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ABSTRACT

Context. Stellar feedback regulates star formation and shapes the interstellar medium, yet its role during the collapse of molecular
clouds remains uncertain over a wide range of initial conditions.
Aims. We explore how stellar winds and supernovae influence star formation in collapsing gas clouds that span a broad parameter
space in mass, size, and metallicity.
Methods. Using a one-dimensional numerical model, we followed the evolution of feedback-driven bubbles produced by embedded
clusters, incorporating time-dependent energy and mass injection, self-gravity, integrated cloud collapse, radiative cooling, shell insta-
bilities, and triggered star formation. Our treatment of gas cooling in the hot bubble explicitly accounts for heat transfer across the
bubble–shell interface.
Results. We find that metallicity acts as a key regulator of feedback, comparable in importance to cloud mass and radius. In
low-metallicity clouds, reduced radiative cooling is offset by weaker stellar winds, leading to prolonged star formation and higher
efficiencies. Across a substantial portion of parameter space, the expanding shell undergoes a stalling phase that further enhances the
star formation efficiency, an outcome that is not observed at higher metallicities.
Conclusions. Our results suggest that the diverse properties of star clusters across cosmic time may arise from the metallicity-
dependent interplay between stellar feedback and gas cooling.

Key words. ISM: bubbles – ISM: clouds – ISM: structure – globular clusters: general – galaxies: star clusters: general –
galaxies: star formation

1. Introduction

Most stars in the Universe are born within giant molecular clouds
(GMCs), where gravitational collapse drives star formation until
the available gas is either consumed or expelled by stellar feed-
back (e.g. Kruijssen et al. 2019; Chevance et al. 2020a; Lancaster
et al. 2021a; Grudić et al. 2021; Menon et al. 2022, 2024). The
fraction of the original cloud mass that is converted to stars,
the star formation efficiency (SFE), depends on the balance
between competing forces – gravity and the cloud ram pressure
– which promotes collapse in addition to stellar feedback, which
disperses and clears the surrounding medium.

In recent years, considerable progress has been made in
understanding star formation and stellar feedback on a wide
range of scales, from entire galaxies (e.g. Krumholz et al.
2018; Kim et al. 2020; Ostriker & Kim 2022; Pandya et al.
2023), down to individual molecular clouds (e.g. Krumholz
et al. 2019; Grudić et al. 2021). Observations robustly show that
star formation is inefficient in GMCs (∼1−10%, Leroy et al.
2017; Utomo et al. 2018). On the theoretical side, numerical
simulations now include multiple feedback processes simulta-
neously (e.g. Lahén et al. 2019; Grudić et al. 2022; Kourniotis
et al. 2023; Fotopoulou et al. 2024; Deng et al. 2024; Lahén
et al. 2024; Rathjen et al. 2025), which is fundamental to

⋆ Corresponding author: santiago@asu.cas.cz

properly understanding the integrated impact of stellar feedback.
Nevertheless, and despite its importance, there are currently still
many open questions regarding the relative importance and effi-
ciencies of the different feedback mechanisms (e.g. Krumholz
et al. 2019; Lancaster et al. 2025b).

Winds and radiation from young massive stars are widely
viewed as the main mechanisms that halt star formation in GMCs
within short timescales (e.g. Murray et al. 2010; Pellegrini et al.
2011; McLeod et al. 2019; Krumholz et al. 2019). This could
explain observations showing a de-correlation on small scales
between young stellar regions and molecular gas tracers (e.g.
Hannon et al. 2019; Kruijssen et al. 2019; Semenov et al. 2021).
Indeed, the combined mechanical and radiative feedback from
individual stars merges to create large thermal pressures, lead-
ing to cluster-scale winds (e.g. Castor et al. 1975; Chevalier &
Clegg 1985; Cantó et al. 2000; Silich et al. 2004; Rahner et al.
2017). This can very efficiently evacuate the remaining gas from
the clouds, as suggested by observations, which indicate that the
gas-embedded phase of star cluster formation is short (≲10 Myr,
e.g. Grasha et al. 2018, 2019; Turner et al. 2022; Ramambason
et al. 2026).

However, in some environments stellar feedback might
be greatly reduced or suppressed, allowing star formation
to proceed over longer timescales and thus enabling chemi-
cal enrichment within the star-forming cloud and the form-
ing stars (e.g. Krause et al. 2013a; Palouš et al. 2014;
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Fig. 1. Schematic of the model setup of this work. We modelled the evolution of feedback-driven bubbles, formed by the winds and supernovae from
the star cluster forming at the centre. The scheme presents a cone of the otherwise spherically symmetric bubble structure, showing the location of
the reverse (Rrs) and forward shocks (Rsh), and the contact discontinuity (Rcd) that separates shocked wind from ambient swept-up gas. Furthermore,
the dashed arrows indicate the directions of the different forces that determine the evolution of the shell radius: the inward gravitational force (Fg)
and ram pressure from the cloud (Fcl), and the outward force produced by the thermal energy of the hot bubble (Fth). This term was calculated by
considering radiative cooling within the bubble (Qw), which includes the effect of mass evaporation from the cold shell. The evaporated material
(Ṁev) mass-loads the bubble interior, thus modifying its density and temperature structure and, consequently, the cooling rate. In addition, our
model setup includes star formation in the shell (not included for clarity of the diagram). See the text for details.

Lochhaas & Thompson 2017; Wünsch et al. 2017; Silich &
Tenorio-Tagle 2017; Farias et al. 2018; Howard et al. 2019;
Jiménez et al. 2021; Lancaster et al. 2021b; Jiménez et al. 2022;
Jecmen & Oey 2023. In addition, stellar feedback also trig-
gers star formation in some cases (e.g. Dale et al. 2009; Recchi
et al. 2017; Domínguez et al. 2023). For instance, Tenorio-Tagle
et al. (2003) proposed a scenario for the formation of massive
star clusters, in which feedback from a young stellar population
drives the expansion of a shell that eventually becomes gravita-
tionally unstable, triggering further star formation in the shell.
Tenorio-Tagle et al. (2003) showed that, under certain condi-
tions, the feedback can balance gravity and infall, stalling the
shell while enabling continuous star formation. This mechanism
has been suggested as a pathway to form massive star clusters.

Despite significant advances in recent years, the role of stel-
lar feedback in regulating star formation remains highly debated.
This is in part due to the interplay of multiple feedback pro-
cesses, such as stellar winds, ionizing radiation, and supernova
explosions, which are challenging to model self-consistently
within a single simulation setup. Moreover, the physical condi-
tions of star-forming regions vary widely across environments,
from nearby molecular clouds to high-redshift galaxies, com-
plicating efforts to assess the relative importance of different
feedback channels and their influence on star formation effi-
ciency and timescales (e.g. Fichtner et al. 2024; Andersson et al.
2024). This is particularly the case for low-metallicity environ-
ments, where observational constraints and theoretical models
remain limited (e.g. Peters et al. 2014; Jecmen & Oey 2023).
Metallicity directly affects cooling, dust content, radiation cou-
pling, and wind power, all of which modulate how effectively
young stars can disrupt their natal clouds. Understanding feed-
back under such conditions is therefore essential to bridge the
gap between local, nearby star-forming regions and those in the
early Universe.

Furthermore, the unprecedented sensitivity and resolution
of the James Webb Space Telescope (JWST) are now reveal-
ing massive, compact, and metal-poor star-forming complexes
at high redshift (e.g. Vanzella et al. 2023; Mowla et al. 2024;
Cullen et al. 2025; Kokorev et al. 2025; Pascale et al. 2023;
Pascale & Dai 2024; Adamo et al. 2024), providing new con-
straints on the physical processes that regulate their evolution.
These observations highlight the need for theoretical models

capable of predicting how feedback operates in such extreme,
low-metallicity conditions, where traditional feedback-regulated
star formation paradigms may break down (e.g. Cheng et al.
2025).

To explore these processes in detail, here we study how
winds and supernovae feedback impact infalling star-forming
molecular clouds by means of one-dimensional calculations
that include several physical processes. Our calculations include
time-dependent energy injection by the central cluster, clus-
ter gravity and the shell self-gravity, and a Larson–Penston-
like inflow. Our models build upon the classical structure of
feedback-driven bubbles (e.g. Castor et al. 1975; Weaver et al.
1977), incorporating the hot shocked wind region, the swept-up
shell, and their interaction through thermal conduction.

We introduce a novel implementation for hot-bubble cool-
ing that accounts for heat transfer across the hot–cold interface,
which allows for gravitational fragmentation of the swept-up
shell, enabling secondary star formation. Finally, we further
explore the role of metallicity, which affects both the gas cooling
and the stellar wind mechanical power.

Our aim is twofold. With our setup, we will first establish
the conditions under which the model proposed by Tenorio-Tagle
et al. (2003) applies. Second, we will study more generally when
winds and supernovae suppress or trigger star formation. By cov-
ering a wide parameter space in cloud mass, size, and metallicity,
our study provides new insights into how feedback regulates
star cluster formation and sheds light on the origin of very old,
low-metallicity globular clusters in the early Universe.

This paper is organized as follows. Section 2 describes in
detail the model setup, including the physics included in our cal-
culations and the set of models selected for our study. Section 3
presents and discusses the general outcomes of our calculations.
Section 4 discusses the standing shell solution and its properties
and dependence on the input parameters. Section 5 discusses our
main results and the model limitations and section 6 presents our
summary and main conclusions.

2. Model setup
Fig. 1 presents a schematic of our model setup. We model
the evolution of feedback-driven bubbles (Section 2.1), which
assumes a spherically symmetric collapsing star-forming cloud
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(Section 2.2), with a point-like stellar cluster located at the cloud
core forming with a given star formation rate (Section 2.3). Fur-
thermore, we consider secondary star formation which occurs
due to the gravitational fragmentation of the shell (Section 2.4).
The stars inject mechanical feedback by stellar winds and super-
novae (Section 2.5) thus creating a bubble-driven shell. Our
model includes the free wind region extending from the centre to
the inner reverse shock, Rrs, the shocked wind region between Rrs
and the contact discontinuity Rcd, and the shocked ambient gas
shell between Rcd and the forward shock Rsh, which we assume to
be infinitesimally thin (i.e. Rcd ∼ Rsh ; see Section 2.6). We also
include the gravitational force exerted by the central star cluster,
the self-gravity of the shell, and radiative cooling in the hot bub-
ble (Section 2.7). Specifically, our calculation of the cooling rate
takes into account heat conduction (and thus the mass evapora-
tion) between the cold shell and the hot bubble (Appendix A).
Finally, Section 2.8 describes the initial conditions of our calcu-
lations and defines the parameter space that was considered for
this work.

2.1. The structure of feedback-driven shells

The typical structure of feedback-driven bubbles can be under-
stood in terms of a sequence of zones (see Fig. 1) and charac-
teristic timescales, each corresponding to a distinct stage in its
evolution (e.g. Castor et al. 1975; Weaver et al. 1977; Bisnovatyi-
Kogan & Silich 1995). From the inside out, the bubble consists
first of a freely expanding wind, extending outwards until it is
terminated by a reverse shock at radius Rrs. At this point, the
wind is shock-heated to high temperatures (∼106–107 K) and
forms the hot bubble, going from Rrs up to a contact disconti-
nuity (Rcd). The outermost layer of the bubble, which starts at
Rcd, is composed of the swept-up ambient gas, processed by the
leading shock at radius Rsh, which defines the boundary between
the bubble and the surrounding gas cloud. As shown by Weaver
et al. (1977), the outer layer cools quickly, forming a dense, cold
and thin shell, but the inner rarefied bubble of shock-heated wind
ejecta (hereafter, the hot bubble) can sustain the expansion of the
shell for longer timescales. Thus, as shown in Fig. 1, here we
will assume that the shell of swept-up material is thin and thus
Rcd ∼ Rsh. Furthermore, in the interface between the hot bub-
ble and the cold shell, heat conduction can mass-load the bubble
interior thus altering the cooling rate. It is important to include
this process into the calculations as it impacts the structure and
dynamical evolution of feedback-driven bubbles (e.g. El-Badry
et al. 2019; Lancaster et al. 2025b).

2.2. The star-forming gas cloud

Here we consider a star-forming cloud given by a power-law
density distribution with an inner core

ρcl =

 ρc, if r ≤ Rc,

ρc

(
r

Rc

)−2
if Rc < r ≤ Rcl,

(1)

where ρc and Rc are the core density and radius, α is the power-
law index, and Rcl is the cloud radius. The adopted density
profile corresponds to the asymptotic structure for approxi-
mately isothermal, self-gravitating clouds. Observed clouds (e.g.
Gómez et al. 2021) and numerical simulations have been shown
to follow approximately such density profile (e.g. Li et al.
2018; Zamora-Avilés et al. 2025). Furthermore, we also adopt
a Larson-Penston velocity field, which is the solution for col-
lapsing isothermal clouds (Larson 1969; Penston 1969), given

by

vcl =

{ R
Rc
vcl,m, if r ≤ Rc,

vcl,m if Rc < r ≤ Rcl,
(2)

where vcl,m = 3.3cs is the maximum infalling velocity and cs is
the sound speed in the cloud. Note that, since collapse is included
in the calculations, both Rc and Rcl are functions of time. Thus,
hereafter the subscript ‘0’ will denote the initial values of all
variables at the initial time tini (see Section 2.8 for a definition
for tini), that is, for this case Rc,0 = Rc(tini) and Rcl,0 = Rcl(tini),
respectively. Since our aim is to isolate the impact of stellar feed-
back in collapsing star-forming clouds, we adopt a core radius
that is a fixed fraction of the cloud radius (Rc = 0.2Rcl) in order
to preserve a self-similar density structure across the explored
parameter space. This choice ensures that variations in the results
primarily reflect differences in global cloud properties (e.g. mass
and radius), rather than changes in the internal structure of the
cloud.

The initial value of the core density ρc is calculated from
the cloud initial gas mass Mg,0 and radius Rcl,0, which are part
of our input parameters. We assume that the cloud is in thermal
equilibrium with the low-density ambient medium (r > Rcl), but
this does not affect our results as we stop all models when the
shell reaches the cloud boundary.

2.3. Star formation rate in the central core

We model the star cluster forming at the centre of the cloud
(with mass Msc) as a continuous process given by a star for-
mation rate (e.g. Krumholz & Tan 2007; Krumholz et al. 2012;
Vutisalchavakul et al. 2016; Lee et al. 2016; Elmegreen 2018; Sun
et al. 2023)

dMsc,c

dt
= ϵff

Mc

tff
, (3)

where Mc (Mc ∼ 0.1 Mgas) is the gas mass within the core (R ≤
R0), ϵff is the star formation efficiency per free-fall time, and

tff =

√
3π

32Gρc
(4)

is the core free-fall time. The core mass Mc is calculated at
every time step from mass conservation, by taking into account
the mass swept-up by the shell and the mass depleted by star
formation.

The dependence of ϵff on metallicity remains not fully under-
stood. Some studies report a decrease in ϵff with metallicity,
whereas others find it to be nearly independent of it (e.g. Dib
et al. 2011; Polzin et al. 2024). In our models, ϵff is a free param-
eter and we adopt ϵff ∈ (0.01, 0.1) as a representative range (e.g.
Pokhrel et al. 2021; Zamora-Avilés et al. 2025). However, for two
low-metallicity cases, we explore slightly higher efficiencies to
examine the impact of this parameter (see Table 1).

Star formation in the core is allowed only while t ≤ tff,0 as
this is also approximately the time required for the shell to over-
run the core of the density distribution. Our calculations assume
that Msc,0 = 100 M⊙. Since the density and other cloud prop-
erties evolve with time, the prescription given by Equation (3)
naturally yields a time-dependent SFR.
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2.4. Secondary star formation

Several hydrodynamical and gravitational instabilities can
develop in a cold, dense, expanding shell. Thin-shell (Vishniac-
type; e.g. Vishniac 1983; Vishniac & Ryu 1989; Krause et al.
2013b) and Rayleigh–Taylor instabilities can induce nonlinear
density structure within the shell. However, the formation of
gravitationally bound fragments requires self-gravity to over-
come internal pressure and expansion effects. In particular,
previous studies of the Vishniac instability (e.g. Mac Low &
Norman 1993; Pittard 2013) show that while it efficiently gen-
erates density perturbations, it does not by itself ensure the
development of gravitationally bound fragments.

Once the shell accumulates sufficient mass (and thus
increases its surface density), self-gravity can overcome internal
pressure and expansion, leading to gravitational fragmentation.
In this regime, the growth rate of gravitational instabilities sets
the timescale for collapse and thus regulates the star formation
rate (e.g. Whitworth et al. 1994a,b; Elmegreen 1994).

Our star formation prescription therefore explicitly links
the formation rate of stellar mass to the peak growth rate of
gravitational instability in the shell

dMsc,s

dt
=

{
ωpMsh, if ωp ≥ 0 and λ/Rsh ≤ 1,
0, otherwise.

(5)

where

ωp = −
3U
Rsh
+

 U2

R2
sh

+

(
πGΣsh

cs

)21/2

(6)

is the maximum growth rate of gravitational perturbations (with
wavelength λ) in the expanding shell (Elmegreen 1994; Wünsch
& Palouš 2001). In these equations, Rsh, U, Msh, and Σsh are the
shell position, velocity, mass, and surface density, respectively.
The term cs = 1 km s−1 is the sound speed in the shell.

Note that star formation, as given by Equation (5), only
occurs if two criteria are met by the expanding shell: ωp should
be positive and the perturbation wavelength (λ) should not be
larger than the shell size. The second condition can be written as
(Ehlerova et al. 1997)

2c2
s

GΣshRsh
< 1. (7)

Although Equation (6) is derived from a linear stability anal-
ysis, we do not assume that the shell remains in the linear regime.
Rather, ω−1

p is used as an effective collapse timescale that char-
acterizes the rate at which self-gravity can convert shell gas into
bound fragments once sufficient compression and surface den-
sity have been achieved. We further assume, as Tenorio-Tagle
et al. (2003), that the newly formed stars free fall towards the cen-
tral region given their negligible cross-section, thus effectively
increasing the value of Msc.

2.5. Energy and mass input rates

Stars form in our calculations following the initial mass function
(IMF) by Maschberger (2013), with lower and upper mass cutoffs
of 0.01 M⊙ and 120 M⊙, respectively. In this work, we restrict our
analysis to mechanical feedback from massive stars, specifically
stellar winds and supernova explosions, in order to assess the
conditions under which the model of Tenorio-Tagle et al. (2003)
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Fig. 2. Evolution of the mechanical power (top) and mass input rate
(bottom) per unit solar mass of a stellar population with MW (dashed
lines), dwarfA (dotted lines), and IZw18 (solid lines) metallicities as
obtained using the Bonn Optimized Stellar Tracks (BoOST; Szécsi et al.
2022).

is applicable. In future work, we will include additional feedback
channels, such as radiation feedback, to evaluate their relative
contributions and to better constrain the overall impact of the
different mechanisms.

The feedback parameters from individual stellar popula-
tions (with contributions from all stars with initial masses m ≥
9 M⊙), are obtained from the simple population synthesis code
SYNSTARS using the Bonn Optimized Stellar Tracks (BoOST;
Szécsi et al. 2022), where the Krtička et al. (2021) prescrip-
tion for vinf/vesc was employed for OB stars, and Sander & Vink
(2020) for the Wolf-Rayet (WR) stars. Furthermore, the terminal
velocity of the wind is set to a constant value of 30 km s−1 for red
supergiants (Airapetian et al. 2010) and 200 km s−1 for luminous
blue variable stars (Vink 2018).

In order to study the importance of metallicity for our mod-
els, we have selected the MW (Z = 0.0088, and [Fe/H]∼ 0.0),
dwarfA (Z = 0.00105, and [Fe/H]∼ −1.0) and the IZw18 (Z =
0.00021, and [Fe/H]∼ −1.7) metallicity tracks in BoOST (see
also Szécsi et al. 2015). Fig. 2 presents the mechanical power
(Lw, top panel) and mass input rate (Ṁw, bottom) per unit solar
mass as a function of time, for MW (dashed lines), dwarfA
(dotted lines) and IZw18 (solid lines) metallicities, respectively.

Stellar evolution could be an important factor as star forma-
tion might last long for many of our models. To account for the
time dependence of stellar feedback, we divide the elapsed time
since the onset of star formation into Nsb discrete intervals at
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each simulation time t

∆t = (t − tini)/Nsb. (8)

The total energy input rate is then calculated by adding up the
contribution from each interval

Lw ∼

Nsb∑
i=1

Li (t − ti) , (9)

with

ti = t0 + i∆t, (10)

and:

Li (t − ti) ≈ L∗ (t − ti) × Mi. (11)

In these expressions, L∗ (t − ti) is the interpolated power per unit
mass from the stellar template and Mi is the stellar mass formed
during each time interval

Mi = Msc (ti) − Msc (ti−1) . (12)

All our calculations assume a fixed Nsb = 50 (i.e. we re-bin at
every time step and thus ∆t changes with time), however, we
verified that increasing the number of intervals do not alter the
results.

2.6. Main equations

The shell evolution is dictated by the balance between stellar
feedback, inward gravitational force and the ram pressure of the
cloud, as given by

dU
dt
=

4πR2
sh

(
Pth − ρclv

2
cl

)
Msh

−
Fg

Msh
−

U
Msh

dMsh

dt
, (13)

dMsh

dt
= 4πR2

shρcl (U − vcl) −
dMsc,s

dt
, (14)

dMsc

dt
=

dMsc,c

dt
+

dMsc,s

dt
(15)

dRsh

dt
= U. (16)

In Equation (13), Pth is the thermal pressure and

Fg =
GMscMsh

R2
sh

+
GM2

sh

2R2
sh

, (17)

is the gravitational force from the star cluster and the self-gravity
of the shell, and G is the gravitational constant. We have omit-
ted the ambient gas pressure term in Equation (13), since it is
negligible compared to the ram pressure of the infalling cloud.
Moreover, all of our simulations stop once the expanding outer
shell has completely swept up the cloud. Equation (14) describes
the evolution of the shell mass and includes mass loss due to
star formation. However, we neglect mass loss from evaporation
at the shell–bubble interface, as this contribution is small com-
pared to the other terms. The Equation (15) specifies that the
cluster mass grows through star formation occurring both in the
core and in the shell, as discussed in Sections 2.3 and 2.4. Finally,
note that the cloud density (ρcl) is time-dependent, as described
in Section 2.2.

2.7. The energy equation

The thermal pressure in the hot bubble is

Pth = (γ − 1)
3Eth

4π(R3
sh − R3

rs)
, (18)

where γ = 5/3 is the ratio of specific heats, Eth is the thermal
energy and Rrs is the reverse shock position.

The reverse shock position (Rrs) is obtained by solving the
implicit equation resulting from the pressure equilibrium at the
reverse shock position

R2
rs = Fram(R3

sh − R3
rs)/(2Eth), (19)

where Fram is the ram pressure of the unshocked stellar wind.
The thermal energy is calculated as

dEth

dt
= Lw − 4πR2

shUPth − Qw, (20)

where

Qw = n2
H,w

(
ne,w

nH,w

)
Λ (Tsw,Z) , (21)

is the energy loss due to radiative cooling in the hot bubble. Here,
nH,w and ne,w are the ion and electron number densities, respec-
tively, and Tsw is the temperature in the hot bubble. The function
Λ denotes the collisional ionization equilibrium (CIE) cooling
function. We use the cooling table from Schure et al. (2009) to
obtain Λ(Tsw,Z) and the ratio ne,w/nH,w, uniformly scaled to the
metallicities adopted in our calculations.

Note, however, that neither the shocked-wind temperature
nor the density is uniform in the hot bubble. Hence, the energy
loss rates must be calculated numerically and we do so by using
our own numerical method that self-consistently estimates the
radiative cooling rate of the bubble interior (see also Rahner
et al. 2019). The approach follows the general framework of
Weaver et al. (1977), in which mass evaporation from the swept-
up shell feeds cooler gas into the hot interior, but we extend it
to include time-dependent stellar input. At each timestep, we
solve the coupled equations for the gas velocity and tempera-
ture in the region between Rrs and Rsh, including the effects of
heat conduction and gas cooling. The mass evaporation rate from
the shell, Ṁev, is obtained iteratively so that the integrated solu-
tion satisfies the required boundary conditions at both interfaces.
Once convergence is reached, the term n2Λ(T ) in the equations
(see Equation (A.2)) provides the total cooling rate Q that enters
Equation (20).

The implemented method naturally captures the transition
from the early adiabatic phase to the radiative regime, without
the need for ad hoc assumptions. Its performance was validated
against one-dimensional hydrodynamical simulations performed
with the FLASH code (Fryxell et al. 2000), adopting time-
dependent stellar inputs from the BoOST evolutionary tracks.
Both calculations yield consistent thermal energy evolution (see
Figs. A.1 and A.2). A full description of the governing equa-
tions, boundary conditions, and numerical procedure is given in
Appendix A.

2.8. Initial conditions and the selected parameter space

An initial stellar population (with mass Msc(tini) = 100 M⊙) is
assumed to be formed at the initial time tini. The initial gas mass
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Fig. 3. Time evolution of the shell radius (top left), shell mass (top right), stellar mass (bottom left), and thermal energy (bottom right) for the low
metallicity (IZw18) models, which were performed for three different values of ϵ f f (the first three models listed in Table 1). The colour map shows
the average initial gas number density of the clouds, n̄cl = 3Mgas,0/(4πµmHR3

cl,0).

Table 1. Simulation sets explored in this work.

Track / Metallicity ϵff

IZw18 (Z = 0.00021) 0.1
0.2
0.3

dwarfA (Z = 0.00105) 0.01
0.03

MW (Z = 0.0088) 0.01
0.03

Notes. The metallicity tracks are taken from Szécsi et al. (2022). The
corresponding star formation efficiencies per free-fall time, ϵff , are listed
for each case. All simulations span the ranges 5.2 ≤ log[Mgas,0(M⊙)] ≤
6.5 and 14 ≤ Rcl,0 (pc) ≤ 31.

(Mgas,0), radius (Rcl,0) and metallicity are the input parameters. It
is assumed that Rc,0 = 0.2 Rcl,0 in all our calculations. The core
gas density ρc is calculated by integrating the density distribu-
tion. The shell is assumed to be located1 at r0 = 0.5 pc at tini.
The initial shell mass Msh(tini) is the swept-up gas cloud up to
r0. The initial shell velocity is assumed to be U = 0 and we set
the initial time to tini = 104 yr, in order to use the adiabatic self-
similar solution by Weaver et al. (1977) to set the initial value of
the thermal energy. For each choice of metallicity and ϵff given
in Table 1, we perform approximately 103 simulations for vary-
ing values of Mgas,0 and Rcl,0 within 5.2 ≤ log[Mgas,0(M⊙)] ≤ 6.5
and 14 ≤ Rcl,0(pc) ≤ 31, respectively.

3. Results

Fig. 3 presents the bubble evolution for a subset of the mod-
els for the lowest-metallicity case (see Appendix E for the full
results for all cases listed in Table 1), and the three values of ϵff
considered for this case (the first three entries in Table 1). The

1 See Appendix B for a discussion on why we selected these values as
initial conditions.

shell radius (top left), shell mass (top right), stellar mass (bottom
left) and thermal energy (bottom right) are shown for each one
of the models, and the colour bar presents the average number
density of the initial cloud, n̄cl = 3Mgas,0/(4πR3

cl,0). The calcula-
tions are always stopped either at shell collapse or when the shell
has reached the outer boundary of the collapsing cloud. Note that
the star formation time-scale for this case ranges from 0.5 to ∼5
Myr, with final stellar masses ranging from 103 to 106 M⊙. The
most massive clusters form in the densest clouds (bottom-left
panel). This results from the higher core (Equation (3)) and shell
(Equation (5)) star formation rates (SFRs) that dense environ-
ments produce. The higher stellar masses (Msc) in these cases
also provide a stronger supply of mechanical power, leading to
correspondingly higher thermal energies (bottom-right panel of
Fig. 3).

As the evolution of Rsh shows (top left panel in Fig. 3), there
are three different types of solutions for this metallicity case.
First, models in which the feedback is unable to lift the shell,
leading to its rapid infall on short timescales (∼0.5–2 Myr).
This regime occurs in the densest clouds of our parameter space,
where the feedback cannot overcome the high ram pressure of the
collapsing cloud and the enhanced radiative cooling within the
more confined bubble. As a result, the shell ultimately collapses.
We do not analyse this regime in detail here, as it will be the
focus of a forthcoming study. Nevertheless, it represents a par-
ticularly interesting case, since such clouds are expected to have
multiple episodes of star formation. This behaviour may be rel-
evant, for example, to the formation of globular clusters, where
multiple, chemically distinct stellar populations are commonly
observed.

The second type of solution corresponds to models in which
stellar feedback efficiently clears the surrounding gas, thereby
quenching further star formation. In these cases, star formation
stops rapidly, and the integrated star formation efficiency of the
cloud remains low. This solution is characteristic of the lowest-
density clouds in the models shown in Fig. 3, but it also becomes
the dominant outcome in higher-metallicity environments, where
feedback is more effective (see the discussion in Section 4.2.1).

Finally, the third type of solution corresponds to models in
which the expanding shells stall and reach a quasi-stationary
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Fig. 4. Model evolution for a case with log[Mgas,0(M⊙)] = 6.3, Rcl =
25.7 pc, ϵff = 0.3, and for the IZw18 metallicity. First plot from top to
bottom: shell radius (left y-axis), shell velocity (right y-axis). Second:
shell mass (Msh), stellar mass formed from core star formation (Msc,c),
and total stellar mass (Msc). Third: the outward force produced by the
thermal energy (U̇th, dashed) and the total inward forces (U̇in, solid).
Fourth, bottom right panel: mechanical power (solid) produced by the
stellar feedback and the cooling rate (dashed).

equilibrium position. These standing shell (StSh) models follow
the framework described by Tenorio-Tagle et al. (2003) and will
be discussed in more detail in the following sections.

4. The star formation factory

Fig. 4 presents the evolution of a single model of Fig. 3, with
input parameters log[Mgas,0(M⊙)] = 6.3, Rcl = 25.7 pc, ϵff = 0.3
and IZw18 metallicity. From top to bottom, the first panel shows
the shell radius and velocity, the second panel shows the shell
mass (Msh), stellar mass formed from core star formation (Msc,c),
and total stellar mass (Msc). The third panel presents the outward
acceleration produced by the thermal energy (U̇th) and the sum
of all the inward acceleration terms, U̇in. These are the positive
and negative terms appearing on the right-hand side of Equa-
tion (13), respectively. Finally, the fourth (bottom) panel presents
the evolving mechanical power and cooling rate, as indicated by
the legend.

The shell initially expands, but soon stalls (see the first
panel) due to the combined effects of the cloud ram pressure,
gravity, and the increasing cooling rate (third panel). Although
these inward forces would eventually cause the shell to collapse,
around 0.4 Myr (When the shell expansion velocity drops to
approximately 0 km s−1), it becomes gravitationally unstable. In
this limit (U → 0), Equation (6) reduces to ωp → πGΣsh/cs,
implying rapid growth of gravitational perturbations and subse-
quent fragmentation into stars (see Section 2.4). This onset is
marked by a slight decrease in shell mass and a corresponding
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Fig. 5. Same as Fig. 4, but for two cases with different cloud gas masses
and radii, as shown in the inset (ϵff = 0.3 in both cases). Upper panel:
time evolution of Lw (dashed lines) and Qw (solid lines). Bottom panel:
evolution of the shell radius with time for the same models, using the
same colour as in the top panel.

increase in stellar mass, as shown in the second panel. In addi-
tion, the onset of star formation in the shell is also noticeable as
the time when the total stellar mass (Msc) starts differing from
the mass formed from core star formation (Msc,c), as shown in
the second panel. Furthermore, note that by the end of the calcu-
lations, Msc is nearly two orders of magnitude larger than Msc,c,
thus showing that most of the star formation in our models occurs
at the fragmenting shell.

The newly formed stars inject energy back into the bubble,
causing a temporary re-expansion of the shell and inducing oscil-
lations before it settles into an equilibrium configuration. The
shell maintains a stationary position for a non-negligible period
of time (∼1.5 Myr for this case). Interestingly, as also noted
by Tenorio-Tagle et al. (2003), during this phase the shell mass
(solid line in the second panel) stays nearly constant while the
stellar mass continues to rise. This indicates that the wind-blown
bubble is continuously processing the collapsing cloud through
its outer shell, efficiently converting the accreted gas into stars.
Such a process leads to a highly efficient and compact mode of
star formation, which Tenorio-Tagle et al. (2003) referred to as
the Star Formation Factory, characterized by high star formation
efficiency and long-term cluster survivability (see the discussion
in Section 4.1).

There are differences among the various StSh solutions.
To illustrate this, Fig. 5 shows two additional models from
Fig. 3, with different initial cloud properties. The upper panel
presents the mechanical power (Lw, dashed) and the cooling rate
(Qw, solid) while the bottom panel shows Rsh (with the same
colours as in the upper panel). Note that the duration of the
StSh phase differs among these models. In order to understand
the differences, we performed a stability analysis of the system
of equations (Section 2) governing the bubble evolution (see
Appendix C) and we demonstrate that a StSh solution is stable
as long as

1
τ

∫ t0+τ

t0
[Lw(t′) − Qw(t′)] dt′ → 0, (22)
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Fig. 6. Standing shell models for the IZw18 metallicity, plotted in the parameter space of the initial cloud radius and mass, with the subplots
showing the different values of ϵff adopted for the calculations. Each model is colour-coded with the duration of the StSh phase, ∆tStSh (see the
colour bar).

where t0 is the onset of the equilibrium state and τ is the non-
negligible duration of this phase. In other words, the standing
solution is stable if the cooling rate in the hot bubble approaches
the mechanical power. We verified numerically that, in the sim-
ulations, the average cooling rate approaches the mechanical
power during these StSh phases. Note how the times when Lw
decouples from Qw in the top panel of Fig. 5 correspond to the
instants when the shell starts expanding again (bottom panel). In
physical terms, once the shell enters a StSh phase, it remains in
that state until it can gain additional energy.

The reason why one of the models shown in Fig. 5 satisfies
the condition given by Equation (22) for a longer period than the
other, lies in the cloud gas density. Indeed, in low density clouds
the shell expands faster leading to a more rarefied bubble inte-
rior and thus to lower values of Qw. On the contrary, the higher
cooling rate induced by the more compact structure, can keep up
with the increasing values of Lw for a longer time-scale. Never-
theless, in all cases of the IZw18 metallicity, the StSh phase lasts
only up to the onset of supernovae (∼2.5 Myr), since after that
time all models explode given the power boost provided by the
supernovae.

It is also important to understand whether the existence of
standing-shell (StSh) solutions is an artefact of our adopted star
formation prescription, particularly the implementation of star
formation within the shell. As discussed in Appendix D, this
evolutionary feature occurs for different star formation prescrip-
tions. In particular, we demonstrate that StSh solutions appear
even in models that assume purely continuous star formation
in the core, without any contribution from shell star formation.
Instead, we argue that this type of solution can arise commonly
in star-forming collapsing gas clouds.

4.1. Global properties of standing shell models

Fig. 6 presents all the StSh models found for the IZw18 case
in the parameter space of the initial cloud properties (mass and
radius), with the subplots showing the different values of ϵff
adopted for the calculations. Each model is coloured according
to the duration of the StSh phase, ∆tStSh (shown in the colour
bar). The StSh models define an area of the parameter space,
with collapsing models located below this area and continuously
expanding shells (i.e. efficient feedback) located in the upper part
of the parameter space (as shown by the inset labels on the left
panel). Note that the StSh models shift towards the lower-right
region of the plot (denser clouds) as ϵff increases. This is due
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Fig. 7. Final stellar mass (Msc,final) obtained for IZw18 StSh models, as a
function of the original cloud mass, Mgas,0. We plot with different sym-
bols the three values of ϵff for these calculations (as indicated by the
inset legend). Each model colour shows the initial cloud radius, Rcl,0,
as shown by the colour bar. Finally, the dashed lines present three dif-
ferent values (as shown in the figure) of the integrated star formation
efficiency, i.e. ϵint = Msc,final/Mgas,0.

to the fact that increasing the value of the star formation per
free-fall time implies a higher stellar feedback from early on in
the evolution of the bubbles, thus increasing the effectiveness of
feedback on clearing the remaining gas cloud. Note that in the
collapsing region of the parameter space, more than one episode
of star formation might be expected. For the ϵff = 0.1 case, close
to the observed values and to other numerical calculations (e.g.
Dib et al. 2011; Polzin et al. 2024), a large fraction of the parame-
ter space is either StSh or collapsing, thus suggesting that in low
metallicity collapsing clouds, star formation might be complex
given the delayed effects of stellar feedback. Furthermore, the
StSh stage time-scale is longer for denser models, in agreement
with the discussion in Section 4.

Fig. E.4 shows that in the StSh models, star formation in the
shell is the main contributor to the growth of stellar mass (for
approximately two orders of magnitude compared to core star
formation). Fig. 7 shows the final, total stellar mass (Msc,final)
obtained for the IZw18 StSh models, as a function of the origi-
nal cloud mass, Mgas,0, for the three values of ϵff considered for
this metallicity (as indicated by the inset legend). Each model
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Fig. 8. Same as Fig. 6 but for the dwarfA metallicity case and where
both values of ϵff are plotted together (see the figure legend).

colour shows the initial cloud radius, Rcl,0 as shown by the
colour bar. Finally, the dashed lines indicate three different val-
ues (as shown in the figure) of the integrated star formation
efficiency, ϵint = Msc,final/Mgas,0, i.e. the total fraction of the orig-
inal cloud that was transformed into stars by the end of the
calculation. Note that, with the exception of low-mass models
(Mgas,0 ≲ 4 × 105 M⊙), all standing shell models produce similar
final stellar masses, with the ϵint in the range 0.5–0.9 for models
with Mgas,0 ≳ 106 M⊙. Thus, the Star Formation Factory indeed
manages to produce stars very efficiently.

4.2. On the impact of cloud metallicity

The complete results for the dwarfA and MW metallicity cases
(see Table 1) are presented in Appendix E. In this section, we
first analyse the most important features of each metallicity case,
followed by a discussion of the physical mechanisms underlying
the differences observed between metallicities.

4.2.1. MW metallicity

We did not find any StSh model for the MW metallicity (as
shown in Fig. E.2) for any of the two cases of the star forma-
tion efficiency per free-fall time that were considered for these
calculations (ϵff = 0.01, 0.03). Star formation in these models
occurs mostly between 1 and 2 Myr and the thermal energies
lie in the range Eth ∼ 1051−1053 erg. Stellar feedback is enough
to produce continuously expanding bubbles, and unrealistically
low values of ϵff would have to be considered to find StSh models
for this case. The final, integrated star-formation efficiencies are
very small, with an average of ¯ϵint ∼ 0.2, but this is because we
are considering massive and compact clouds. The average ranges
between ¯ϵint ∼ 0.016−0.06 for models with Mgas,0 ≲ 6× 105 M⊙,
which is very close to the observed values in the MW and nearby
local, star-forming galaxies.

4.2.2. dwarfA metallicity

Fig. E.3 presents the calculations for the dwarfA metallicity.
There are StSh models for this case. Star formation lasts up to
4 Myr, which is the longest time-scale for the three metallici-
ties considered here, and also note that some of the StSh models
collapse after 3–4 Myr of evolution. The stronger feedback in
the dwarfA metallicity models results in StSh solutions being
reached only for denser clouds compared to those in the IZw18
calculations. Figure 8 shows the same figure as Figure 6, but
for the dwarfA metallicity and for both values of ϵff (see also
Table 1). The dwarfA StSh models occupy roughly the same
region of parameter space as the IZw18 StSh models, particularly
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Fig. 9. Phase space diagram, showing the emission-weighted density
(⟨ρhot⟩) and temperature (⟨Thot⟩) in the hot bubble. The size of the mark-
ers represents the feedback efficiency, defined here as ηfeed = Lw/Qw,
and the colourbar shows the time. The upper, middle and bottom panel
present IZW18, dwarfA and MW metallicity simulations of the same
cloud with initial properties: log(Mgas,0[M⊙]) = 6.23, Rcl,0[pc] = 25.7,
and ϵff = 0.3. See the text for a full discussion on how these quantities
were estimated.

those in the right panel of Figure 6 with ϵff = 0.3. However, the
IZw18 models were computed using significantly larger ϵff val-
ues. In contrast, the dwarfA simulations adopt ϵff = 0.01–0.03;
if higher efficiencies similar to those of IZw18 were used, the
dwarfA StSh models would shift towards the lower-right region
of the diagram, moving outside the range of the parameter space
explored here. Finally, although with a larger scatter (ϵint ∼

0.3−0.9) than in Fig. 7, the final, integrated star formation effi-
ciencies for dwarfA StSh are also large, with most models having
ϵint ∼ 0.5−0.9.

4.2.3. The physics behind the metallicity differences

The results discussed in the previous sections show, perhaps
counterintuitively, that within massive, collapsing gas clouds,
lower metallicity leads to longer star formation timescales and
higher star formation efficiencies, even though cooling rates
increase with metallicity. Indeed, one might expect that reduced
cooling at low metallicity would enhance the impact of stel-
lar feedback and therefore yield lower values of ϵint in such
environments.

In order to understand our results, Fig. 9 shows a phase-space
diagram of three cases. Each panel presents a model calculated
with each one of the metallicities considered for this work
(see the figure legends), and the remaining initial cloud prop-
erties are the same for the three panels: log(Mgas,0[M⊙]) = 6.23,

A100, page 9 of 20



Jiménez, S., et al.: A&A, 709, A100 (2026)

Rcl,0[pc] = 25.7, and ϵff = 0.3. For this particular cloud, a StSh
phase is observed only in the IZw18 model, with onset and end-
ing times shown in the figure (upper panel). The figure shows the
emission-weighted average gas density and temperature (⟨Thot⟩)
in the hot bubble

⟨Thot⟩ =

∫
QbTdV∫
QbdV

, (23)

⟨ρhot⟩ =

∫
QbρdV∫
QbdV

, (24)

where Qb is the cooling rate as a function of radius. Note, for
instance, that for a given time, the total cooling rate in the bubble
that enters Equation (20) is Qw =

∫
QbdV. The expressions (23)

and (24) are calculated on-the-fly during the calculations for each
time. In addition, before plotting the results we applied a moving
average with a window size of 10 data points. The marker sizes
in the figure indicate the value of the feedback efficiency, defined
as (e.g. El-Badry et al. 2019; Lancaster et al. 2025b)

θ = Qw/Lw, (25)

as shown in the bottom panel legend.
In the low metallicity calculation (upper panel), the bubble

starts to cool, and around ∼1 Myr, the increasing star formation
rate due to the shell fragmentation, injects more energy and mass
into the bubble, thus driving the increase of ⟨Thot⟩. Although
mass evaporation from the cold shell into the hot bubble con-
tributes to an increase in the mean inner density, ⟨ρhot⟩, the
reduced cooling in such a low-metallicity environment and the
growing stellar mass, hinder the drop of the inner temperature.
The marker sizes during the StSh phase indicate that Lw ∼ Qw at
this stage (as discussed in the previous sections). Subsequently,
once supernovae begin to explode, Lw exceeds Qw, disrupting the
previously established balance and driving a rapid, final expan-
sion of the shell. This expansion results in a decrease of the inner
density, evident in the figure as the final motion towards the left.

On the other hand, note that for larger metallicities (middle
and bottom panels in Fig. 9), the feedback efficiency is always
θ < 1, i.e. the energy injection rate is always larger than the cool-
ing rate for these cases. Hence, even though Qw reaches larger
absolute values at higher metallicity, the corresponding increase
in the energy input rate surpasses Qw throughout the entire evo-
lution, resulting in a continuously expanding bubble. In these
cases, the density within the bubble remains low given the con-
tinuous bubble expansion, further sustaining the cycle of weak
cooling.

5. Discussion

5.1. Model limitations

The one-dimensional nature of the present study inevitably
implies certain limitations. In particular, our calculations can-
not capture three-dimensional processes such as turbulence,
Rayleigh–Taylor and Kelvin–Helmholtz instabilities, or the
development of asymmetric structures, which are intrinsic to
the dynamics of collapsing clouds. Indeed, observed molec-
ular clouds exhibit complex morphologies, including fila-
ments, clumps, and over-dense regions (e.g. Evans et al. 2022;
Posch et al. 2025; Zamora-Avilés et al. 2025). These struc-
tural features are fundamental in shaping star formation (e.g.

Großschedl et al. 2026) and in determining how stellar feedback
couples to the surrounding gas (e.g. Dinnbier & Walch 2020;
Lau & Bonnell 2025). Consequently, the resulting star formation
efficiency in three-dimensional simulations may differ from that
obtained in our simplified framework.

Our setup does not include turbulent mixing in the con-
tact discontinuity, which is important on the calculation of the
cooling rate (e.g. El-Badry et al. 2019; Lancaster et al. 2024,
2025b,a). However, the model setup presented in this work
includes a detailed calculation of the cooling rate in the hot
bubble, including at the interface between the hot gas and the
shell, which is important to determine the dynamical evolution
of feedback-driven bubbles. Our method self-consistently esti-
mates the mass evaporation rate from the cold shell into the hot
bubble, taking into account radiative losses. This has been shown
to change by a factor of ∼3−30, the evaporation rates obtained by
Weaver et al. (1977) in their analytical approximation (El-Badry
et al. 2019). In addition, the thermal evolution in our models have
been shown to be in good agreement with the results of full hydro
simulations.

In this work, radiation pressure is not modelled explicitly.
While it can influence star formation efficiency and poten-
tially affect the resulting stellar initial mass function (IMF) (e.g.
Matzner 2024; Chon et al. 2024), previous studies suggest that
its impact is most pronounced at very early evolutionary stages
(≲1 Myr) or under conditions where the cluster’s effective wind
power is substantially reduced. In particular, Martínez-González
et al. (2014) found that radiation pressure primarily changes the
shell structure under these circumstances and tends to dominate
only in very dense environments.

Consistent with our focus on mechanical feedback, we
adopted a fixed shell sound speed of cs = 1 km s−1, appropri-
ate for neutral gas. If the shell were significantly ionized, the
higher sound speed would modify its fragmentation properties
(see Equations (6)–(7)) and could delay or regulate shell star for-
mation. However, predicting the net effect of varying values of cs
would require a fully self-consistent modelling, as delayed frag-
mentation may simultaneously enhance the relative importance
of gravity during the evolution. A more comprehensive model
including radiation feedback would naturally account for spatial
variations in the sound speed across ionized and neutral regions
of the shell (which in many cases dominates the shell mass) (e.g.
Martínez-González et al. 2014; Kourniotis et al. 2023).

However, since our parameter space focuses on later stages
and physical regimes where wind-driven feedback is expected to
dominate, the omission of radiation pressure is not expected to
qualitatively affect our main conclusions. Nonetheless, incorpo-
rating radiation pressure effects represents an important exten-
sion for future developments of the model.

It is worth noting that models exhibiting prolonged star for-
mation (e.g. the standing shell models) and consequently higher
efficiencies in our one-dimensional framework may correspond,
in three dimensions, to cases where stellar feedback is also rela-
tively inefficient. This could arise from higher radiative cooling
and the escape of feedback energy through low-density channels.
The conditions under which our models have standing phases
and thus high star formation efficiency, namely high densities
and low metallicities, are also expected at high redshift, where
massive galaxies are believed to have formed rapidly and with
high star formation efficiencies (e.g. Dekel et al. 2009, 2025;
Somerville et al. 2025).

Despite these limitations, the presented one-dimensional
calculations incorporate many of the key physical ingredients
governing cloud evolution and star formation. It follows the

A100, page 10 of 20



Jiménez, S., et al.: A&A, 709, A100 (2026)

102 103

log[ gas (M  pc 2)]

10 1

100

in
t

IZw18 StSh

MW
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initial gas cloud surface density, Σgas, for all the MW and the standing
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respectively.

gravitational collapse of a gas cloud, includes time-dependent
stellar winds and supernova feedback, and accounts for grav-
itational instabilities and subsequent star formation within the
swept-up shell. Moreover, the model includes a detailed cal-
culation of gas cooling within the hot bubble, including the
contribution from mass evaporation from the cold shell into the
hot interior. These ingredients together allowed us to explore the
interplay between cloud collapse, feedback, and the efficiency
of star formation for a large set of models covering two orders of
magnitude in metallicity.

5.2. Comparison to other works

Although a direct comparison with other studies is difficult due
to differences in physical assumptions and numerical imple-
mentations, several works on massive and compact star cluster
formation are particularly relevant. Kourniotis et al. (2023) mod-
elled star cluster formation in collapsing gas clouds using one-
dimensional FLASH simulations that included gas self-gravity
and time-dependent stellar feedback from winds and radiation.
Star formation was implemented self-consistently, occurring
only when specific physical criteria were met.

While a detailed comparison is difficult, since their models
did not include supernova feedback or shell fragmentation and
we did not include radiation feedback, note that some of their
simulations exhibit standing shell phases, suggesting that the
StSH solution may be intrinsic to collapsing gas clouds. They
also found that star formation efficiency correlates with cloud
density. In our work, the efficiency correlates more strongly
with surface gas density (see Fig. 10); however, Kourniotis
et al. (2023) also obtained high efficiencies for dense clouds,
consistent with our results.

Polak et al. (2024) recently performed multi-physics simu-
lations of star cluster formation by using the Torch framework.
They studied three massive, turbulent, star-forming clouds (M =
104, 105, and 106 M⊙) for a single cloud radius (R = 11.7 pc).
They assumed MW metallicity and found high integrated star
formation efficiencies in their calculations (ϵint = 0.36, 0.65 and
0.85, respectively). They also argue that the integrated star for-
mation efficiency depends mainly on the gas surface density.
Fig. 10 presents ϵint as a function of Σgas for all of our MW
and the standing shell IZw18 models, as indicated by the inset
labels. Note that our models indeed show a strong correlation
between these variables, in agreement with the findings by Polak
et al. (2024). However, our star formation efficiencies are a bit
smaller than theirs, which is perhaps in better agreement with

observations, such as in the case of MW clouds, where star for-
mation efficiencies are ϵint ≲ 0.3 (e.g. Lada & Lada 2003; Evans
et al. 2009; Peters et al. 2011).

Grudić et al. (2018) also found that the integrated star forma-
tion efficiency, ϵint, correlates most strongly with the gas surface
density. Although their simulations included more physical pro-
cesses than ours, our results are in good agreement, particularly
for dense clouds. For example, at Σgas ∼ 103M⊙ pc−2, our MW
models produce ϵint values in the range 0.19–0.25, consistent
with the ϵint = 0.24 obtained from the fit that Grudić et al.
(2018) made to their results. For our densest model, with Σgas ∼

6.5 × 103M⊙ pc−2, we find ϵint = 0.69, compared to their slightly
lower value of ϵint = 0.58. This might be due to the increased
importance of radiation pressure at higher densities, which is not
included in our modelling. In contrast, for lower-density clouds
(Σgas ≲ 7 × 102M⊙ pc−2), our results align more closely with
those of Hopkins et al. (2011) than with Grudić et al. (2018).
Kim et al. (2018) presented simulations including the effects
of photo-ionization and radiation pressure. They also found a
strong correlation between Σgas and ϵint. However, we obtained
slightly smaller values of the integrated star formation efficiency.
For instance, for Σgas ∼ 103M⊙ pc−2 our obtained values for ϵint
(0.19–0.25) are smaller than the values obtained by Kim et al.
(2018) (ϵint ∼ 0.45−0.55).

In addition to these studies, several other works have
addressed this issue from different approaches (e.g. Colín et al.
2013; Kim et al. 2018; Chevance et al. 2020b; Kimm et al. 2022;
Fujii et al. 2024; Deng et al. 2025). The results obtained from
these works depend both on the simulations setup and on the
included physics. Indeed, in addition to the prescription for feed-
back and the included mechanisms, the initial conditions for
the cloud could also impact the obtained integrated results. For
instance, clouds with a power-law density profile (as assumed in
this work) might be easier to disrupt (Murray et al. 2010) than
uniform density clouds (as assumed by Grudić et al. 2018 and
Kim et al. 2018) . Simulations including only radiation feed-
back seem to produce slightly larger ϵint for dense clouds (e.g.
Fukushima & Yajima 2021; Menon et al. 2023). However, all of
these works coincide on establishing the surface density as the
main parameter setting the integrated star formation efficiency
in massive star-forming gas clouds (e.g. Deng et al. 2025).

5.3. Observations and low-metallicity environments

There is evidence for the presence of massive star-forming
regions in the local Universe. Examples include the starburst
galaxies NGC 5253 (e.g. Turner et al. 2015), NGC 253 (e.g.
Leroy et al. 2018; Rico-Villas et al. 2020), and NGC 4945
(e.g. Emig et al. 2020), where star clusters with masses of
104–106 M⊙ are currently forming with high star formation
efficiencies. Within our own Galaxy, massive cluster formation
is also observed, for instance, in the well-studied W43 giant
molecular cloud (GMC), which hosts a forming cluster of mass
≳5 × 104 M⊙ embedded in a gas reservoir of ∼106 M⊙ within a
compact region of ≲60 pc (e.g. Galván-Madrid et al. 2013; Lin
et al. 2016).

Massive star formation is also prevalent in interacting galax-
ies, such as the Antennae Galaxies (e.g. Whitmore et al. 2014),
where giant molecular clouds are found to coincide with sites of
recent and intense star formation (e.g. Wei et al. 2012). A partic-
ularly and well studied case is the Firecracker cloud, a compact
(R ∼ 20 pc) and massive (M ∼ (1–9) × 106 M⊙) star-forming
region (Finn et al. 2019) that appears to still be collapsing while
actively forming new stars (Polak et al. 2024). Altogether, these
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examples demonstrate that very massive, compact, and efficient
star formation sites can indeed arise in diverse galactic envi-
ronments, consistent with the physical conditions and results
explored in our models.

In low-metallicity environments, our results indicate that
stellar feedback is substantially weaker, leading to higher star
formation efficiencies. As illustrated in Fig. 10, the StSh models
corresponding to our IZw18–like metallicity calculations exhibit
significantly larger ϵint values compared to the MW models at
the same Σgas. As discussed in Section 4.1, denser models tend
to develop collapsing shells, suggesting that multiple episodes of
star formation may occur in these conditions.

At high redshift, low-metallicity environments are expected
to host massive star-forming clouds (e.g. Tacconi et al. 2020;
Kruijssen 2026), where feedback suppression has also been
predicted (e.g. Dekel et al. 2023; Li et al. 2024). Recent
JWST observations have begun to reveal numerous compact
and massive star-forming regions at high redshift (e.g. Harris
& Reina-Campos 2023; Reina-Campos & Harris 2024), with
evidence pointing towards reduced feedback efficiency in such
environments (e.g. Jecmen & Oey 2023; Pascale et al. 2023;
Pascale & Dai 2024). These observational trends are consis-
tent with our findings that decreasing metallicity leads to longer
evolutionary timescales and higher star formation efficiencies.
Such behaviour may be important to understand the physical
conditions under which globular clusters formed in the early
Universe.

6. Summary and conclusions

Our aim in this work was to investigate the impact of stellar
winds and supernova feedback on the star formation in col-
lapsing gas clouds. To this end, we modelled the evolution of
feedback-driven bubbles that are formed by the star-forming
clusters within clouds of different masses, radii and metallici-
ties. We have developed a one-dimensional code that performs
calculations including important physical processes, such as
the time-dependent feedback parameters (mass injections and
mechanical power), star formation, gravity, cloud collapse, shell
gravitational instabilities and triggered star formation, as well
as radiative cooling in the hot bubble. The cooling term also
accounts for the heat transfer between the cold and hot inter-
faces in the contact discontinuity. Our numerical setup was tested
against hydrodynamical simulations performed with the FLASH
code, showing good agreement while being much faster. Using
this setup, we have performed an extensive exploration of the
parameter space covering a broad range of the initial cloud
masses, radii and metallicities. We list our main conclusions as:
1. Star formation in high metallicity (MW-like) clouds occurs

during short timescales (∼1−2 Myr) and the final star for-
mation efficiency, defined as the fraction of the original
cloud transformed into stars, ranges between 0.016−0.06 for
models with masses ≲5 × 106 M⊙ and up to 0.2 for more
massive clouds. Hence, stellar feedback is efficient in clear-
ing the collapsing gas cloud in a continuously expanding
wind-blown bubble.

2. For lower metallicities, we observed two additional regimes.
Indeed, in addition to the efficient feedback regime (as for
MW metallicities), we found for low metallicity clouds, that
models can also collapse or enter a standing-shell phase.

3. The collapsing models are found for the densest clouds in our
studied parameter space. This occurs because the insufficient
feedback cannot withstand the several opposing processes,
namely, gravity, ram pressure of the collapsing cloud and
radiative cooling in the bubble interior. Such collapsing

models, although here not studied in detail, may lead to sev-
eral episodes of star formation and hence to star clusters
hosting multiple generations of stars (Rahner et al. 2018).

4. The third regime found in our calculations, is the standing
shell solution. In this case, the shell evolves in such a way
that it reaches pressure balance between the outward force
created by the thermal energy and the inward forces. Dur-
ing this stage, the shell is gravitationally unstable, thus it
fragments and forms stars that contribute to the feedback
budget. Our models show that, if the shell reaches a stand-
ing position, the shell mass is approximately constant while
the cloud is being accreted onto the shell. This means that
the feedback-driven shell efficiently converts gas out of the
collapsing cloud, thus leading to a massive, efficient, and
compact mode of star formation.

5. In particular, standing solutions are commonly found for
the lowest metallicities, with a significant portion of the
parameter space displaying this solution. For the intermedi-
ate metallicities, the occurrence of this phase is only possible
for the densest models for the adopted values of the star for-
mation per free-fall time, those with initial cloud masses and
radii in the range log[Mgas,0(M⊙)] ∼ 6.0−6.5, and Rcl,0 ∼

15−20 pc, respectively. Furthermore, we showed that this
star formation mode leads to high final star formation effi-
ciencies, with values in the range 0.5−0.9.

6. We find that the decrease in mechanical power with metal-
licity has a stronger effect than the associated reduction in
cooling efficiency, leading to more prolonged and efficient
star formation in low-metallicity environments.

Despite the simplifications inherent in our one-dimensional
model, our results highlight the important role of metallicity in
regulating the evolution and ultimate outcome of star formation
in collapsing massive gas clouds.
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Appendix A: The calculation of gas cooling in the
hot wind bubble

The cooling rate in the hot wind bubble (Q in Equation 20) is
estimated following Weaver et al. (1977). Indeed, for each time
step (t), the radial velocity and temperature profiles within the
hot bubble, specifically in the region between the reverse shock
(Rrs) and the outer shell radius (Rsh), Rrs ≤ x ≤ Rsh, are the
solution to the equations

1
x2

∂

∂x

(
x2v

)
−

(
v −
αx
t

) 1
T
∂T
∂x
=
β + δ

t
, (A.1)

1
Pthx2

∂

∂x

(
CT 5/2x2 ∂T

∂x

)
−

5
2

(
v −
αx
t

) 1
T
∂T
∂x

−
n2Λ

Pth
=
β + 2.5δ

t
, (A.2)

where v, n and T are the flow velocity, number density and tem-
perature, C = 6 × 10−7 erg s−1 cm−1 K−7/2 is the coefficient of
thermal conductivity (El-Badry et al. 2019),

α =
d ln Rsh

d ln t
, (A.3)

β = −
d ln Pth

d ln t
, (A.4)

and

δ =
d ln T
d ln t

. (A.5)

Here we describe the method developed to estimate the cool-
ing rate in the hot bubble. Equations A.1–A.2 are integrated
numerically at every time step, to find the velocity and temper-
ature profiles within the hot wind bubble, i.e. for Rrs ≤ x ≤ Rsh.
The thermal pressure is assumed uniform in the interior and the
integration starts from a position near the outer radius and is per-
formed backwards up to the position of the reverse shock. The
boundary conditions are:

lim
x→Rsh

T = 0, (A.6)

lim
x→Rsh

v = U, (A.7)

and

lim
r→0
v = 0. (A.8)

The mass evaporation from the shell into the bubble is related to
the boundary conditions by

dMb

dt
= lim

x→Rsh
4πx2 µPth

k
αRsh/t − v

T
. (A.9)

However, the final solution must be found by iteration. Indeed,
the method described by Weaver et al. (1977) is to iterate the cal-
culation with varying values of dMb/dt, until the velocity found
by numerical integration satisfies the third boundary condition
(Equation A.8). Hence, for every time step, the iteration starts
with the initial value of the mass evaporation

dMb

dt
∼

7µr3

tkB

( tC
r2

)2/7

P5/7
th , (A.10)

which is the analytical adiabatic solution, and then this quan-
tity is iterated until the boundary conditions are satisfied. For
each value of dMb/dt, the initial conditions for the differential
equations are

T =
25

4
kB

µC
dMb/dt
4πR2

sh

2/5

(Rsh − x)2/5 , (A.11)

∂T
∂x
= −

2
5

T
Rsh − x

, (A.12)

and

v =
αr
t
−

dMb/dt
4πR2

sh

kBT
µPth
. (A.13)

To carry out the iteration and find the best value of dMb/dt that
satisfies all the boundary conditions, we have implemented a
binary search algorithm. Furthermore, we have used this calcula-
tion to determine the cooling rate (Q) for the entire bubble region
at each time step, since the term n2Λ is calculated when solving
the equations (see Equation A.2).

In order to test our code, we performed a calculation of
the bubble evolution produced by a single massive star, which
expands into a uniform medium with number density n0 = 100
cm−3. The time evolution of the star’s mechanical power and
mass injection rate are taken from the BoOST stellar tracks
(Szécsi et al. 2022). This calculation is compared to a simula-
tion performed with the FLASH hydro code (Fryxell et al. 2000).
The hydrodynamic equations were solved using a modified ver-
sion of the piecewise parabolic method (Colella & Woodward
1984). We used the same cooling function by Schure et al. (2009)
and the same prescription for thermal conduction as described
above. The diffusion equation was solved using an implicit back-
ward Euler scheme. We disabled radiative cooling for the initial
50 kyr of the simulation to prevent unphysical cooling before the
bubble’s structure developed. We implemented the stellar wind
by inserting mass and thermal energy into a 9-cell radius sphere
at the centre following the generalized Schuster profile (Ninkovic
1998). The simulation was performed using a one-dimensional,
spherically symmetric grid of 16384 cells spanning 45 pc, with
reflect boundary conditions at r = 0 and diode boundary con-
ditions at the outer edge. Despite the high resolution, the con-
tact discontinuity was not fully resolved. Thermal conduction
smooths out discontinuities in temperature into steep gradients.
At the contact discontinuity, the temperature crosses the peak of
the cooling function. Being time-step limited, we were not able
to fully resolve this cooling feature. Consequently, there is mod-
erate overcooling, resulting in a bubble with less thermal energy
and mass but a larger radius than the correct result.

Fig. A.1 presents the results. The top panel shows the time
evolution of the thermal energy, both for our method and for the
FLASH simulation (see the legend). This figure shows that our
method produces an evolution of Eth that is consistent with the
values obtained from the full hydro simulation, the two results
agree considerably well during the entire evolution of the model.
The small differences in both calculations are probably due to
their different initial conditions. The middle row presents the
star’s mechanical energy injection rate as given by the BoOST
stellar tracks Szécsi et al. (2022), and the cooling rate produced
by our calculation. Note that, as expected, the bubble makes a
transition from the early adiabatic stage to the radiative evolu-
tion, and only around ∼ 2 Myr, the cooling rate is large enough
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to produce a drop in the thermal energy. The bottom row shows
a comparison from the power-law index of the thermal energy
evolution, ξ = d log Eth/d log t, for both calculations. This also
confirms that both calculations lead to similar evolution for Eth.
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Fig. A.1. Top panel: the thermal energy evolution of the wind-blown
bubble driven by the feedback of a single massive star. The different
curves present our results and those from a FLASH simulation per-
formed with a refinement level 12 (see the legend). Middle panel: the
star’s mechanical power injection rate as a function of time as given by
the BoOST stellar tracks Szécsi et al. (2022), and the cooling rate cal-
culated by our approach. Bottom panel: a comparison between ours and
the FLASH results for the power-law index of the thermal energy evo-
lution ξ = d log Eth/d log t. See the text for a discussion.

Fig. A.2 presents the same as the top panel in Fig. A.1, but
for additional values of the ambient gas density (as indicated
by the legend). This figure indicates that our numerical method
manages to reproduce FLASH simulations even in high density
media, which is important given the large range of densities of
the star-forming gas clouds considered in this work.

Appendix B: The initial conditions for our
calculations

As stated in section 2.1, our calculations assume that the outer
shell of swept-up material has already cooled down and thus
remains thin compared to the shell radius. In addition, our mod-
els assume the same initial position of the shell, r0 = 0.5 pc, for
all models. In reality, the radius and time at which a thin shell
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Fig. A.2. The thermal energy as a function of time for FLASH (dashed)
and this work (solid) calculations for different values of the ambient gas
density (as shown in the legend). The remaining parameters and initial
conditions from the calculations are the same as in Fig. A.1.

forms are expected to depend on the physical properties of the
cloud (e.g. Koo & McKee 1992a,b; Lancaster et al. 2025b).

We nevertheless adopted a fixed initial radius because, in our
setup (see Section 2.6), models initialized with slightly different
shell positions rapidly converge to the same evolutionary track.
Fig. B.1 illustrates this feature for the same model presented in
Fig. 4 (section 4). The figure presents the early evolution of the
shell radius (top panel) and velocity (bottom panel) for three dif-
ferent values of the starting position of the shell: r0 = 0.2, 0.5 and
0.8 pc. The remaining input parameters are the same. By t ∼ 0.4
Myr, all models converge to an indistinguishable solution. All
other model variables show the same convergence behaviour,
and the subsequent evolution is insensitive to the choice of the
initial shell position.

For this reason, we decided to set r0 = 0.5 pc as fiducial
initial condition for all models, while explicitly acknowledging
that the thin-shell formation radius and time is not universal and
varies with cloud properties in more realistic simulation setups.
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Fig. B.1. Early evolution (shell radius and velocity in the upper and
bottom panels, respectively) of the same model presented in section 4
(see Fig. 4), but for three different initial values of the shell position,
r0 = 0.2, 0.5 and 0.8 pc.
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Appendix C: The star formation factory: existence
of standing solutions

Appendix C.1: On the stability of the StSh models

We now investigate the stability of StSh models, i.e. assuming
a standing solution (U = 0 and U̇ = 0), we linearize the system
of equations 13–20 around the equilibrium point. The perturbed
equations for the shell radius, velocity, stellar and shell masses,
are given by:

δṘ = δU, (C.1)

δṀsc = −
GM2

sh

2csR3 δR −
3Msh

R
δU +

GMsh

2csR2 δMsh, (C.2)

δṀsh = 4πR2ρclδU − δṀsc, (C.3)

MshδU̇ =δR
[
−4πRPth +

G
R3

(
M2

sh + MshMsc

)]
+ 4πR2ρclvclδU −

G (Msh + Msc)
R2 δMsh

−
GMsh

R2 δMsc +
3 (γ − 1)

R
δEth. (C.4)

Note that these equations make use of the star formation rate for
a standing solution (see Equations 5–6):

Ṁsc =
GM2

sh

4csR2 , (C.5)

and the equilibrium condition (see Equation 13):

4πR2
sh

(
Pth − ρclv

2
cl

)
= Fg. (C.6)

The linearized perturbed energy equation is:

δĖth = −4πR2PthδU + χe, (C.7)

where

χe (t) = Lw − Qw (C.8)

is a time-dependent, non-linear term, which implies that the
system has an external input (non-homogeneous system).

We simplify the system of equations and eliminate Msc by
making use of mass conservation. Therefore, we are interested
in finding the stability conditions for:

ẋ (t) = Jx (t) + b (t), (C.9)

where xT = [R,U,Msh, Eth], bT =
[
0, 0, 0, χe (t)

]
, and:

J =


0 1 0 0
A1 A2 A3 A4
B1 B2 B3 0
0 C2 0 0

 , (C.10)

with entries:

A1Msh = 4πRPth − 8πRρclv
2
cl − 4πGρclMsh, (C.11)

A2 =
4πR2ρclvcl

Msh
, (C.12)

A3 = −
GMsc

R2Msh
, (C.13)

A4 =
3(γ − 1)

RMsh
, (C.14)

B1 =
GM2

sh

2csR3 , (C.15)

B2 = 4πR2ρcl + 3Msh/R, (C.16)

B3 = −
GMsh

2csR2 , (C.17)

and

C2 = −4πR2Pth. (C.18)

Appendix C.2: Stability of the homogeneous sub-system

We first study the case of the homogeneous sub-system, i.e.
Equation C.9 with b = 0. The characteristic equation for the
Jacobian J is:

λ4 + aλ3 + bλ2 + cλ = 0, (C.19)

where:

a = − (A2 + B3) , (C.20)

b = −A1 + A2B3 − A3B2 − A4C2, (C.21)

and:

c = A1B3 − A3B1 + A4B3C2. (C.22)

Equation C.19 has a pole in λ = 0, which implies that the sys-
tem is not asymptotically stable. However, it can be marginally
stable if the remaining poles have negative real parts. According
to the Routh-Hurwitz theorem, this is the case if the coefficients
of Equation C.19 satisfy a, b, c > 0 and ab > c. From Equations
C.11–C.18, these conditions are:

−4πR2vclρcl

Msh
+

GMsh

2csR2 > 0, (C.23)

4πR
Msh

(
Pth + 2ρclv

2
cl

)
+ 4πGρcl (1 + Msc/Msh)

+
3GMsc

R3 −
2πGρclvcl

cs
> 0 (C.24)

GPth + 2Gρclv
2
cl +

G2ρclMsh

R

+
G2MshMsc

4πR4 > 0 (C.25)
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−

(Pth + 2ρclv
2
cl

) 4πR
M2

sh

+
G2Msh

4csR4

 4πR2ρclvcl

+
2πG2ρclMsc

csR2 +
G2MscMsh

csR5 > 0. (C.26)

These inequalities always hold for our models in any case, given
that vcl < 0 in our calculations. This implies that the remaining
poles of Equation C.19 always have negative real parts. Thus, the
homogeneous component of the system (given by Equation C.9)
is always marginally stable.

Appendix C.3: On the stability of the complete system

In the last section, it was shown that the homogeneous system
has a three-dimensional stable bundle and a centre (or neutral)
subspace (with λ = 0). Rather than finding the complete solu-
tion, our interest is to establish what conditions on the driving
term, b (t), lead to the stability of our model. For this reason, the
focus will be on understanding the impact of b (t) on the neutral
subspace.

Let ω be the left null-vector of the Jacobian, i.e.

ωT J = 0, ↔ JTω = 0 (C.27)

Solving for our system:

ωT = [−C2, 0, 0, 1] . (C.28)

Therefore, the projection of b (t) into the centre mode is:

P (t) = ωT · b (t) = χe (t) (C.29)

Thus, the system is stable as long as:

lim
τ→∞

1
τ

∫ t0+τ

t0
χe(s) ds = 0 (C.30)

where t0 is the onset of the equilibrium state.
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Fig. C.1. Time evolution of χe/Lw for all the IZw18 StSh models, where
the colour bar presents the initial gas cloud number density.

Thus, in physical terms, the stability analysis shows that a
standing solution is stable as long as the cooling rate matches, in
average, the increasing rate of the mechanical power.

We verified this analysis with our numerical calculations.
Fig. C.1 presents the time evolution of χe/Lw for all the IZW18
StSh models. Note how during the StSh phase, χe/Lw → 0,

which is expected from our previous analysis. In addition, we
also estimated the time average:

⟨χe/Lw⟩ =
1
τ

∫ t0+τ

t0
χe(s)/Lw(s) ds, (C.31)

where the integration was performed during the entire duration
of the StSh stage (τ). Fig. C.2 shows the results for the IZw18
case. The peak of the distribution is ⟨χe/Lw⟩ ∼ 0.07, which
implies Qw ≳ 0.9Lw. Hence, all the StSh models are highly
radiative, confirming that the condition given by Equation C.30
is satisfied by the StSh models.
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Fig. C.2. Histogram of the values of ⟨χe/Lw⟩ obtained for the IZw18
StSh models, where the average is taken from the duration of the StSh
phase.

Appendix D: On the uniqueness of the standing
shell solutions

In the model setup of this work, once the core of the cloud
has been swept-up by the shell, star formation in the core
should stop and thus shell star formation should be dominant.
However, we verified the robustness of the standing-shell solu-
tions. Indeed, we performed an additional set of simulations for
the IZw18 metallicity case in which shell star formation was
completely suppressed, while core star formation was allowed
to proceed continuously throughout the evolution. This setup
differs from our fiducial models only in the star formation pre-
scription. For this test, we considered only a subset of our studied
parameter space, with initial cloud masses in the range 5.0 ≤
log[Mgas(M⊙)] ≤ 5.3.

Figure 4 presents the results of these new calculations (only
StSh models are shown in this figure). Note how the stellar mass
grows continuously throughout the entire evolution as given by
the core star formation prescription. The figure also shows that
standing shell solutions still develop under these conditions.
Although the evolution is somewhat more oscillatory than in
our main models, the qualitative behaviour remains unchanged.
This demonstrates that the existence of standing solutions is
not a specific consequence of including star formation in the
shell.

Instead, these solutions appear to arise from the dynamical
balance between feedback, gravity, and the ram pressure of the
collapsing cloud. This is further supported by previous results
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from our group (Kourniotis et al. 2023), which showed sim-
ilar standing solutions under substantially different modelling
assumptions in collapsing clouds. Finally, note that changing the
star formation prescription would indeed change the location of
standing solutions in the parameter space composed by the ini-
tial gas cloud mass and radius (i.e. Fig. 6 and 8), but studying
this in detail is outside the scope of the present work.
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Fig. D.1. From top to bottom: shell radii and velocity, star cluster mass,
and thermal energy of the bubble for a set of models with continuous
core star formation and with no star formation in the shell. The colour
represents the log of the initial cloud mass for each model.

Appendix E: Results of Model calculations

Figs. E.1, E.2 and E.3 present all the results for the IZw18,
dwarfA and MW metallicity calculations, where the panels are
the same as in Fig. 3.

Fig. E.4 presents a comparison between the total stellar mass
(Msc,c) that is formed from core star formation over a free-
fall time (Equation 3), and the mass (Msc,sh) formed from shell
star formation when the shell becomes gravitationally unstable
(Equation 5). The symbols in this plot represent different values
for ϵ f f (see the figure inset) while the colour bar shows the ini-
tial gas cloud number density. Only StSh models from Fig. 6 are
shown in this figure (i.e. IZw18 models). As expected, Msc,c and
Msc,sh are correlated given that they both depend on the gas den-
sity. Nevertheless, note that the shell star formation is almost two
orders of magnitude larger than the mass formed from the core
for most of the models.
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Fig. E.1. Same as Fig. 3 but for the whole set of models.
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Fig. E.2. Same as Fig. 3 but for the MW metallicity and the two values of ϵff considered for this case.
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Fig. E.3. Same as Fig. 3 but for the dwarfA metallicity and the two values of ϵff considered for this case.
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Fig. E.4. The total mass (Msc,c) formed from core star formation (Equation 3) and the total mass (Msc,sh) from shell star formation (Equation 5)
for the StSh models of Fig. 6, with the colour bar presenting the average initial gas number densities of the clouds. The symbols present different
values of ϵff (see the inset).
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