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ABSTRACT

The clumpy nature of gas-rich galaxies at cosmic noon raises the question of universality of the scaling relations and average properties
of the star-forming structures. Using controlled simulations of disk galaxies and varying only the gas fraction, we show that the
influence of the galactic environments (large-scale turbulence, tides, and shear) contributes, together with the different regime of
instabilities, to setting a diversity of physical conditions for the formation and evolution of gas clumps from low to high gas fractions.
However, the distributions of gas clumps at all gas fractions follow similar scaling relations as Larson’s, suggesting the universality
of median properties. Yet, we find that the scatter around these relations significantly increases with the gas fraction, allowing for the
presence of massive, large, and highly turbulent clouds in gas-rich disks in addition to a more classical population of clouds. Clumps
with an excess of mass for their size are slightly denser, more centrally concentrated, and host more abundant and faster star formation.
We find that the star formation activity (rate, efficiency, and depletion time) correlates much more strongly with the excess of mass
than with the mass itself. Our results suggest the existence of universal scaling relations for gas clumps but with redshift-dependent
scatters, which calls for deeper and more complete census of the populations of star-forming clumps and young stellar clusters at
cosmic noon and beyond.
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1. Introduction

Observations of star-forming regions in the Milky Way and
nearby disk galaxies have revealed both close-to-universal
scaling relations of the cloud properties (e.g., Larson 1981;
Rosolowsky et al. 2003; Rosolowsky 2007; Heyer et al. 2009;
Miville-Deschênes et al. 2017), and a clear influence of
the galactic dynamics (Schinnerer et al. 2013; Hughes et al.
2013; Sun et al. 2020, also supported theoretically, see e.g.,
Renaud et al. 2013; Meidt et al. 2013; Fujimoto et al. 2014), yet
with a subtle impact on the star formation efficiency itself
(Querejeta et al. 2021). This suggests complex and multiple cou-
pling mechanisms between the scales of the galaxy, the clouds,
and star (cluster)-forming knots.

Thanks to pioneer studies with the Hubble Space Telescope
(HST, e.g., Elmegreen et al. 2007; Guo et al. 2012), and more
recently with ALMA, JWST, and the power of strong gravita-
tional lensing, a wide window is now opened on the gaseous
and stellar inner structures of more distant galaxies, in particular
at cosmic noon where the cosmic star formation history peaks
(z ≈ 1−3, Madau & Dickinson 2014). For instance, with strong
lensing, physical resolutions of a few 10 pc can be reached by
ALMA at z = 1 (e.g., Dessauges-Zavadsky et al. 2023), and
JWST complements such studies by providing integrated prop-
erties of the stellar objects (e.g., Claeyssens et al. 2023). Disk
galaxies at these redshift host more extreme physical condi-

tions than in the local Universe (e.g., Swinbank et al. 2011), with
most of their morphologies being dominated by clumpy struc-
tures (Cowie et al. 1995; Elmegreen et al. 2013; Guo et al. 2015;
Shibuya et al. 2016; Fisher et al. 2017; Sattari et al. 2023), par-
ticularly bright in restframe UV (Förster Schreiber et al. 2009;
Zanella et al. 2015; Cava et al. 2018). In the vast majority of
cases and up to very high redshift (z ≈ 7, Treu et al. 2023),
such clumpy appearance has an internal (“in situ”) origin (e.g.,
Förster Schreiber et al. 2009; Tacconi et al. 2013; Girard et al.
2018), as opposed to the multi-component structure that galaxy
mergers would yield (e.g., Puech 2010; Calabrò et al. 2019).

The magnification from lensing, and/or the gain in angu-
lar resolution and sensitivity from JWST revealed the hierarchi-
cal nature of (at least some of) the young stellar clumps that
host sub-structures below the scales of ∼1 kpc and ∼108−9 M�
(Meštrić et al. 2022; Messa et al. 2022), contrarily to previously
thought (Elmegreen & Elmegreen 2005; Förster Schreiber et al.
2011; Guo et al. 2012). Similar conclusions have also been pro-
posed by adopting observational limitations to detect clumps in
simulated galaxies, and finding overestimations by up to a fac-
tor of 10 for the clump’s stellar masses (Huertas-Company et al.
2020, see also Faure et al. 2021). These results ask the question
of the hierarchical organization of the dense gas and of its star-
forming phase in gas-rich clumpy galaxies at z ≈ 1−3.

Although clumpy galaxies are found in the main sequence
of galaxy formation (Schreiber et al. 2015; Fisher et al. 2019),
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the peculiar organization of their interstellar medium (ISM),
clustering of star formation, and elevated star formation rate
(SFR) influence the distribution and luminosity of the tradi-
tional tracers of dense gas and young stars (see e.g., Daddi et al.
2015; Renaud et al. 2019a on the αCO conversion factor in
clumpy galaxies), further complicating the interpretation of
not-always resolved observational data. Despite the significant
recent improvements in precision, completeness, depth, and red-
shift range, observation programs are still not conclusive on the
similarities or differences of star-forming gas structures between
nearby galaxies and gas-rich clumpy disks. In particular, it is
still not clear whether (and/or at which scale) the structure of the
star-forming clouds or clumps and the star formation process are
universal across cosmic time, or if new regimes must be invoked
in the extreme physical conditions of gas-rich galaxies.

The clumpy nature of gas-rich disks has been well-
retrieved in many simulations of galaxies in isolated and
cosmological context (among many others, see Noguchi
1999; Agertz et al. 2009; Dekel et al. 2009; Bournaud 2010;
Ceverino et al. 2012; Hopkins et al. 2012; Bournaud et al. 2014;
Tamburello et al. 2015; Behrendt et al. 2016; Mandelker et al.
2017; Fensch & Bournaud 2021; Renaud et al. 2021a). This
peculiar morphology has been attributed to violent disk
instabilities triggered by gas inflows onto an existing disk
galaxy (Agertz et al. 2009; Dekel et al. 2009; Bournaud 2010),
or to hierarchical growth by mergers of smaller clumps
(Behrendt et al. 2016). In the first paper of this series
(Renaud et al. 2021a, hereafter Paper I), we show that it is the
gas-rich nature of these disks which allows for the development
of new regime of instability, replacing the classical Toomre’s
found at low gas fractions (below 20% of the baryonic mass of
the galaxy). Such instabilities are still driven by the stellar com-
ponent, but with a significant contribution of the molecular phase
in the inter-clump regions. This explains the formation of local
clumpy structures, instead of the galactic-wide spiral pattern at
lower gas fractions. The highly turbulent nature of these clumps
imprints a large velocity dispersion to the young stars, to lev-
els potentially sufficient to explain the kinematics of the thick
Galactic disk (van Donkelaar et al. 2022, hereafter Paper II).

While qualitatively retrieved in many simulations of gas-
rich disks, the quantitative results on the clump properties
vary a lot across the literature. Different numerical techniques,
in particular for stellar feedback, lead to different conclu-
sions on fundamental properties of the clumps such as their
mass (Mandelker et al. 2016; Mayer et al. 2016) and lifetimes
(Genel et al. 2012; Bournaud et al. 2014; Oklopčić et al. 2017;
Fensch & Bournaud 2021). Conversely, Ejdetjärn et al. (2022,
hereafter Paper III) showed that the same level of turbulence
could be reached in disk galaxies with and without stellar feed-
back, thus favoring gravitational instabilities as the main driver
of turbulence at galactic scale.

It remains to determine whether the star-forming clumps in
gas-rich galaxies are scaled-up versions of the giant molecular
clouds in nearby galaxies, requiring a mere extrapolation of the
scaling relations established in the local Universe, or if they fun-
damentally differ in nature. This question of paramount impor-
tance is the key to either allow for a transposition to gas-rich
disks of our detailed understanding of the physics of the ISM and
star formation obtained in multi-wavelength, deep, and highly
resolved studies of local galaxies, or on the contrary, to call for
new physical regimes specific to the conditions found at high
redshift.

In this fourth opus of the From giant clumps to clouds series,
we use numerical models of isolated disk galaxies, varying only

the gas fraction. These simulations lead to spiral galaxies and
to clumpy morphologies at low and high gas fractions respec-
tively. The subgrid models adopted here have been used in pre-
vious works focusing on the diversity of clouds and the role of
feedback in the organization of the ISM, which have concluded
to remarkable matches with observations of the ISM of Milky
Way-like galaxies (Grisdale et al. 2017, 2018, 2019). Here, we
examine the properties of gas clumps at various gas fractions,
with the aim of testing the hypothesis of universal scaling rela-
tions across redshift.

2. Method

2.1. Simulations

The simulations and numerical method are introduced in Paper I,
and briefly summarized here. We use the Ramses code (Teyssier
2002) to model a 7 × 1011 M� galaxy comprising a dark matter,
a central bulge, a gaseous and a stellar disk initially setup with
the Magi code (Miki & Umemura 2018). For the sake of control
on the parameters, the cosmological context is ignored. Using
these initial conditions, we vary the relative mass of the stellar
and gaseous components to generate three models, every other
parameter being left unchanged. After running the simulations
for an initial relaxation phase of ∼100−150 Myr, the gas fraction
fgas = Mgas/(M? + Mgas) in the galaxies is 10%, 25% and 40%.
These models are then called F 10, F 25, and F 40 respectively.

The simulations reach a resolution of 12 pc and include
heating from a cosmological background calibrated at z = 0
(Haardt & Madau 1996), atomic and molecular cooling, star for-
mation at an efficiency (SFE) of 10% per free-fall time in the gas
denser than 100 cm−3. The stellar feedback model follows that
of Agertz et al. (2021), that is winds, radiation pressure, type-
II and Ia supernovae (SNe) and the production of oxygen and
iron. In post-processing, the fractions of atomic and molecular
gas are computed from cooling tables assuming collisional ion-
ization equilibrium in every cell of the simulation, and following
Krumholz et al. (2009).

As detailed in Paper II, the gas fractions and resulting star
formation activity in these runs can be related to that of disk
galaxies at different redshifts. An approximate correspondence
with the SFRs of Milky Way-like galaxies and supposed progen-
itors observed in van Dokkum et al. (2013) matches our F 10,
F 25, and F 40 cases with the redshifts ≈0, ≈1.5−2, and ≈2−2.5
respectively. We stress however that our controlled experiments
are designed to keep the same masses and sizes for all galaxies as
we only vary the gas fraction, which implies that our three cases
are not representative of different stages along the evolution of
the same galaxy.

2.2. Clump detection and statistics

Our working resolution of 12 pc is sufficient to detect gas over-
densities (clouds and clumps), but not to resolve their inner
morphologies and sub-structures. While such fine details are
irrelevant for the present paper in the case of giant molecu-
lar clouds found at low gas fractions, the situation could be
different in much larger and more massive clumps in gas-rich
disks, which could host distinct star-forming sub-structures (e.g.,
Behrendt et al. 2016). By keeping this limitation in mind, we
focus on a specific level of the hierarchical ISM, that is the
cloud-like gas structures with a high density contrast from their
surroundings. Even if our simulations do resolve some of them,
sub-clumps are not examined in this work.
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Fig. 1. Surface density of gas in the three simulations, at the instant considered in the entire analysis. Red circles indicate the position and size of
the gas clumps detected (see text).

We identify gas clumps as over-densities in face-on surface
density maps (>300 M� pc−2). Their size is then determined by
iteratively adding concentric shells centered on the center of
mass of the over-density, until the density of gas of a shell is less
than 10% of that of the peak. By doing so, we focus our analysis
on the densest structures, and avoid spiral-like elongated shapes.
Once this identification is done, the clump is cataloged as a
sphere centered on the maximum density1. In the case where sev-
eral density peaks are not separated by a diffuse enough medium
and thus overlap, the associated clumps are considered as sub-
structures of a single object. As mentioned above, our working
resolution is not sufficient to systematically properly capture the
formation and evolution of sub-structures. Therefore, the over-
lapping clumps are merged such that only the largest (contain-
ing) one is retained. As a consequence, the center of mass of a
clump can be offset from its maximum density. We come back
to this point when examining the density profiles of clumps in
Sect. 3.3.1.

We have checked that this method provides an identification
similar to what a visual examination would lead to, as illustrated
in Figs. 1 and 2. In accordance with the objectives of this work,
our identification method relies on a structural argument rather
than on the gas phase. The main motivation for this choice is to
adopt an identification process which works equally well at all
gas fractions, without having to adjust parameters between the
runs as it could be required by the different morphologies and
properties of the gas over-densities. This implies that clumps
in our definition do not necessarily coincide with the molecu-
lar phase of clouds, but rather with gas overdensities, including
their atomic envelopes. Therefore, our clumps are significantly
more massive than GMCs in the Milky Way, even in the low
gas fraction case. Including the atomic envelope in our selec-
tion also provides consistency with the resolution limitations dis-
cussed above: molecular sub-clumps of the same structures are
merged when they share a (dense enough) atomic envelope. We
note that Grisdale et al. (2018) used the same sub-grid recipes as
ours and initial conditions comparable to our F 10 case to con-
duct a direct comparison with observed molecular clouds. The
good match between their simulations (using mock CO projected
maps) and the observations such as the power spectrum of the

1 We have also tested an option where we stop adding concentric shells
when a certain density level, independent of the peak density of the
clump, is reached. However, this does not provide satisfactory results:
mild over-densities of elongated structures (e.g., spiral arms) would lead
to unrealistically extended clumps.
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Fig. 2. Example of a massive clump hosting sub-structures, as a zoom-
in on Fig. 1 (right panel, fgas = 40%). The contours indicate the surface
densities of molecular gas at 10, 100 and 1000 M� pc−2. The red circles
shows our clump identification. As visible in this example, some of the
largest clumps host clear sub-structures, which are inexistent in smaller
clouds (either physically or because of limited numerical resolution).

ISM and the clump mass function validates the numerical we
also use. This allows us to focus now on physical mechanisms
involved in the clumps formation and evolution, in cases where
the match with real objects is more difficult to assess. Therefore,
we do not adopt a selection method motivated by observations,
but rather by physical considerations.

As the bottom of the potential well, the central region of
disk galaxies is the convergence point of many gaseous and stel-
lar structures, such that the properties of these structures rather
fall under the influence of complex evolutionary processes such
as accretion and mergers. This makes the interpretation of the
clump properties very involved. For this reason, we ignore the
gas clumps in this volume, by taking an exclusion zone within a
conservative galactic radius of 2 kpc.

This methodology gives approximately 70, 110 and
150 clumps, with average radii of ≈120, 160 and 180 pc, for the
10%, 25% and 40% cases respectively. To improve the statistics,
this detection is repeated on 5 consecutive snapshots (spanning
about 20 Myr) for each simulation.
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Fig. 3. Average Mach number (star symbols), and intensity of tidal (cir-
cles) and shear (triangles) forces in gas density bins, normalized to that
in the fgas = 40% case. Empty symbols denote the forces normalized to
the local self-gravity. All quantities are measured at a scale of 120 pc.
Symbols have been slightly offset horizontally for clarity. The approx-
imate distinctions between three different media are identified at the
bottom, for reference. The two most gas-rich cases (red) yield compa-
rable values at all densities for all these quantities, significantly higher
than in the low gas fraction galaxy (blue).

Throughout the paper, we use robust statistics to limit the
weight of outliers in our spare datasets. We use the median
instead of the mean, we compute the robust standard deviation
as the median absolute deviation (MAD) divided by 0.6745, and
we perform median-based fits rather then least-squares fits, as
in Romeo et al. (2023, see their Sect. 2.3 for more informa-
tion). Furthermore, to robustly identify the outliers of the rela-
tion between the measurements {x1, . . . , xN} and {y1, . . . , yN},
we compute the best-fitting relation y = f (x), and the threshold
T defined as:

T =
√

2 ln(N)
median

(
{|yi − f (xi)|}Ni=1

)
0.6745

, (1)

where N is the number of points, and the fraction is the robust
standard deviation (see Eqs. (9), (10), and (12) of Romeo et al.
2004, for details). A data point (xi, yi) is robustly considered as
an outlier if |yi − f (xi)| > T .

3. Results

3.1. Disruptive mechanisms

Different regimes of instability between the low and high gas
fractions in Milky Way-mass disk galaxies have been shown
to imprint the morphology of dense gas clumps, with a transi-
tion between the two regimes occurring at gas fractions of 20%
(Paper I, see also Paper II on kinematics). We examine here
whether these differences are amplified or mitigated by environ-
mental effects within and around the clumps.

Figure 3 shows, in logarithmic bins of gas density, the inten-
sity of turbulence, tides, and shear, measured at a scale of 120 pc
(i.e., over 10 resolution elements, and of the order of the average

scale of clumps). The similarities in the gas density probability
distribution functions (PDFs, Fig. 3 in Paper I) justify using the
same density binning for all three gas fractions. The adopted bins
approximately encompass the very diffuse ISM found in super-
novae bubbles and galactic outskirts (∼10−1 cm−3), the inter-arm
or inter-clump regions (∼101 cm−3), the structures connected
to the clumps, such as spiral arms (∼102 cm−3), and the star-
forming clumps themselves (&103 cm−3). The measurements
are done on a regular Cartesian grid, without centering on the
clumps of any other structure. The tidal force is computed as the
maximum eigenvalue of the tidal tensor (i.e., minus the Hessian
of the gravitational potential) via first-order finite differences of
the gravitational acceleration. Therefore, it is not the azimuthally
averaged tidal strength, but rather the force along the direc-
tion where local tides are the strongest (see Renaud et al. 2011,
2017 for details). The shear force is evaluated as the quadratic
sum of the off-diagonal terms of the Jacobian matrix of the
velocity field, also computed with first-order finite differences
(see Renaud et al. 2015). This quantity can be interpreted as the
squared rotational frequency term in the expression of the local
centrifugal force. These raw values are rather difficult to interpret
and thus we present them in normalized forms, using arbitrarily
the case at fgas = 40% as reference.

The turbulence, as traced by the Mach number M, is very
similar between the two gas-rich cases with less than a 10%
difference at any density (as shown by the red star symbols
in Fig. 3). It evolves from the transonic regime (M ≈ 0.6)
at the lowest densities, to highly supersonic (M ≈ 25) inside
the star-forming clumps. However, the low gas fraction stands
apart with a turbulence about 1.5 times weaker in F 10 (blue
star symbols), with this ratio showing no strong nor clear depen-
dence on the gas density. The fact that gas rich disk galaxies
have significantly higher levels of turbulence than those with
more modest gas fractions has been well established obser-
vationally (see e.g., Förster Schreiber et al. 2009; Fisher et al.
2017; Girard et al. 2019). Possible explanations invoke the con-
tinuous injections of turbulence by internal mechanisms (such
as feedback from a sustained star formation and kpc-scale
disk dynamics, see e.g., Hoffmann & Romeo 2012; Agertz et al.
2015; Fisher et al. 2019; Brucy et al. 2020), and stirring of the
ISM by external factors such as gas accretion and more fre-
quent mergers at high redshift (Agertz et al. 2021; Renaud et al.
2021b; Forbes et al. 2023). Using simulations of Milky Way-like
progenitor galaxies in isolation, several works reported however
that external factors are not necessary to develop and maintain
high levels of turbulence in gas-rich disks at redshifts ≈1−3
(Clarke et al. 2019; Khoperskov et al. 2021; Paper II; Paper III),
and that galaxies evolve intrinsically from strong to moderate
levels of turbulence as the gas fraction decreases. Our works
show that, all other things being equal, this transition is sharp,
with strong turbulence maintained down to gas fractions around
≈20%, before it drops (see e.g., the Fig. 2 of Paper II). Owing
that turbulence support is of paramount importance in maintain-
ing a gas disk geometrically thick and dynamically hot (the other
main factor being the tidal excitation from satellites and mergers,
see Renaud et al. 2021b), our results imply that, in the absence
of mergers, disk galaxies in the mass range we consider undergo
a rapid transition from thick to thin disk when their gas fraction
reaches ≈20%.

Similar trends are also found for the tides and shear, although
the differences between the two gas-rich cases are more impor-
tant than for the Mach number. Yet, they remain within a factor
of ≈1.3. Here again, larger differences are found between the
F 10 and F 40 cases: tides are ≈1.5−12 times weaker and shear
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is ≈2−6 times weaker at low gas fraction. This further adds to the
similarities between the two gas-rich cases, over the entire range
of densities in the galaxies, and a sharp transition when mov-
ing towards lower gas fractions. This contrasts with the results
of Fensch & Bournaud (2021) who reported a shear parameter
increasing with decreasing gas fraction. We note however that
their parameter does not measure the full shear, but only the
differential rotation of the disk via the difference of tangential
galactic velocities around clumps. The high velocity dispersions
of clumpy disks however implies that the radial and vertical
components of the velocity field can also carry non-negligible
contributions to the total shear. In addition, the shear parame-
ter of Fensch & Bournaud (2021) does not account for the scale
at which it is measured (while ours does, through the transverse
velocity gradients). As the characteristic scale of instabilities and
structures differs between giant clumps in gas-rich galaxies and
spiral arms at low gas fraction (Paper I), these two differences
likely explain why our definition of shear leads to opposite con-
clusions to that of Fensch & Bournaud (2021).

Tides and shear result from a complex interplay of phase-
space structures, with contributions from both large and small
scales, including from the gas clumps themselves. To estimate
the effective effects of these forces on the gas structures, we nor-
malize them by the local self-gravity (open symbols in Fig. 3).
This tends to reduce the differences between the galaxies, espe-
cially in the inter-clump medium (∼101−103 cm−3), but the low
gas fraction case still stands apart from the other two. The
presence of massive clumps is thus an important driver of the
phase-space organization in their vicinity (i.e., in the inter-clump
medium), via their local gravitational influence (as shown by the
tidal force) and other kinematic effects (possibly outflows from
feedback interfering with the large-scale disk rotation, as shown
by the shear). We come back to this in Sect. 3.3.1.

Overall, Fig. 3 indicates that the main agents capable of dis-
rupting or destroying structures are significantly stronger at high
fgas, at all densities. This combines with a higher SFR, and thus
a more energetic disruptive effect from stellar feedback. This
could point toward a shorter lifetime of the clumps at high than
low gas fraction. However, the details of the organization of the
ISM, the size of the structures and their density profiles, that is
their fragility to destructive factors, must be accounted for before
concluding on the rapid dissolution of clumps. We discuss these
aspects in the next sections.

3.2. Clump mass function

The gas density PDFs (Fig. 3 of Paper I, reproduced in Fig. A.1
below) show important similarities between the three cases,
including in the densest phase. In particular, the two gas-rich
cases do not host much denser gas than F 10. This naturally
implies that the large clumps at high fgas are not significantly
denser, but rather more massive than the clouds at low gas frac-
tions. This is confirmed by the clump mass function shown in
Fig. 4. Recall that our clump identification method does not
probe the low-mass end of this distribution, and we thus focus
here on the high-mass end. The maximum clump mass increases
with fgas, leading to a dependence of the high-mass end slope of
the mass function with the gas fraction.

The best-fit power-law relations to the mass functions
yields indexes of −2.0, −1.5 and −1.6 for the three cases
respectively, all within the range of values observed across
galactic environments (≈−1.5 to −2.9, see e.g., Rosolowsky
2005). The mass function of the F 10 case is roughly sim-
ilar to the −2 index well-established in initial star clus-
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g 

M
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fgas = 40%

Fig. 4. Clump mass functions for the three cases (using staking from 5
consecutive snapshots, to improve the statistics). The dashed lines indi-
cate the best-fit of the high-mass end using a power-law. This gives
indexes of −2.0, −1.5 and −1.6 for the F 10, F 25, and F 40 cases
respectively. The dotted curves are fits to the data of fgas = 40% using
a Schechter function (see text). This functional form does not provide a
good match to the other cases.

ter mass functions (e.g., Whitmore et al. 1999; Larsen 2002;
Bik et al. 2003; Chandar et al. 2014), and often presented as
an outcome of gas fragmentation driven by gravo-turbulence
(Elmegreen & Efremov 1997). However, higher gas fractions
yield slightly shallower and top-heavy clump mass functions
with respect to the low gas fraction, but also in compar-
ison with the observed slopes of −1.7 and −2.0 (depend-
ing on the method adopted) in gas-rich disks at z ≈ 1−3.5
(Dessauges-Zavadsky & Adamo 2018). This difference means
that gas-rich disks do not simply host massive clumps in addition
to those found at lower fgas, but that they also count more numer-
ous clumps at intermediate masses. The shapes of the mass func-
tions of the two gas-rich cases are very similar, but they differ by
the overall number of clumps.

We note that the mass function from the F 40 run shows a
remarkable match with a Schechter (1976) function of the form
∝M−0.73

gas exp[−Mgas/(1.3× 108 M�)] (dotted line in Fig. 4), while
this is not the case for the other galaxies. Some studies proposed
that the initial mass function of star clusters follows a Schechter
form (Larsen 2009; Adamo et al. 2017), which could suggest
a direct mapping between our clumps and observed clusters.
However, the presence of an exponential cutoff differencing the
Schechter functional form from the classical power-law could
have a physical or a statistical origin. As discussed in Mok et al.
(2020), small datasets could induce an apparent cutoff in the
mass function, simply because of the statistical lack of objects
to populate the high-mass end of the distribution. This would
then differ from a cutoff imposed by physical mechanisms. Our
analysis suffers from the same problem, and we are not able to
conclude on the origin of the exponential cutoff. Yet, it is note-
worthy that only the galaxy with the highest gas fraction (which
is also the one hosting the most clumps and thus which is poten-
tially the least sensitive to a statistical effect on the cutoff) is the
only case yielding an agreement with the Schechter functional.
If physically-driven, the reason for a Schechter mass function
only in the gas-rich case is difficult to identify. It could result
from a truncation of the most massive clumps, possibly by stellar
feedback and/or environmental effects (Sect. 3.1). Hopkins et al.
(2012) proposed an analytical model retrieving the exponential
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cutoff at the high-mass end of the mass function of GMCs. We
note however that this is a direct consequence of the assump-
tions made on the shape of the power spectrum of the ISM,
thus leaving open the question of the fundamental cause(s) of
such a cutoff (if physical). From our experiments, it is not clear
whether the truncation is intrinsic to massive clumps (regardless
of other properties), or rather to the high gas-fraction. To inves-
tigate these hypotheses, the next section focuses on the structure
of the most massive clumps in our galaxies.

To examine whether our conclusions on the influence of the
gas fraction on the clump mass function is robust to a change of
the subgrid recipes employed, we show in Appendix A examples
of the same analysis conducted with different parameters and
ingredients for the star formation and feedback models. We also
show the density PDFs, for reference. The conclusion is that,
within the relatively wide range of parameters explored, chang-
ing the subgrid models does not alter the clump mass function as
strongly as the gas fraction does.

3.3. Clump properties

3.3.1. Clump density profile

Figure 5 shows the gas density radial profiles of the five most
massive clumps in our three galaxies (excluding the central-
most, bulge-like, overdensities). Two sets of profiles are com-
puted, using the maximum density and the center of mass as
centers. The difference originates from the finite resolution of
the simulations2, and the hierarchical structure of clumps, as dis-
cussed below (also recall Fig. 2). In the following, we ignore the
central parts of the profiles (up to ≈30−40 pc), affected by the
resolution limits. Potential sub-structures in these clumps do not
necessarily exist at the same distance from the center of each
clump, and thus their contributions are rapidly averaged out in
the median radial profiles shown here. In this section, we ignore
the size of the clumps and show the radial profiles from the
clump centers up to large distances.

Once again, the cases at fgas = 25% and 40% are remark-
ably similar, while the F 10 case stands apart. Clumps in the
two gas-rich cases are slightly but significantly denser than those
in the F 10 galaxy by factors ranging from 1.5 to 3.1, up to
several 100 pc, that is where reaching the inter-clump medium.
However, the density of clumps from the two gas-rich disks are
remarkably similar at all radii. Therefore, it is the organization of
the ISM, initiated by the instabilities discussed in Paper I3, and
not (directly) the increase of the gas mass of the disk which is
responsible for the increased density of the most massive clumps
in gas-rich galaxies.

When using the maximum density as the center of the
clumps, the clumps profiles exhibit power-laws slightly steeper
in the gas-rich disks (≈−2.7 to −2.2, depending on radius) than
at low gas fraction (≈−1.8 to −1.5), but always close to the −2
index found for an isothermal sphere.

When centering on the center of mass, the presence of sub-
structures near but not exactly at the center creates density peaks
at various radii and azimuths, which average out as a flattening
of the density profiles as illustrated in Appendix B. The central

2 The maximum density necessarily corresponds to the center of a sim-
ulation cell, contrary to the center of mass which is an average position.
This difference influences the innermost parts of the density profile,
close to the resolution limit (12 pc).
3 Because of the non-linearity of the growth of structures, it is not pos-
sible to directly connect the sizes of clumps to the characteristic scales
of any stability analysis (such as Jeans’ or Toomre’s).
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Fig. 5. Median density profile of the five most massive gas clumps
in each simulation (excluding the central 2 kpc of the galaxies, where
radial inflows at galactic scale play a non-negligible role in the accumu-
lation of gas). The top panel shows the radial profiles with the maximum
density as the center, and the bottom panel those centered on the cen-
ter of mass. The shaded areas show the robust standard deviation over
these 5 clumps. The dashed line represents a power-law of index −2, for
reference.

cores in Fig. 5 are thus a statistical effect, and are generically not
representative of the actual profile of a given clump taken alone.

By selecting the most massive clumps of each simulation,
we introduce a potential bias because the high-mass end of the
clumps mass functions of the three simulations do not overlap
(recall Fig. 4). Yet, it is not obvious whether this difference in
the clump mass is the sole explanation for the differences in the
density profiles. Figure 6 confirms this hypothesis by showing
that the density profiles of clumps selected in a common mass
range populated in all three galaxies (2 × 107−1 × 108 M�) are
remarkably similar. In fact, the differences between the three
cases are even smaller than the clump-to-clump scatter within a
given simulation (shown as shaded areas). Therefore, at a given
mass, a gas clump has a density profile independent of the gas
fraction of its host disk. The different profiles only arise because
of the presence of more massive clumps in gas-rich galaxies.
As explained above, these more massive cases are denser, and
possibly yield a central core. (This conclusion could be affected
by our resolution limitations.) Therefore, such clumps ought to
be more resistant to external disruptions (Sect. 3.1), and inter-
nal effects such as feedback. This suggests that massive clumps
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Fig. 6. Median density profile of gas clumps in each simulation (as in
Fig. 5), but only considering clumps in the same mass interval. Clumps
of comparable masses have similar density profiles regardless of the
gas-fraction of their host galaxy.

in gas-rich galaxies can be longer-lived than local GMCs, which
supports, at least qualitatively, the conclusions of previous works
on clump survival over several orbital times (&100 Myr, see
e.g., Bournaud et al. 2015; Dekel et al. 2023, but see Genel et al.
2012; Oklopčić et al. 2017 for opposite findings). Our results
illustrate the need for capturing the inner structure of the clumps
and the spatial (and time) scatter of sources of feedback simulta-
neously with galactic dynamics to definitely conclude this long-
lasting debate.

3.3.2. Larson scaling relations

In the previous section, we found that some properties of gas
clumps such as their density profiles are independent of the gas
fraction of their host galaxy, at a given clump mass, but that a
different regime of instability in gas-rich disks allow for the for-
mation of more massive and denser clumps (Paper I). This dual-
ity questions the universality of scaling relations for gas clouds,
which we examine here.

Figure 7 shows the distributions of all the clumps
detected in the simulation, over five consecutive snapshots
to improve the statistics, in mass M, radius r, and veloc-
ity dispersion σ. Observational census of molecular clouds
in the Milky Way (e.g., Falgarone et al. 2009; Heyer et al.

2009; Miville-Deschênes et al. 2017), nearby galaxies (e.g.,
Hughes et al. 2013), and some examples are high redshift
(Dessauges-Zavadsky et al. 2023) report close to universal rela-
tions between these quantities, as first noticed by Larson (1981).
Recent estimates of these so-called Larson relations in the Milky
Way are M ∝ r2.2±0.2 and σ ∝ r0.63±0.30 (Miville-Deschênes et al.
2017). As noted above, our method does not only detect the
molecular contents of clumps, but also their atomic envelopes
around the density peaks. Indeed, the diversity of clump sizes
and morphologies between low and high gas fractions, and the
presence of sub-structures in some of the most massive clumps
(Fig. 2) imply that the molecular phase alone does not neces-
sarily cover the entirety of a clump structure, specially in gas-
rich disks. The consequence of this selection criteria is that,
compared to molecular clouds, our clumps encompass a larger
amount of gas at intermediate densities. Therefore, the mass–
size relation of our clumps is necessarily shallower than that of
molecular clouds, as confirmed by the fits in Fig. 7. These fits are
computed in log-log space as least absolute deviation fittings,
that is linear regressions similar to the least squares technique,
but using absolute values instead of square values to reduce the
influence of outliers. We perform this computation following the
medfit algorithm of Press et al. (1992).

We indicate in Fig. 7 the Spearman coefficient and its p-
value for each relation4. For the three gas fractions, the mass
and size of clumps yield relatively strong correlations of high
significance. However, the correlations are much weaker for the
velocity dispersion-size distributions, due to an important scat-
ter which increases with the gas fraction. This scatter mainly
originates from clumps having high velocity dispersions, inter-
estingly at all masses and sizes. When reported to the escape
velocity (estimated roughly by using the total mass and radius as√

2GM/r), the high σ’s indicate that these clumps are the least
bound, and on the verge of dissolving. We note that the outliers
in the r−σ relation are not necessarily the same as those in the
r−M relation. Therefore, the elevated velocity dispersion is not,
or at least not always, a consequence of a mass higher than aver-
age.

A possible reason for an elevated velocity dispersion in a
clump is the injection of energy and momentum by stellar feed-
back. When examining the indicators of recent star formation
activities in these clumps (star formation rate, efficiency, and
depletion time, see Sect. 3.3.3), we find that they cover a large
range of values, not exclusive to the high-σ clumps. Thus, stellar
feedback cannot be the sole factor of the high levels of velocity
dispersion for all these clumps. As already noted in Sect. 3.1,
(hydro)dynamical disruptive effects from the galactic environ-
ments are stronger at high gas fractions, which probably plays an
important role, with feedback, in creating the scatter in the dis-
tributions of velocity dispersion. Telling apart the external (tides,
shear, large-scale turbulence) and internal (feedback) effects on a
clump-by-clump basis requires dedicated experiments, out of the
scope of this paper. Nevertheless, we examine the star formation
activity in the extreme clumps in the next section.

As hinted in Sect. 3.3.1, clumps in the gas-rich disks are not
necessarily denser than their counterparts of the same mass at
low gas fraction. The similarity of the best fit for the Larson’s

4 The Spearman coefficient is computed as the covariance of the ranks
of the quantities, divided by the product of their standard deviations.
It indicates correlations (resp. anti-correlations) when close to unity
(resp. −1). By using rank instead of raw variables, it differs from the
more commonly used Pearson coefficient by allowing for the detection
of monotonous, and not only linear, relations. Small p-values indicate
significant correlations or anti-correlations.
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Fig. 7. Mass–size (top) and velocity dispersion-size (bottom) relations for the clumps in our simulations. The color of the points encodes the
logarithm of the third quantity (velocity dispersion on the top panels, and mass in the bottom row), increasing from dark to light. The solid lines
are the least absolute deviation fittings of the linear relations in log-log space. They are translated into a power-law in linear-linear space, with the
indexes indicated at the top of each panel. The dashed lines show constant densities, for reference, and the dotted lines mark the threshold for the
robust identification of outliers (see text, Eq. (1)).

relations between the three cases indicates in fact that the denser
clumps, outliers of the mass–size relation which are more numer-
ous at high gas fraction, are not necessarily the most extended
nor the most massive.

The PHANGS-ALMA program performed a census of
molecular clouds in nearby disk galaxies and examined their
mass–size and velocity dispersion–size relations across a diver-
sity of galactic environments (Rosolowsky et al. 2021). They
reported similar average relations as for the Milky Way clouds,
but with significantly elevated scatter, which they attribute to
both technical limitations (e.g., resolution bias and source blend-
ing) and a diversity of physical conditions (e.g., external forces).

At higher redshift, Dessauges-Zavadsky et al. (2019, 2023)
combined the high angular resolution of ALMA with strong
lensing to detect massive clumps in gas-rich galaxies at redshift
≈1. When examining the properties of the massive molecular
clumps, they found an offset with respect to the Larson’s rela-
tions from local GMCs, in a similar fashion as clouds in local
starbursting galaxies: these clumps tend to be more massive,
denser, and with a higher velocity dispersion than local GMCs.
These results also show an increased scatter in the two scaling
relations. This led the authors to question the universality of the
gas clumps scaling relations, and to confirmed the prime impor-
tance of the galactic environment in setting up the properties of
clouds, which had been previously noted observationally (e.g.,
Swinbank et al. 2011; Hughes et al. 2013; Sun et al. 2020) and
theoretically (e.g., Renaud et al. 2013; Grisdale et al. 2017).

Our results are compatible with the findings of
Dessauges-Zavadsky et al. (2019, 2023), but we nuance

their interpretation: the census of gas structures in distant
galaxies is biased toward dense and large objects which over-
come the resolution and signal-to-noise limits imposed by the
instrument, the gravitational lensing, and the methodology
adopted. Therefore, it is likely that the smallest and least dense
clumps are not detected, or do not satisfy the selection criteria.
In our analysis, the densest and, to a lower extent, the largest
clumps are precisely the ones the furthest from the median
mass–size relation (top row of Fig. 7), and hence the main
contributors to the increasing scatter of this relation with the gas
fraction. Considering these extreme clumps only would then,
indeed, lead to the conclusion that local scaling relations break
in gas-rich galaxies.

From our results, the emerging picture is instead that of a
rather universality in the average properties and scaling relations
of gas clumps (mass, size, velocity dispersion, density profile),
together with a scatter in these properties which significantly
increases with the gas fraction of the host galaxy, and allows
for more frequent extreme outliers. Important information on the
variations of the star-forming regions with the galactic environ-
ment and also their evolution with cosmic time could then be
revealed from the study of these outliers, as we show next.

3.3.3. Extreme clumps and star formation activity

Figure 7 shows that the three galaxies yield comparable scal-
ing relations, including in terms of intercept or normalization.
The main difference resides in the scatter which considerably
increases with the gas fraction. Gas-rich disks thus provide the
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Fig. 8. Relation between the star formation rate (top), depletion time (middle), and star formation efficiency (bottom), and the excess of mass of
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shown in Fig. 7. The vertical dotted lines show the thresholds for the robust definition of outliers (see text). Normalized marginal distributions are
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physical conditions allowing some of their gas clumps to depart
from the median scaling relations and to reach extreme prop-
erties, at formation and/or after some dynamical evolution. To
investigate the underlying reasons behind this scatter, we quan-
tify the deviation of a clump from the best-fit relations plotted in
Fig. 7, as the excess (or deficit) each clump has with respect to
the relation. For instance, we compute the excess mass ∆M of a
clump of mass M and radius r as

∆M = log
( M
b ra

)
, (2)

where a and b are the best-fit parameters of the mass–size rela-
tion M = b ra. In other words, ∆M is the vertical distance
between a point and the line in the top panels of Fig. 7. It is
counted negatively for a deficit of mass with respect to the best-
fit relation. We compute the excess mass ∆M and excess size ∆r
using the mass–size relations, and the excess velocity dispersion
∆σ using the velocity dispersion–size relations, but studying ∆M
provides the strongest conclusions.

Figure 8 shows the excess mass ∆M with respect to the star
formation rate (SFR), the depletion time (τdep), and the star for-
mation efficiency per free-fall time (SFE, εff) for each clump. To
measure these quantities, we consider the timescale for detection
of star clusters via free-free emission ty chosen equal to 4 Myr,
and the mass M?,y of stars younger than ty in the clump (see
Grisdale et al. 2019 for details). This gives:

SFR =
M?,y

ty
, τdep = M

ty
M?,y

, εff =
tff
ty

M?,y

M?,y + M
, (3)

using the average free-fall time of the clump: tff =√
4π2r3/(32GM).

For reference, we indicate in Figs. 7 and 8 the thresholds
defining outliers of the relations (recall Eq. (1)). For instance, a
clump with excess mass above T is statistically robustly iden-
tified as an outlier of the mass–size distribution. This leads to
1.7%, 4.8%, and 8.2% of the clumps to be classified as outliers
in mass, for the F 10, F 25, and F 40 cases respectively, all hav-
ing a positive excess of mass (∆M > 0).

The normalized distributions of the SFR (top-right panel in
Fig. 8) reveal, once again, the similarities between the two gas-
rich cases which share comparable distributions and ranges of
values. At low gas fraction however, only the low-SFR end of
the distribution matches that of the other galaxies. No clump in
F 10 reaches SFRs as high as the extreme cases in the F 25 and
F 40 cases. These high values are found in the clumps with the
highest excess of mass, which are more numerous and further
from average in the gas-rich disks. An analogy with the main
sequence of star formation at galactic scale would suggest that
the highest SFRs are found in the most massive clumps (e.g.,
Tacconi et al. 2018). We show in Appendix C that this is not the
case: a much stronger correlation is found between the SFR and
the excess of mass than with the clump mass itself. At first order,
this can be interpreted as a result of elevated density at high ∆M,
but the complex structure of clumps and regulation effects from
feedback likely complicate this picture. We thus present further
analysis, using other indicators of the star formation activity.

The middle row of Fig. 8 shows that all the clumps at high
∆M yield short τdep, that is fast star formation, regardless of the
galactic gas fraction. However, the small scatter of the mass–
size relation at low gas fraction implies that only a few such
clumps exist in the F 10 case. Figure 9 complements this anal-
ysis by showing that the most extreme clumps (∆M & 0.8
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Fig. 9. Distributions of average density (total mass divided by total volume) and excess mass of the clumps, with color indicating the depletion
time. Correlations between these three quantities are only found for the extreme clumps at high ∆M.

and log (τdep/1 Myr) . 1.2) are also those with the highest
average density 〈ρ〉 = M/(4πr3/3). However, clumps with mod-
erate excess mass (∆M ≈ 0.3−0.8 dex) still have short deple-
tion times (a few 10 Myr), but yield a wide range of densities
(〈ρ〉 ∼ 0.1−10 M� pc−3).

Examining the density radial profiles of individual clumps
suggests that the contrast between the density in the center and
the outskirts increases with ∆M. Doing this analysis systemati-
cally is difficult because of the dual effect of ∆M and M itself
on the density profile. To illustrate this, we select clumps of a
fixed mass, and study the influence of their excess mass on their
density profiles. We choose to select all the clumps in the mass
interval 2 × 107 M� < M < 3 × 107 M�. This interval is large
enough to contain several clumps in all the three simulations
and thus limit the statistical noise, and narrow enough to restrict
the analysis to a precise mass. We then group clumps in three
bins of ∆M: close to average (−0.25 < ∆M < 0.25), intermedi-
ate (0.25 < ∆M < 0.75), and extreme (0.75 < ∆M), and com-
pute the median of the density profiles in each bin. The results
are displayed in Fig. 10. Note that clumps are less numerous in
bins of high ∆M, and thus the profiles are more subject to sta-
tistical fluctuations. Nevertheless, clumps with an excess mass
(∆M > 0.25) yield steeper density profiles than those closer to the
scaling relations (∆M ≈ 0), meaning that such extreme clumps
tend to be more centrally concentrated, rather than only simply
denser on average (as the sole information of their excess mass
for their respective size could indicate). The high peak density in
extreme clumps can be connected to their short depletion times.
In fact, previous works have shown that reduced depletion times
results from an excess of dense gas at galactic (Renaud et al.
2014; Segovia Otero et al. 2022) and cloud scales (Renaud et al.
2019b), triggered by tidal and turbulent compression in galaxy
mergers. For the present study of disks in isolation, we find
that elevated ∆M’s correspond to steep density profiles, and short
depletion times, in line with the conclusions in galaxy mergers.
The source of the compression of clumps in our isolated galax-
ies is not clear, but is likely an outcome of the instability regime
highlighted in Paper I. The non-linearity of the growth of these
instabilities, and their collapse leading to star formation make it
difficult to push this investigation further without dedicated and
controlled experiments at high resolution.

The distribution of depletion times (right column of Fig. 8) is
slightly narrower at low gas fraction, due to the lack of clumps
with extreme mass excesses (as discussed above), but also the

rarity of average clumps with very long depletion times. The two
cases at high gas fraction yield very similar distributions of τdep.

Finally, the bottom row of Fig. 8 shows the distribution of
SFEs. Clumps with an excess of mass yield only high SFEs,
while those closer to average display a large range of efficien-
cies, over several orders of magnitude. Contrary to the SFR
and the depletion time, the distributions of SFEs are very sim-
ilar for the three gas fractions. These results support the con-
clusions of Grisdale et al. (2019) of a wide diversity of effi-
ciencies in clouds, with no clear correlation with the cloud
properties. As found in Grisdale et al. (2019), the ad hoc value
of the SFE per free-fall time implemented in the subgrid recipe
for star formation (10% here) is not representative of the SFE
at cloud-scale. Part of this discrepancy originates from the range
of densities (and thus local free-fall times) found within a given
clump. This range tends to be limited in the densest cases, which
could explain the peak of the SFE distribution around 10% in
Fig. 9, especially at high ∆M. However, other factors must be
taken into account to explain the scatter in SFE, such as the
fact that clumps are found (and observed) at various stages of
their star formation histories, and thus with evolving stellar-
to-gas mass ratios. In addition, Grisdale et al. (2019) reported
that the stellar feedback and galactic dynamics make the evolu-
tion of the SFE of clumps non-monotonic but rather complex,
further increasing the diversity across a galactic disk. Some of
the clumps in our gas rich disks undergo erosion and merg-
ers with their neighbors, usually in a relatively dense back-
ground environment, which makes their tracking in time very
difficult. We have not been able to systematically follow the evo-
lution of our clumps, and thus leave these questions for future
works.

For all three gas fractions, the excess velocity dispersion
does not show strong nor significant correlations with the star
formation indicators (SFR, τdep, SFE), as illustrated in Fig. C.2.
Such a relation would be expected if stellar feedback would
be the main source of turbulence within the clumps. However,
galactic dynamics play an important role in the setting the turbu-
lence cascade and thus the velocity dispersion in clumps (e.g.,
Hoffmann & Romeo 2012; Renaud et al. 2013; Ginzburg et al.
2022), which blurs the effects of feedback. Indeed, Fig. 7 already
hinted that the excess mass does not correlate with the excess
velocity dispersion (the darkness of the points does not corre-
spond to their vertical distance to the solid line). This suggests
that different factors set the mass and the star formation activity
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Fig. 10. Median density radial profiles of clumps of radius between 2 × 107 M� and 3 × 107 M�, grouped in three bins of excess mass ∆M. The
numbers in square brackets indicate the slope of each curve measured in log–log space in the inner 100 pc. (The conclusions do not change when
considering larger radial ranges.) Higher excess masses correspond to more centrally concentrated clumps (steeper profiles).

on the one hand, and the size and large-scale velocity dispersion
of the clumps on the other.

4. Conclusion

Using controlled simulations of isolated disk galaxies, we
have studied how the gas fraction influences the properties
of the star-forming gas clumps, and whether universal scal-
ing relations could be identified. Our main conclusions are as
follows.

– Destructive factors such as turbulence, tides, and shear are
significantly stronger in gas-rich galaxies than at low gas
fractions, at all densities of the ISM. The sharp transition
found in the instability regime (Paper I) and in the kinemat-
ics (Paper II) at fgas ≈ 20% thus also occurs in the strength
of the destructive effects.

– The mass function of gas clumps is slightly shallower at high
gas fraction, due to the presence of more massive clumps in
gas-rich galaxies. The presence of a Schechter-like exponen-
tial cutoff is possible at high fgas, although subject to statisti-
cal effects.

– The radial density profile of a gas clump of a given mass
is independent of the gas fraction of its parent galaxy.
However, gas-rich disks ( fgas > 20%) host more mas-
sive clumps, which are more centrally concentrated (steeper
profiles).

– The scaling relations between the mass, size and velocity
dispersion of clumps yield the same slope and intercept at
all gas fractions, in a similar way as Larson relations. How-
ever, the scatter of clumps around the median relations sig-
nificantly increases with the gas fraction. In other words, on
average and at a given mass, clumps have essentially the
same properties regardless of the gas fraction, but gas-rich
galaxies allow for the formation of extreme clumps not found
at low gas fractions, which causes the increased scatter of the
relations. Outliers are more massive, more turbulent and tend
to be denser than average, which could bias the observational
census of clump populations.

– The excess of mass of a clump above the median scaling
relation correlates with a high SFR and a short τdep, that is
abundant and fast star formation. The most extreme cases are
found in the most centrally concentrated clumps, that is with
steep density profiles. Such extreme star formation activity
correlates much more strongly with the excess of mass for a
given size, than with the mass itself.

– Clumps close to the scaling relation yield a diversity of SFEs,
with no clear link with their properties. However, only high
SFEs are found in outliers to the scaling relations, with large
mass excesses.

– The variations of the gas fractions have a stronger impact on
the properties of clumps and of the ISM than changing the
sub-grid recipes for star formation and feedback.

For virtually all the quantities and processes studied in this series
of papers, we found remarkable similarities between all galaxies
with gas fractions >20%. This suggests an independence of these
quantities and processes with redshift for disk galaxies above
z & 1. We suspect however that, if confirmed, this statement
might break at higher redshifts (z & 5−6), when the galaxy is not
yet rotation-supported (Segovia Otero et al. 2022) and thus when
other instabilities are probably active, and when the gas con-
tents of small structures and their star formation activity might
be affected by re-ionization.

Our results suggest that the properties of star formation (rate,
efficiency, depletion time) span large ranges of values with weak
or no correlations with the intrinsic properties of the clumps.
However, stronger correlations appear for the clumps more mas-
sive than average for their respective size. Such clumps are more
frequently found in gas-rich galaxies due to a special instability
regime favoring their formation (Paper I). This regime influences
the environmental factors acting on the clumps (tides, shear,
large-scale turbulence), independently of the clump’s intrinsic
properties.

The rapid dynamical evolution of clumps which repeatedly
merge and split makes it very difficult to track them in a self-
consistent manner. This is why we have refrained from tack-
ling the long-lasting question of survivability and lifetime of the
massive gas clumps. Nevertheless, we propose here some con-
siderations, to be taken with caution. Dessauges-Zavadsky et al.
(2023) found separations of a few 100 pc between their detected
gas clumps (identified as above a signal-to-noise threshold in CO
(4−3) emission) and young star clusters (10−100 Myr, with large
uncertainties). They then argued that such separations would
require an important drift of the stars if they would have formed
in the clumps, and that the stellar ages would rather suggest that
their natal gaseous nursery would have already been dispersed
by feedback (owing a short lifetime for GMCs in nearby galax-
ies, ≈10 Myr). Keeping in mind that our definition of clumps
largely differs from that of Dessauges-Zavadsky et al. (2023), we
note nevertheless that the massive clumps in our gas-rich cases
yield molecular sub-clumps separated by a few 100 pc (recall
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Fig. 2, see also Faure et al. 2021), and with velocity dispersions5

up to several 100 km s−1 at these scales (Fig. 7). Therefore, it
is possible that sub-structures within a massive clump could be
separated by several 100 pc, either intrinsically, and/or after a
dynamical evolution of a few Myr. This raises a cautionary note
on using physical separations between gas and stellar structures
to infer the lifetimes of clumps in gas-rich galaxies.

The denser and possibly cored structure of the extremely
massive clumps found in our gas-rich galaxies (Fig. 5) make
it possible for these clouds to be long-lived. Clumps closer to
the average scaling relation, and thus with properties compa-
rable to the clouds at low gas fractions, would be as short-
lived as GMCs in the present-day Milky Way, or even shorter-
lived due to stronger disruptive mechanisms (Sect. 3.1). There-
fore, our conclusions support the idea of two regimes of cloud
lifetimes proposed by Dekel et al. (2023), with the long-lived
regime only existing for the most massive clumps in gas-rich
galaxies. Reaching more affirmative conclusions on this matter
is made difficult by the evolving nature of gaseous structures, an
aspect that should be taken into account in future studies.
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Appendix A: Robustness to changes of subgrid
models

A.1. Method

To test the influence of the subgrid models used for star forma-
tion and feedback on our conclusions, we restarted the simula-
tions presented in the main text while varying one parameter or
ingredient at a time:

– high SFE: the SFE used in the star formation model is mul-
tiplied by 3 (from 10% to 30% per free fall time),

– low SFE: the SFE used in the star formation model is divided
by 10 (from 10% to 1% per free fall time),

– energetic SNe: the energy of individual supernova is multi-
plied by 10 (from 1051 erg to 1052 erg),

– no pre-SN: the stellar feedback only comprises the type-II
and type-Ia SNe (winds and radiation pressure are turned
off),

which leads to 3 gas fractions× 5 modifications = 15 runs in
total.

To make the comparisons as direct as possible with the fidu-
cial runs, these additional runs are started from an evolved snap-
shot of the fiducial set, and restarted with the new parameters for
30 Myr. This duration ensures that the modifications effectively
impact the stellar feedback budget, at least at cloud scale. Cap-
turing a full baryonic cycle would require waiting longer for the
re-cooling, re-condensation, re-accretion of the feedback ejecta
at coronal and galactic scales (see e.g., Semenov et al. 2017).
This would then be done at the expense of severe modifica-
tions of the galaxies during this timespan, and would then void
our approach of controlled experiments. Our restart duration of
30 Myr is thus a compromise between not allowing the modifica-
tions to induce more side-effects altering the models, and letting
the modifications effectively change the star-forming clouds.

A.2. Gas density PDF

Figure A.1 shows the gas density PDFs of the 15 simulations,
split for clarity into variations of the SFE (top panel), and of
the feedback recipe (bottom panel). For any of the variations
considered, gas rich cases (F 25 in red and F 40 in black) still
have slightly larger fractions of dense gas than their F 10 equiv-
alent. This difference between high and low fgas amplifies when
reducing the SFE, as the dense gas is consumed at a slower
pace. This is however still significantly weaker than the excess of
dense gas responsible for the starburst activity in galaxy merg-
ers (Renaud et al. 2014, 2022; Segovia Otero et al. 2022). This
increase of the fraction of dense gas is accompanied by a mild
deficit of gas at ∼ 0.1−10 cm−3. Separating the atomic and
molecular phases as in Paper I reveals that this deficit is found in
the atomic outer envelopes of the clumps, which then fuels the
molecular centers of the star-forming regions.

Decreasing the SFE from 30% to 1% per free-fall time
boosts the maximum density by about 2.5 dex. We note that this
increase of the maximum density corresponds to a reduction of
the free-fall time by a factor of ≈ 20, which is not enough to
fully compensate for the division of the SFE by 30. This indi-
cates limits in the self-regulation of the star formation activity
by feedback caused by changes in the ISM density structure.

No strong differences are found when varying the feedback
model, neither in the shape nor maximum density. Contrarily to
the previous case, this hints towards efficient self-regulation of
the star formation process at these time and spatial scales.

In summary, varying the parameters and recipes for star for-
mation and feedback does influence the shape of the gas density
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Fig. A.1. Gas density probability distribution function in all our 15 sim-
ulations. The color codes the gas fraction (10% in blue, 25% in red, 40%
in black), and the line-style shows the modifications from the fiducial
cases (solid lines, identical to Figure 3 of Paper I) as indicated in the
legends.

PDFs, especially for a low SFE. However, the moderate but sig-
nificant dependences on the gas fraction found in the fiducial
runs (Paper I) are maintained in all cases: the gas-rich galax-
ies always yield a slightly higher fraction of dense gas than
their F 10 counterparts, but not a significantly higher maximum
density, regardless of the sub-grid recipe used. Gas-rich clumpy
galaxies do not contain denser gas, but only a slightly higher
fraction of dense gas than contemporary disks, and this trend is
largely independent of the star formation efficiency and feedback
recipes.

A.3. Clump mass function

Figure A.2 shows the clump mass function of the 15 simula-
tions, again split into variations of the SFE (top panel), and of
the feedback recipe (bottom panel). As for the PDF, our varia-
tions in the subgrid recipes, specially with the feedback models,
have a weaker influence than the change of the gas fraction. In
particular, the models at low-gas fraction remain well-separated
than all the others, regardless of the variations of the subgrid
models.

Andersson et al. (2024) also varied the subgrid recipes for
feedback in simulations of dwarf galaxies. They found that the
shape of the cluster mass function strongly depends on the tim-
ing of stellar feedback, and its effect in stopping the star for-
mation activity in individual clumps. In our analysis, we exam-
ine all gas clumps, regardless of their stellar contents. This nec-
essarily implies that our clumps are at different stages of their
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Fig. A.2. Clump mass function, as in Figure 4, in all our 15 simulations.
The colors and line styles are as in Figure A.1. The shaded areas indi-
cate the amplitude of the modifications induced by the change of sub-
grid models. At the high mass-end, the absence of significant overlap
between these shaded areas shows that the gas fraction has a stronger
imprint on the distribution of dense clumps than the SFE and the feed-
back model.

evolution, including after the onset of star formation. Therefore,
the conclusions of Andersson et al. (2024) are not directly trans-
latable in our framework. The mapping of the clump into the
cluster mass function is a complex process, subject to both inter-
nal alteration from feedback, and external disruptions. As dis-
cussed in Section 3.1, at least the latter vary with the gas frac-
tion. Section 3.3.1 complement this analysis by examining the
density structure of the clumps, which provides an insight on
their resistivity to feedback. Yet, more detailed studies at higher
resolution are needed to reach definitive conclusions on the vari-
ations with the gas fraction of the transformation of gas clumps
into star clusters.

Appendix B: Examples of individual density profiles

Figure B.1 shows the density profiles centered on the center
of mass for the three most massive clumps of each simulation.
The presence of sub-clumps within the same structure shifts the
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Fig. B.1. Density profiles of the three most massive clumps in each sim-
ulation, centered on the center of mass. This illustrates how the diversity
of position of density peaks within clumps affects the average profiles
shown in Figure 5.

center of mass away from a density peak, such that these den-
sity profiles are not monotonically decreasing with radius. When
averaging over several clumps, the various radial shifts introduce
a statistical flattening of the resulting profile, which is not repre-
sentative of the structure of any clump.

However, some of the clumps shown here do yield a flatten-
ing of their density profile in its innermost part. The size of this
feature is close to our resolution limit (12 pc) and thus subject to
caution. Yet, we note that such flat parts extend to different radii
from clump to clump, some being captured by up to 6 resolu-
tion elements, and do not show rapid variations of the order of
the cell size. This suggests that such an inflexion of the density
profile could still be detected at higher resolution, and thus be a
physical property of massive clumps. More detailed simulations
are needed to reach a definitive conclusion.

Appendix C: Correlation between star formation,
the clump mass, and the excess velocity
dispersion

Figure C.1 is the equivalent of Figure 8, but replacing the excess
mass with the mass of the clump. The correlations between
the mass and the quantities related to star formation are much
weaker (smaller absolute values of the Spearman coefficient)
and less significant (higher p-values) than when using the excess
mass. Therefore, the mass of gas clumps is a weaker driver of
the star formation activity (rate, speed, and efficiency) than the
excess of mass with respect to the average clumps of the same
size.

For completeness, Figure C.2 show the relation between the
indicator of the star formation activity and the excess velocity
dispersion. As hinted in Figure 7, the correlations are very weak
(low Spearman coefficient) and not significant (high p-value).
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Fig. C.1. Relation between the star formation rate, depletion time, star formation efficiency, and the gas mass of clumps. The number in brackets
indicate the correlation coefficient and p-values of the same relations but for the excess mass, copied from Figure 8.
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Fig. C.2. Same as Figure 8, but with the excess velocity dispersion ∆σ on the horizontal axis. In all panels, the correlations are much weaker and
less significant than when considering the excess mass.
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