the low density LD model at higher
resolution (0.3 pc). At the beginning, it deviates from the result
obtained at lower resolution, but this discrepancy has to be ascribed
to the stochasticity of the SF process. At later times, in fact, the gap
between the two models decreases, meaning that in our simulations
the numerical convergence is satisfactory.

Moving to the LD_DS model, at the beginning both the cumulative
mass and SFR evolution have the same trends of LD_C19, with small
differences due to the stochastic method used to associate a mass to
each newborn star, as we have described in Section 2.1. At around
27 Myr, when the first supernovae start exploding, the SFR starts
decreasing significantly, whereas it remains almost constant in the
case without SNe.

Once Type Ia start exploding, a comparison of the SFR evolution
in the two low-density models shows that the one with delayed SNe
is characterized by an overall smoother SFR decline. This difference
is due to the lower gas density achieved in the LD case, which leads
to a more inhomogeneous distribution of gas.

In Fig. 12 we report also the results obtained for LD_DSI, a model
similar to LD_DS, but where we stopped the infall at around ~28 Myr.
The two models show a similar evolution of the SFR and cumulative
mass. We can therefore conclude that our simplistic assumption
regarding the infall implementation does not affect the evolution
of the system. This is true even as far as the particle density profiles
and the mass distribution of Y and [Fe/H] are concerned.

On the other hand, our HD run predicts a lower SFR in the first
10 Myr than HD_C19, namely the case without SNe, which translates
in a lower cumulative mass. However, after this first phase, both the
SFR and the cumulative mass are similar to the values obtained
without SNe. The total stellar mass at the end of our simulation is, in
fact, 2.3 x 10° M, slightly smaller than the one obtained by C19 at
the same evolutionary time. It results that the fraction of the initial
FG over the total SG mass is equal to 4, which is in agreement with
previous studies within the AGB scenario (D’Antona et al. 2013;
Ventura et al. 2014) . However, it has to be noted that in this model
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Figure 11. First and third columns: total density profile of SG stars at r = 6, 14, 26, 39 Myr, and density profiles of SG stars for several ranges of the helium
mass fraction Y and the [Fe/H] ratio, respectively, for the high-density model with delayed cooling (HD_DC). The FG density profile is also plotted (see the
legend for the details). Second and forth columns: the mass distribution of Y and [Fe/H] ratio, respectively, in the SG stars at the aforementioned evolutionary

times (reported in each panel). Other symbols and lines as in Fig. 6.

the cumulative mass is still increasing at 39 Myr, therefore this ratio
has to be taken as an upper limit.

Finally, the HD_DC model shows a similar evolution of the
cumulative stellar mass with the HD model, reaching the same
final SG stellar mass. Small variations can be seen instead in the
SFR evolution. The reason of such small differences lies in the
stochastic method used in the SF implementation whose effects are
more evident in the SFR than in the cumulative mass evolution.

To compare our results with observations we should refer to
clusters of the same age, namely young massive clusters (YMCs),
which are sometimes regarded as proto-GCs. Bastian et al. (2013)
did not find any evidence of ongoing star formation in almost 130
YMCs with an age range between 10 Myr and 1Gyr. Similar results
have been found by Cabrera-Ziri et al. (2014), Cabrera-Ziri et al.
(2016), however, YMC younger than 2 Gyr do not show any sign of

multiple populations (Martocchia et al. 2018). A comparison with
YMC:s of the same age is therefore not feasible. As for the recently
discovered high-redshift progenitors of GC, precise measures of their
star formation rates and ages are still challenging to derive. To shed
important light on the SF history of young GCs, a still star-forming
system which already contains multiple populations should be found
at high redshift. It is however not achievable with present instruments
but perhaps possible in the future, in particular with the ELT with the
aid of specific techniques, such as adaptive optics (Fiorentino et al.
2017; Vanzella et al. 2019).

5 CONCLUSIONS

In this paper, we have modelled, by means of grid-based, 3D
hydrodynamic simulations, the formation of SG stars in a massive
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Figure 12. Upper panel: evolution of the SG stellar mass for all our simulations. Lower panel: evolution of the SFR for all our models. The blue lines represent
the standard low-density models while the red lines the high-density ones. The thin lines show the results obtained by C19 for their high resolution simulations.
The purple line in the upper panel represents the result of the low-density model at high resolution (LD_HR). The orange lines represent the high-density model
with delayed cooling while the light-blue lines represent the low-density model with delayed Type Ia SNe. The green dashed lines represent the low density
model where the infall is switched off once the first SN bubble have reached the negative x boundary.

cluster moving through a uniform gas distribution, including the
feedback from FG Type Ia SNe, which represents the novelty of
our work. Our aim is, specifically, to explore the role of Type la
SN feedback in determining the duration of SG formation epoch
and study the effect of SN Ia ejecta on the chemical properties
of the SG population. Our simulations start at the end of the FG
Type II SN epoch, when the ejecta of the most massive AGB stars
are released in the cluster and the SG formation starts. During
this stage, Type Ia SNe belonging to the FG start exploding and
external gas with pristine (i.e. same as FG stars) composition is
accreted from the surroundings. SG stars are therefore formed out
a mixed gas whose composition depends on which of these three
sources is dominant. In all our simulations, the cluster is already in
place composed only by FG low- and intermediate-mass stars and
surrounded by an extended cavity created by the explosions of FG
Type II SNe which is later replenished by the collapse of interstellar
gas. We have studied models with two different values for the external
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pristine gas density: a low-density one of pp; = 107** g cm™ and

a high-density one of py, = 10723 g cm~>. Different values of the
pristine gas density lead to different infall times, which, in turn,
have a significant impact on the chemical composition and the
stellar mass of the SG stars. Moreover, in this paper we have
focused our attention on models with short SN Ia delay times. Given
the large uncertainties still present on the timing of Type Ia SN
explosions, we have considered two delay time distributions: first,
we have assumed that SNe Ia start exploding and releasing gas at
the beginning of the SG formation epoch together with the most
massive AGBs; then, we have performed a simulation, in the low-
density scenario, where we have delayed the beginning of the SN Ia
by 25 Myr.

Finally, we have run a simulation in which cooling is switched off
locally, to assess the possible effects of the cooling overestimation
in high density regions, a typical artificial phenomenon in numerical
simulations.
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We summarize here our main results:

(1) In the low-density model with SN Ia explosions starting at the
beginning of the SG star formation epoch, the continuous explosions
of Type Ia SNe do not halt the SG formation abruptly, as in 1D
simulations by D’Ercole et al. (2008), but they significantly lower
the SFR. At the beginning cooling flows are still formed but Type
Ia SNe increasingly diminish their formation. Most of the SG stellar
mass is formed, in fact, in the first 20 Myr, before the beginning of
pristine gas accretion. SNe explosions confine the infall gas far from
the system and therefore no accretion column is formed at variance
with the case without Type Ia SNe. This implies that the AGB ejecta
are poorly diluted with pristine gas, a necessary requirement for the
AGB scenario in order to reproduce the observed anticorrelations.
Moreover, the negligible dilution leads to the formation of an SG
dominated by stars with extreme helium enrichment, at variance
with observation, making this model not viable.

(ii) In the low-density model with Type Ia SNe starting 25 Myr
after the beginning of the SG formation, the SFR decreases after
the first Type la SN explosions but it is always greater than the
case without delay. The infall of pristine gas starts before the SN
explosions, so some of it is accreted by the system and dilutes the
AGB ejecta. At variance with the previous model, not all the stars
show an extreme helium enrichment; a small fraction of stars display
an intermediate helium enrichment as a result of a dilution and are
spatially less concentrated than the extreme population. The accretion
of pristine gas continues for about 5 Myr but, eventually, Type Ia SNe
confine the gas far from the cluster centre as it happened in the model
without delay. However, dilution is still too low and the spread in
helium between the two generations is still much larger than the
observed values. Therefore, longer delay times for the onset of Type
Ia SNe are needed by the low density models in order to increase the
contribution of the pristine gas and therefore the extent of dilution.

(iii) Inthe high-density model, Type Ia SNe have only mild effects
both on the SFR evolution and on the helium enrichment. The final
SG mass is only 1.2 times smaller than without Type Ia SNe. The
higher density assumed for the pristine gas prevents Type la from
confining it in the cluster outer regions, as found in the low-density
models. In this model, the pristine gas slows the SN bubble expansion
decreasing the growth of their filling factor. In this case an accretion
column is present, even though it is continuously perturbed by SN
explosions. The overall continuous accretion of gas leads to an SG
dominated by stars with very modest helium enrichment (YSG =
0.258), similar to what is obtained without Type Ia SNe. On the
contrary, the SG iron distribution is significantly affected by the
presence of Type Ia SNe. Since their bubbles are confined by the
infalling gas, most of the iron released during their explosions is
retained by the system and then recycled to form new stars which
show a significant iron enrichment. The mean [Fe/H] ratio of SG
stars is, in fact, equal to [Fe/H] = —1.28 dex. Assuming that, after the
subsequent evolution, SG stars account for 70 per cent of the whole
cluster, we derive an internal iron dispersion of o re; = 0.14 dex,
in good agreement with the typical spread observed in Type II GCs.

(iv) No substantial difference has been found between the standard
high-density model and the one with a delayed cooling meaning that,
overall, the impact of Type Ia SNe is not artificially suppressed by
cooling.

It has to be noted that in all our simulations, we do not include
ionizing feedback from SG stars which could lead to a steeper
decrease of the SFR (Chantereau et al. 2020). Massive stars belonging
to the SG, if any, should contribute to heat up the ISM further,
reducing the amount of gas eligible for star formation. However, the
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SG formation is supposed to take place in an environment already
crowded by the FG stars, a scenario in which the SF process is still
unexplored (Renzini et al. 2015). The shape of the IMF characterizing
the SG is not known so far, even though some studies have suggested
that it could be truncated at around m ~ 8 — 10 M, (D’Ercole et al.
2010; Bekki 2019).

Our simulations have shown that the SG formation can continue
during the Type Ia SNe epoch and the ejecta of these supernovae
can contribute to the mix of gas out of which SG stars form. The
formation of SG stars from mixed gas of SN Ia ejecta and AGB gas
revealed by our study indicates a possible avenue for the formation
of Galactic GC with multiple population characterized by a spread
in Fe; these clusters represent about 20 per cent of the Galactic
globular cluster system (see Johnson et al. 2015; Marino et al. 2015;
Milone et al. 2017; Marino et al. 2019) and have been shown to
host stellar populations enriched also in s-process elements which
could be produced by low-mass AGBs (see e.g. D’Antona et al.
2016). Moreover, as shown by Gratton et al. (2019), Type I GCs are
relatively massive, which might suggests a correlation between the
iron enrichment and the cluster mass. We intend to further extend the
initial set of simulations presented in this paper to study a broader
range of initial conditions and explore the possible dynamics and
formation history of these complex clusters.
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