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ABSTRACT
We present a simple, self-consistent model to predict the maximum masses of giant molec-
ular clouds (GMCs), stellar clusters and high-redshift clumps as a function of the galactic
environment. Recent works have proposed that these maximum masses are set by shearing
motions and centrifugal forces, but we show that this idea is inconsistent with the low masses
observed across an important range of local-Universe environments, such as low-surface den-
sity galaxies and galaxy outskirts. Instead, we propose that feedback from young stars can
disrupt clouds before the global collapse of the shear-limited area is completed. We develop
a shear–feedback hybrid model that depends on three observable quantities: the gas surface
density, the epicylic frequency and the Toomre parameter. The model is tested in four galactic
environments: the Milky Way, the Local Group galaxy M31, the spiral galaxy M83 and the
high-redshift galaxy zC406690. We demonstrate that our model simultaneously reproduces the
observed maximum masses of GMCs, clumps and clusters in each of these environments. We
find that clouds and clusters in M31 and in the Milky Way are feedback-limited beyond radii
of 8.4 and 4 kpc, respectively, whereas the masses in M83 and zC406690 are shear-limited
at all radii. In zC406690, the maximum cluster masses decrease further due to their inspiral
by dynamical friction. These results illustrate that the maximum masses change from being
shear-limited to being feedback-limited as galaxies become less gas rich and evolve towards
low shear. This explains why high-redshift clumps are more massive than GMCs in the local
Universe.

Key words: stars: formation – ISM: clouds – globular clusters: general – galaxies: evolution –
galaxies: formation – galaxies: star clusters: general.

1 IN T RO D U C T I O N

A large body of recent work has demonstrated that star forma-
tion in galaxies is correlated with the molecular gas (e.g. Bigiel
et al. 2008; Leroy et al. 2008; Schruba et al. 2011; Leroy et al. 2013;
Tacconi et al. 2013). Solomon et al. (1987) observed that the bulk of
molecular gas in the Milky Way resides in the most massive giant
molecular clouds (GMCs). Following from the correlation between
the star formation rate (SFR) and the molecular gas, the most mas-
sive GMCs also contain most of the star formation activity in the
galaxy (e.g. Murray 2011). Such star formation ‘hubs’ are observed
to produce dense stellar clusters in the Universe (e.g. Longmore
et al. 2014). It is unknown how these massive structures form, or
what sets their extreme mass scale.

The most massive, high-redshift (z ∼ 1–3) star-forming galax-
ies exhibit a more clumpy structure than their local-Universe
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counterparts. The giant clumps have typical observed masses of
∼108–109 M�, but they can account for ∼10–20 per cent of the SFR
of their host galaxy (e.g. Genzel et al. 2011, Oklopčić et al. 2017,
Soto et al. 2017). Oklopčić et al. (2017) use the FIRE simulations
to study the giant clumps that dominate the morphology of massive
high-redshift galaxies. They find that the high-redshift molecular
clumps have similar star formation efficiencies and follow the same
mass-size relations as local-Universe molecular clouds, so they sug-
gest that the giant clumps might be analogous to GMCs in the local
Universe.

While the formation physics of the most massive clusters are
still poorly understood, be it young massive clusters (YMCs) or
globular clusters, they represent an ideal opportunity to probe the
most extreme forms of star formation. A popular hypothesis that
is currently being tested is that globular clusters may be the high-
redshift equivalent to the YMCs forming in the local Universe that
have survived for a Hubble time (e.g. Kravtsov & Gnedin 2005,
Elmegreen 2010, Shapiro, Genzel & Förster Schreiber 2010,
Kruijssen 2015). If this hypothesis holds, then an understanding of
the physics setting the maximum cluster mass scales would enable
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the use of globular clusters as tracers of the star-forming conditions
in high-redshift environments.

The characteristic mass scale of the GMC mass function has been
observed to depend on the hierarchical structure of the interstellar
medium (ISM) and it is known to vary with the galactic environment
(Hughes et al. 2013, Colombo et al. 2014, Freeman et al. 2017).
Likewise, the young cluster mass function follows an exponen-
tially truncated power law with index −2 (i.e. a Schechter 1976
function, e.g. Gieles et al. 2006, Larsen 2009, Bastian et al. 2012,
Konstantopoulos et al. 2013), with values for the characteristic trun-
cation mass Mc in the range 0.1–50 × 105 M�. Moreover, the re-
covered truncation mass has been found to change as a function of
galactocentric radius within the same galaxy by Adamo et al. (2015).
As for GMCs, the observed variation suggests a dependence on the
galactic environment. If stellar clusters form in the overdensities of
the GMCs, one could expect a certain correspondence between the
mass function of both objects, but cloud fragmentation and hierar-
chical cluster growth make this mapping non-trivial (e.g. Longmore
et al. 2014). A possible way to overcome this problem is to only
consider the maximum GMC and cluster mass scales because these
must correspond to the optimal case of minimal fragmentation and
maximal hierarchical growth.

Kruijssen (2014) suggested that the maximum GMC mass and
the maximum stellar cluster mass might have a common origin
and it may correspond to the maximum mass that could collapse
against centrifugal forces, i.e. the Toomre mass. Toomre (1964)
considers whether shear due to the rotation of the disc and the in-
ternal kinetic energy of the gas are sufficient to stop the collapse
due to a gravitational instability. Toomre (1964) proposes that such
shearing motions and centrifugal forces are the mechanisms set-
ting the maximum region for collapse and derives the maximum
size of the collapsing region, called Toomre length. For a given
gas surface density, this length-scale directly provides the Toomre
mass. This definition of a shear-limited mass scale has recent been
put forward to explain the maximum mass of masses of GMCs,
stellar clusters and high-redshift clumps, implying that shear is the
only limiting factor mechanism (e.g. Dekel, Sari & Ceverino 2009;
Kruijssen 2014; Adamo et al. 2015; Freeman et al. 2017). However,
this idea assumes that the collapse of the shear-limited area can
proceed fast enough to condense into a single object. In this paper,
we show that, across an important part of parameter space, feedback
from young stars disrupts the cloud before the global collapse of
the shear-limited area is completed.

The idea that stellar feedback can end up destroying the molecu-
lar cloud in which stars form has been put forward several decades
ago (e.g. Oort & Spitzer 1955; Larson 1981). In this work, we add
the idea of cloud destruction by feedback to the classical Toomre
approach and derive a self-consistent, simple model to simultane-
ously predict the maximum masses of molecular clouds and stellar
clusters, from local galaxies out to the clumpy, star-forming sys-
tems observed at high redshift. We show that the feedback time
(i.e. the time it takes for the stellar feedback to destroy the cloud)
can be smaller than the free-fall time of the shear-limited region.
In such a situation, the collapsed mass is smaller than the shear-
limited Toomre mass. The goal of this model is to shed light on
the conditions under which the densest structures in galaxies form,
and how the local-Universe GMCs and stellar clusters may be con-
nected to their high-redshift analogues of giant molecular clumps
and globular clusters.

The structure of this paper is as follows. We present a self-
consistent simple model to simultaneously predict the maximum
masses of molecular clouds and stellar clusters, from local galaxies

out to the clumpy, star-forming systems observed at high redshift.
We introduce the idea that the feedback time (i.e. time it takes to
the stellar feedback to destroy the cloud) can be smaller than the
two-dimensional free-fall time of the shear-limited region. In such
a scenario, the collapsed mass will be smaller than the shear-limited
Toomre mass. We present the derivation of our model in Section 2.
Then we predict the maximum cloud and cluster mass for a region
of the parameter space (Section 3). We then test the predictions of
our model for the Milky Way, the Local Group disc galaxy M31,
the grand-design spiral galaxy M83 and the high-redshift galaxy
zC406690 to their observed maximum mass scales and present the
results in Section 4. Finally, we present the conclusions of this work
in Section 5.

2 MO D EL

In this section, we derive a simple analytical model that self-
consistently predicts the maximum mass scales of GMCs and stellar
clusters, from local galaxies out to high redshift. We consider the
situation in which the mass assembly of clouds and clusters can
be limited by shear and feedback. Which of these two mechanisms
ends up setting the maximum mass scales depends on whether or
not the collapse of the GMC enclosed by the shear-limited area
proceeds more rapidly (i.e. the free-fall time) than the time it takes
stellar feedback to disperse the GMC (i.e. the feedback time).

2.1 Mass of the most massive GMC

We first determine the collapse time of a GMC enclosed by the
shear-limited area. In a differentially rotating disc, Toomre (1964)
explores the possibility of compensating a gravitational instability
with internal kinetic energy and shear. The author finds that the
random motions set a minimum scale for collapse that corresponds
to the Jeans length λJ, whereas the maximum scale is set by shear
and corresponds to the Toomre length λT, which is set by galactic-
scale quantities,

λT = 4π2G�g

κ2
, (1)

where G is the gravitational constant, �g is the gas surface den-
sity and κ corresponds to the epicyclic frequency. The disc is sta-
ble to perturbations with wavelengths larger than this length-scale.
Toomre posits that collapse can only take place when λJ < λT.
Given that the Jeans length depends on local conditions and in-
creases with the local velocity dispersion, the turbulent energy will
dissipate even if initially λJ > λT, thus decreasing the Jeans length
and eventually meeting the unstability condition. The collapse then
occurs on a scale λT, which is therefore the largest scale on which
collapse can take place in our model.

The collapse length-scale can naturally be related to an equivalent
mass scale (i.e. the Toomre mass) for a given gas surface density:

MT = π�g
λ2

T

4
= 4π5G2�3

g

κ4
. (2)

The characteristic time-scale associated with the collapse of a region
enclosed by shear can be determined as the two-dimensional free-
fall time of the sheet of gas derived by Burkert & Hartmann (2004).
They assume finite, self-gravitating sheets of gas and derive the
typical infall time for a subregion within a collapsing sheet of radius
r. Using numerical simulations, they demonstrate that this time-
scale also describes the time it takes to the edges of the collapsing
sheet to reach the centre. Using that our maximum collapsing region
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has a size r = λT/2 and equation (1) to describe the Toomre length,
we obtain a collapsing time-scale tff,2D inversely proportional to the
epicyclic frequency,

tff,2D =
√

r

πG�g
=

√
λT

2πG�g
=

√
2π

κ
. (3)

In environments of low gas surface density and low shear (i.e. low
λT), the two-dimensional free-fall time may become larger than the
time it takes massive stars to destroy the cloud (the feedback time-
scale tfb). In the case where tfb < tff,2D, the collapsing GMC will be
destroyed by stellar feedback before it has finished the collapse, so
the maximum mass of the collapsing region will be limited by the
minimum time-scale.

We use equation (20) in Kruijssen (2012) to determine the feed-
back time-scale, that is, the time needed to achieve pressure balance
between the feedback energy density and the turbulent pressure of
the ISM, by setting ambient gas density equal to the mid-plane
density. This leads to

tfb = tsn

2

⎛
⎝1 +

√
1 + 4π2G2tff,gQ2�2

g

φfbεff t2
snκ

2

⎞
⎠ , (4)

where tsn = 3 Myr is the typical time of the first supernova explo-
sion, tff,g is the free-fall time of the ISM, Q is the Toomre parameter,
φfb ≈ 0.16 cm2 s−3 is a constant that represents the rate at which
feedback injects energy into the ISM per unit stellar mass and
εff corresponds to the star formation efficiency (SFE) per free-fall
time. We use the empirically motivated assumption that εff is ap-
proximately constant from Elmegreen (2002), εff = 0.012 (also
see Krumholz, Dekel & McKee 2012). Equation (4) shows that in
high-surface density environments, it may take time for feedback
to overcome the ambient pressure, whereas in low surface density
environments the feedback time-scale can be shorter than global,
two-dimensional free-fall time. This definition of the feedback time
assumes that stars can start forming immediately once a cloud starts
to collapse, which is justified because the hierarchical structure of
the ISM means that locally the free-fall time is much shorter than it
is globally, enabling star formation in local overdensities once the
GMC has condensed out of the background.

The Toomre (1964) Q parameter is defined as

Q ≡ κσ

πG�g
, (5)

where σ corresponds to the one-dimensional velocity dispersion of
the gas. This parameter is used to asses the stability of the disc
against shear. The case λJ = λT refers to the value of Q = 2, which
implies marginal stability. A region of the disc will collapse if its
value of the parameter is Q < 2, which implies λJ < λT.1

The free-fall time of the ISM tff,g corresponds to the collapsing
time in the vertical direction at the mid-plane density as represented
in Fig. 1 and it characterizes the gravitational collapse towards star
formation,

tff,g =
√

3π

32Gρg
, (6)

1 This differs from the classical Q = 1 condition because we are interested
in the largest unstable scale rather than the most unstable scale.

Figure 1. Schematic representation of the collapse. The two-dimensional
collapsing time-scale tff,2D describes the collapse proceeding on the horizon-
tal direction, whereas the vertical mid-plane free-fall time tff,g characterizes
the gravitational collapse towards star formation, and thus, the feedback
time-scale tfb.

where ρg corresponds to the mid-plane density of the ISM and can
be defined following Krumholz & McKee (2005) and assuming a
disc in hydrostatic equilibrium as

ρg = φPκ
2

2πQ2G
, (7)

where φP = 3 is a constant to account for the gravity of the stars.
The hydrostatic equilibrium assumption has the major advantage
that the properties of the ISM can be described in terms of just three
variables: the gas surface density �g, the epicyclic frequency κ and
the stability parameter Q.

Using equations (2) and (3), we can determine the dependence of
the Toomre mass in the collapsing time-scale as MT ∝ t4

ff,2D. With
that relation we can define the fraction of collapsed mass as

fcoll = min

(
1,

tfb

tff,2D

)4

, (8)

which will be less than unity when the stellar feedback halts collapse
towards faster than the two-dimensional collapse is completed.

Thus, the maximum mass of the collapsing region can be de-
termined from the Toomre mass and the collapsed-mass fraction
as

MGMC,max = MT × fcoll = 4π5G2�3
g

κ4
× min

(
1,

tfb

tff,2D

)4

. (9)

Inspection of equations (3) and (6) shows that feedback dominates
in regions of low epicyclic frequency and low gas surface density,
whereas free-fall dominates in regions of high epicyclic frequency
and/or high gas surface density. We refer to these two regimes as
feedback-limited and shear-limited, respectively.

2.2 Mass of the most massive stellar cluster

Given the mass of the most massive GMC, it is possible to derive
the mass of the most massive stellar cluster. We assume that cluster
complexes can continue to collapse within the collapsed region
of the cloud even if the stellar feedback stops the collapse of the
GMC. Following Kruijssen (2014), we derive the maximum cluster
mass by assuming some fraction of the GMC is converted into
stars (i.e. the star formation efficiency or SFE, ε), of which some
fraction is born in gravitationally bound stellar clusters (i.e. the
cluster formation efficiency or CFE, 
 as defined by Bastian 2008),
resulting in

Mcl,max = ε
(�, κ, Q)MGMC,max, (10)

where we set ε = 0.1 (e.g. Lada & Lada 2003; Oklopčić et al. 2017).
This fiducial value is broadly consistent with the SFE of embedded
clusters (0.1–0.3, Lada & Lada 2003) and nearby molecular clouds
(0.03–0.06, Evans 1999). The total dynamic range of the SFE is
there for a factor of three in either direction. The maximum cluster
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Figure 2. Predictions of our model assuming Q = 1.5. From left to right, the panels represent: (1st row) the two-dimensional free-fall time-scale of a GMC
tff,2D, the feedback time-scale tfb and the ratio of time-scales tfb/tff,2D; (2nd row) the shear-limited Toomre mass of the cloud MGMC,T, the hybrid maximum
mass of the cloud MGMC,max and the ratio of cloud mass scales; (3rd row) the shear-limited mass of the cluster Mcl,T, the hybrid maximum mass of the cluster
Mcl,max and the ratio of cluster mass scales. We overplot observational data from four different environments. The values for the solar neighbourhood are
represented with a yellow star. The green diamonds represent the spiral galaxies from table 1 in Kennicutt (1998), whereas the circumnuclear starbursts of their
table 2 are represented by white dots. The orange squares correspond to the high-redshift galaxies from Tacconi et al. (2013).

mass scales in this paper cover a range of several orders of magni-
tude (see Section 4). Assuming a constant SFE is therefore a minor
effect relative to the other elements in our model (such as the steep
dependences on the epicyclic frequency and the surface density).
The CFE 
(�, κ , Q) is evaluated at t = tfb using the model from
Kruijssen (2012). This model predicts the naturally bound fraction
of star formation fbound as well as the fraction thereof that survives
tidal perturbations by nearby gas clouds on a star formation time-
scale (‘the cruel cradle effect’). Because we are interested in the
most massive cluster that can possibly form, we adopt 
 = fbound

and ignore the cruel cradle effect. For the same reason, we consider
the limiting case in which the cloud undergoes complete hierarchi-
cal merging and all bound stars end up in a single cluster.

3 EXPLORING PARAMETER SPAC E

Using the model derived in the previous section, we now calculate
the resulting maximum GMC and cluster mass scales, and demon-
strate in which part of the parameter space formed by �g, κ and Q
these are limited by feedback rather than by shear.

The model has been derived without the assumption of a flat rota-
tion curve. In order to facilitate the comparison to observations, we
now assume a flat rotation curve and change the epicyclic frequency
κ in equations (3), (4), (9) and (10), following:

κ ≡
√

2
V

R

√
1 + d ln V

d ln R
→

√
2�, (11)

where V corresponds to the circular velocity, R corresponds to the
galactocentric radius and � is the angular velocity, i.e. � = V/R.

We start by setting a fiducial value of the stability parameter
Q = 1.5 to study the predictions of our model as a function of the
gas surface density and the angular velocity, and then we study the
influence of the Toomre parameter on our predictions.

3.1 Influence of the gas surface density and the angular
velocity

The results for a fiducial value of Q = 1.5 are presented in Fig. 2.
From left to right and top to bottom, the panels represent the two-
dimensional free-fall time-scale of the GMC (tff,2D), the feedback
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Figure 3. Influence of the stability parameter Q on the ratio of the feedback and free-fall time-scales tfb/tff,2D: (left) Q = 0.5, (middle) Q = 1.5 and (right)
Q = 3. The dashed line indicates the change of regime from being feedback-limited (tff,2D > tfb) in the bottom-left to being shear-limited (tff,2D < tfb) in the
top and/or right. We overplot observational data from four galactic environments as in Fig. 2.

time-scale (tfb), the ratio of time-scales, the shear-limited GMC
mass (MGMC,T), the hybrid maximum GMC mass including feed-
back (MGMC,max), the ratio of both GMC mass scales, the shear-
limited cluster mass (Mcl,T), the hybrid maximum cluster mass in-
cluding feedback (Mcl,max) and the ratio of both cluster mass scales.

For comparison, we also overplot the positions in parameter space
of four observed galaxy samples: the solar neighbourhood, nearby
spiral galaxies, circumnuclear starbursts and high-redshift galaxies.
For the solar neighbourhood we use the observed values �g,MW 

13 M� pc−2 (fig. 7 from Kennicutt & Evans 2012) and �MW 

0.029 Myr−1 (Section 6.4.2 in Bland-Hawthorn & Gerhard 2016).
The nearby spiral galaxies are listed in table 1 of Kennicutt (1998),
whereas the circumnuclear starburst galaxies are listed in their
table 2. Lastly, the high-redshift galaxies are listed in table 2 of
Tacconi et al. (2013). For these, we determine the angular velocity
from the listed circular velocity and the optical half-light radius
and we use their measurement of the mean molecular gas surface
density within the half-mass radius.

As expected from equation (3), in panel (a) it is found that the
two-dimensional free-fall time of the cloud does not depend on the
gas surface density, but it is inversely proportional to the angular ve-
locity. This dependence is especially relevant in environments with
low angular velocity, as they yield very large collapsing time-scales.
By contrast, the feedback time-scale depends on both parameters,
as seen in panel (b). The feedback time-scale reaches its lower limit,
tfb = tsn, in environments with high angular velocity and low gas
surface density.

The contrast in the behaviour between the two time-scales is best
visualized in panel (c), where we show the ratio of the feedback
time over the two-dimensional free-fall time-scale of the shear-
limited area. The dashed line marks the separation between the
shear-limited (tff,2D < tfb) and the feedback-limited (tff,2D > tfb)
regimes. It can be seen that, for low angular velocity and low gas
surface density, the feedback time-scale can be more than an order
of magnitude less than the free-fall time-scale. This directly implies
that shear cannot be setting the maximum mass scales of GMCs and
clusters for an important part of parameter space.

For a fixed value of the angular velocity, the GMC mass scales
[panels (d) and (e)] increase with increasing gas surface density,

whereas they decrease for increasing angular velocity and a fixed
gas surface density. The hybrid GMC mass behaves like the shear-
limited Toomre mass except for low angular velocity and low gas
surface density, where it has lower values due to the short feedback
time-scales.

The ratio between these two GMC masses is shown in panel
(f) and, as expected, the parameter space affected matches the area
where the feedback time is shorter than the free-fall time. The region
of the parameter space affected by our model is occupied by most
spiral galaxies in the local Universe (here showing the sample from
Kennicutt 1998, including the solar neighbourhood). Higher density
systems, such as the starburst galactic nuclei from Kennicutt (1998)
and the high-redshift galaxies from Tacconi et al. (2013) are located
in the shear-limited regime. This indicates that the higher GMC (or
clump) masses observed in high-redshift and starburst galaxies are
due to them being limited by shear instead of by stellar feedback.

Turning to maximum cluster masses in panels (g)–(i), we see
that the parameter space affected by our model is still in agreement
with the time-scale ratios in panel (c). Compared to the GMC mass
scales, the cluster mass scales shown in panels (g) and (h) have an
overall similar behaviour due to the dependence of the CFE on �g

and �. The differences are due to the dependence of the CFE on �g

and �.

3.2 Influence of the stability parameter Q

We now explore the influence of the Toomre parameter in our model.
We use three values of Q = 0.5, 1.5 and 3 and we consider the ratio
of time-scales, the shear–feedback hybrid GMC mass, the ratio of
GMC mass scales, the shear–feedback hybrid cluster mass and the
ratio of cluster mass scales shown in panels (c), (e), (f), (h) and (i)
of Fig. 2, respectively.

In Fig. 3, we present the ratio of time-scales for the three values of
the stability parameter. The region of the parameter space affected
by our addition of feedback as a limiting mechanism increases as
we move towards lower values of Q (from right-hand to left-hand
panels). The resulting reduction of the maximum mass scales is
caused by an increase of the gas surface density needed to go from
the shear-limited to the feedback-limited regime, whereas the limit
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Figure 4. Influence of the stability parameter Q on (top) the maximum shear–feedback hybrid GMC mass and (bottom) the ratio of GMC mass scales: (left)
Q = 0.5, (middle) Q = 1.5 and (right) Q = 3. The dashed line indicates the change of regime from being feedback-limited (tff,2D > tfb) in the bottom-left to
being shear-limited (tff,2D < tfb) in the top and/or right. We overplot observational data from four galactic environments as in Fig. 2.

on the angular velocity does not change. This result indicates that
environments with a low value of Q, which are less shear stable, are
more likely to be limited by feedback rather than by shear.

The variation of Q has a similar effect on the GMC and clus-
ter mass scales, shown in the top panels of Figs 4 and 5, respec-
tively. The white region, corresponding to MGMC,max ∼ 106 M� and
Mcl,max ∼ 104.5 M�, shifts towards lower gas surface densities as
we move towards larger values of Q (from left to right), thus in-
dicating that the more shear-stable environments will have larger
cloud masses compared to the unstable environments.

Leroy et al. (2008) show in their fig. 11 that nearby galaxies
have an observed Toomre parameter Q ∼ 3, which would place
them in the region of the parameter space affected by our intro-
duction of the feedback mechanism. By contrast, and despite the
low value of the stability parameter of Q ∼ 1 reported in fig. 24
in Genzel et al. (2014), the high-redshift galaxies lie in the re-
gion of the parameter space that is only limited by shear. It seems
that as galaxies evolve and becomes less gas-rich, they move in
the parameter space from the shear-limited towards the feedback-
limited region.

3.3 Limitations of the model

In Section 2, we derive our model by considering a differentially
rotating disc in hydrostatic equilibrium. This assumption implies
the presence of some degree of shear and allows us to describe the
properties of the ISM just using three variables (�, κ and Q). These
simple assumptions yield some caveats that need to be accounted
for when comparing the predictions of our hybrid model with the
observed mass scales of real galaxies.

The first caveat is due to our model predicting the maximum mass
scales based on the present-day properties of the gas surface density.
Therefore, the predictions of the hybrid model should be compared
to a cluster sample with an age range small enough such that the
gas properties have not undergone significant change. Otherwise,
the input gas conditions in our model will not agree with the gas
conditions at birth of these clusters. A natural time-scale for changes
in the gas conditions is the orbital time-scale �−1, which is of the
order of 50 Myr in nearby galaxies (Leroy et al. 2008). The second
caveat comes from the fact that our hybrid shear–feedback model
does not consider systematic structural morphological features that
may exist in the disc, such as bars, rings or spiral arms. Such
structures may induce the formation of more massive clouds than
the ones predicted by our model, as the external compression from
the structure would yield larger densities and thus larger mass scales
that would not have been reached if shear is considered. Finally, we
also need to consider the effect of dynamical friction on the most
massive clusters when we apply our model to star-forming high-
redshift environments. According to the cluster formation model
described in Kruijssen (2015), stellar clusters may survive over
a Hubble time and become the present-day GCs if they migrate
towards the host galaxy halo (e.g. by hierarchical galaxy growth)
before they are destroyed by impulsive shocks or dynamical friction
into the centre. For the most massive clusters, the dynamical friction
time-scale may be too short for the clusters to survive till migration,
which would cause them to spiral in and contribute to the growth
of a bulge. Given a galaxy stellar mass, it is possible to determine
what is the maximum mass of clusters that will survive dynamical
friction, i.e. the maximum mass that may be observed in the local
Universe. We will have to correct the predictions of our model
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1288 M. Reina-Campos and J. M. D. Kruijssen

Figure 5. Influence of the stability parameter Q on (top) the maximum shear–feedback hybrid cluster mass and (bottom) the ratio of cluster mass scales: (left)
Q = 0.5, (middle) Q = 1.5 and (right) Q = 3. The dashed line indicates the change of regime from being feedback-limited (tff,2D > tfb) in the bottom-left to
being shear-limited (tff,2D < tfb) in the top and/or right. We overplot observational data from four galactic environments as in Fig. 2.

if they are larger than these dynamically limited mass scales (see
Section 4.4.1).

4 C O M PA R I S O N TO O B S E RVAT I O N S O F
C L O U D S A N D C L U S T E R S

We now apply our shear–feedback hybrid model to observational
data and compare the results with the observed GMCs and clus-
ter masses, from local galaxies out to the clumpy, star-forming
systems observed at high redshift. We choose four galactic envi-
ronments as probes to test the model: the Milky Way, the disc
galaxy M31, the grand-design spiral galaxy M83 and the high-
redshift galaxy ZC406690. These four galaxies represent the sub-
set of systems for which the most comprehensive observational
data are available to carry out a detailed comparison and, at the
same time, they have a sufficiently wide variety of properties to
cover the galaxy population of interest, including different galactic
stellar masses (∼1010–1011 M�), SFR surface densities (∼10−3–
101 M� kpc−2 yr−1), substructure (spiral arms, clumpy and ring-
like morphologies) and gas fraction (∼10–70 per cent).

4.1 Milky Way

We carry out a first test of our model by simultaneously com-
paring it to the most massive GMCs and stellar clusters in our
Galaxy. We apply the model to two different regions of the Milky
Way: the Central Molecular Zone (corresponding to R < 0.2 kpc,
CMZ hereafter) and the disc (corresponding to R ∈ [3.5, 10] kpc).
For the CMZ, we use a gas surface density of �g ∼ 103 M� pc−2

and a one-dimensional velocity dispersion of σ = 5 km s−1 (as in

Henshaw, Longmore & Kruijssen 2016) and we determine the cir-
cular velocity from the relation between the enclosed mass and the
radius shown in fig. A1 in Kruijssen, Dale & Longmore (2015).
For the disc of the Milky Way, we use the red rotation curve shown
in fig. 16 in Bland-Hawthorn & Gerhard (2016) for a disc with
a radial scale-length of Rd = 2.6 kpc. To ensure the continuity of
the derivatives, we carry out a b-spline fit the rotation curve before
calculating the epicyclic frequency as in equation (11). We deter-
mine the total gas surface density from the addition of the atomic
and molecular gas surface densities shown in fig. 7 in Kennicutt &
Evans (2012)2 and we assume a fiducial constant one-dimensional
velocity dispersion of σ = 10 km s−1 (cf. Heiles & Troland 2003).
This allows us to determine the stability parameter Q as a function
of the galactocentric radius as in equation (5).

With the values obtained, we evaluate the model of Section 2 at
each galactocentric radius. We determine the free-fall and feedback
time-scales, as well as the maximum GMC and cluster mass scales.
We show a comparison of the two-dimensional free-fall time and
the feedback time in Fig. 6, where we determine the uncertain-
ties associated with the characteristic time-scales performing 106

Monte Carlo runs assuming typical uncertainties of 10 per cent and
30 per cent for the epicyclic frequency and the gas surface density,
respectively. We shade the area in Fig. 6 where the feedback time-
scale is smaller than the collapsing free-fall time, i.e. when the cloud
masses will be feedback-limited and less massive than the Toomre

2 We repeat the calculation using the gas surface density profile in fig. 9
of Miville-Deschênes, Murray & Lee (2017) and we obtain the same mass
scale predictions to within the errorbars.
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The most massive clouds, clumps, and clusters 1289

Figure 6. Predicted free-fall and feedback time-scales for GMCs in the
Milky Way as a function of the galactocentric radius. The colour-shaded
area indicates the uncertainties associated with the characteristic time-scales
determined with 106 Monte Carlo runs assuming typical uncertainties for
the epicyclic frequency and the gas surface density of 10 per cent and
30 per cent, respectively. The grey-shaded area corresponds to the feedback-
limited regime, tfb < tff,2D, located at R ≥ 4.3+2.0

−0.8 kpc. The lower errorbar
is determined from the inner boundary of the data, whereas the higher one
comes from the change of regime of the colour-shaded areas. Both of them
are represented with black arrows.

mass. This happens at galactocentric radii R ≥ 4.3+2.0
−0.8 kpc due to

a gradual change of the time-scales with the environment, not due
to any particular (morphological) feature such as the tip of the bar.
For smaller galactocentric radii, the two-dimensional free-fall time
is shorter than the feedback time and the maximum cloud mass is
equal to the Toomre mass.

The panels in Fig. 7 show the maximum cloud mass and the
maximum cluster mass, respectively. For the sake of a better vi-
sualization, we separately show the maximum mass set by each
mechanism (i.e. shear and feedback). We remind the reader that
the lowest of these curves sets the maximum mass scale. With
typical uncertainties of 10 per cent in the epicyclic frequency and
30 per cent in the gas surface density, the uncertainty associated
with our predictions is ∼0.4 dex. In the CMZ, the clouds are shear-
limited and our prediction agrees well with the observed cloud mass
of ∼105 M� in Longmore et al. (2012). For R � 4.3 kpc, the mass
scales become feedback-limited, as indicated by the shaded area.
In that regime, the feedback-limited GMC mass remains approx-
imately constant at MGMC,max ∼ 106 M�, in agreement with the
most massive clouds for the solar neighbourhood reported in fig. 3
in Heyer et al. (2009).3 The predicted shear-limited cloud and clus-
ter masses increase at large galactocentric radius (for R > 4.3 kpc)
due to the steady drop of the epicyclic frequency. The resulting in-
crease of the two-dimensional free-fall time implies that feedback
becomes the mechanism responsible for setting the approximately
constant GMC mass as a function of radius.

3 These authors first determine the 13C and 12C column densities from the
13CO(1–0) emission and using a radially dependent conversion factor of
12C/13C taken from Milam et al. (2005), respectively. They then determine
the H2 column density by assuming a constant H2/12CO abundance ratio of
1.1 × 104 (Frerking, Langer & Wilson 1982).

Figure 7. Result of applying our shear–feedback hybrid model to the Milky
Way: (top) maximum GMC mass and (bottom) maximum cluster mass as
a function of the galactocentric radius. The magenta squares correspond to
the shear-limited mass scales and the orange triangles correspond to the
feedback-limited mass scales. The observed maximum GMC and cluster
masses are represented by the green and blue dots with error bars. The grey-
shaded area corresponds to the feedback-limited regime: tfb < tff,2D. The
colour-shaded areas indicate a fiducial uncertainty range, assuming that the
rotation curve and the gas surface density profile are known to an accuracy
of ∼0.04 and ∼0.13 dex, respectively.

In the bottom panel, we show the predicted maximum cluster
masses by our model. We overplot the masses of the observed clus-
ters Arches, Quintuplet, RSGC01, RSGC02, RSGC03, Westerlund
1, Westerlund 2, Trumpler 14 and NGC 3603 reported in table 2 in
Portegies Zwart, McMillan & Gieles (2010). The vertical error bars
correspond to an uncertainty of ±0.3 dex, whereas the error bars on
the galactocentric radius have been propagated from the distance
uncertainties in the original papers referenced by Portegies Zwart
et al. (2010). Except for the clusters located at the end of the bar
(R 
 4 kpc), the predicted cluster masses for the CMZ and the solar
neighbourhood are in agreement with the observed cluster masses.
A possible reason why the cluster masses at the end of the bar
would be elevated is that the bar may be sweeping up the material,
thus producing an environment in which external compression aids
mass accumulation towards mass scales that otherwise would not be
achieved. The data point at R ≈ 5.5 kpc corresponds to Westerlund
1, which resides in the Scutum arm that connects to the bar. It lies
just 10 Myr downstream from the bar, which means that it likely
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formed through a similar compression event like we suggest for the
RSG clusters (located at R ≈ 4 kpc).

4.2 M31

We now test our model with the disc galaxy M31, the most mas-
sive galaxy in the Local Group. We apply the model in the radial
range R ∈ [8, 15] kpc in order to have measurements for all input
variables. This radial range contains the 10-kpc ring of star forma-
tion, i.e. the region where cluster formation is more likely to occur
(Vansevičius et al. 2009, Caldwell et al. 2009 and references
therein). We use the turbulent velocity dispersion from Braun et al.
(2009, fig. 19, panel f) and the rotation curve described in Corbelli
et al. (2010, fig. 7 and table 1), both of them obtained with the
Westerbork Synthesis Radio Telescope (WRST) H I survey of M31
described in Braun et al. 2009). We determine the gas surface den-
sity from the addition of the atomic and molecular profiles reported
in Schruba et al. (in preparation), of which the data are described
by Leroy et al. (2016), and determined from observations with the
WRST and the IRAM 30 m telescope, respectively.

As previously done for the Milky Way, we do not assume a flat
rotation curve, but instead we determine the epicyclic frequency as
in equation (11) and carrying out a b-spline fit to the rotation curve.
We then determine the stability parameter Q at each galactocentric
radius as in equation (5). With these values, we apply the model
described in Section 2 and show the predicted cloud and cluster
mass scales in Fig. 8.

In the top panel, we represent the predicted shear and feedback-
limited mass scales for the GMCs. With typical uncertainties of
10 per cent for both the gas surface density4 and the epicyclic
frequency, we determine the uncertainties associated with our pre-
dictions to be ∼0.22 dex. As indicated by the shaded area, the
maximum mass scales are feedback-limited for galactocentric radii
R ≥ 8.4 kpc, whereas they become shear-limited at smaller radii.
There is a good agreement between our predictions and the observed
maximum GMC mass of MGMC,max ∼ 105.5 M� reported in Schruba
et al. (in preparation).5

The maximum cluster mass scales are shown in the bottom panel
of Fig. 8. The symbols correspond to the prediction of our model
using the current gas condition, whereas the colour-shaded area re-
flects a fiducial uncertainty range of ∼0.22 dex, as well as changes
in the gas surface density over the past 300 Myr, corresponding to
the age range for which the cluster masses in Johnson et al. (2017)
have been measured. These authors determine the observed trunca-
tion mass by fitting an exponentially truncated power law with index
−2 (i.e. a Schechter 1976 function) to the mass function of a sam-
ple of 840 young clusters of ages between 10 and 300 Myr. Given
this large age range, it may not be surprising that the present-day
predictions of our model do not reproduce the observed maximum
cluster mass scale. The 10-kpc ring is a long-lived structure with
a bursty star formation history (Lewis et al. 2015), which means
that the currently observed gas properties may not be representative
for the conditions under which the most massive clusters in the
ring formed. Indeed, figs 5 and 6 of Lewis et al. (2015) show that,
over the past 300 Myr, the SFR surface density of the 10-kpc ring

4 This uncertainty is lower than for the Milky Way, where we assumed
30 per cent, because M31 is atomic gas-dominated.
5 The cloud mass is derived from CO data using the standard Galactic
CO-to-H2 conversion factor of XCO = 2 × 1020 cm−2 (K km s−1)−1 (Bo-
latto, Wolfire & Leroy 2013).

Figure 8. Result of applying our shear–feedback hybrid model to the disc
galaxy M31: (top) maximum GMC mass and (bottom) maximum cluster
mass as a function of the galactocentric radius. The magenta squares corre-
spond to the shear-limited mass scales and the orange triangles correspond to
the feedback-limited mass scales. The observed maximum GMC and cluster
masses are represented by the green and blue dots with error bars. The grey-
shaded area corresponds to the feedback-limited regime: tfb < tff,2D. The
colour-shaded areas indicate a fiducial uncertainty range, assuming that the
rotation curve and the gas surface density profile are known to an accuracy
of ∼0.04 dex. It also accounts for changes in the gas surface density over the
past 300 Myr, corresponding to the age range for which the cluster masses
have been measured.

experienced several peaks of up to a factor of 4 higher than it is at
present. This increase would correspond to a similar increase of the
CFE and, hence, of the maximum cluster mass.

In order to account for the past variations of the gas surface
density, we assume a linear relation between the SFR density and the
gas surface density, �g ∝�SFR (Bigiel et al. 2008, Leroy et al. 2008),
and use fig. 6 in Lewis et al. (2015) to derive a radially dependent
correction factor, f(R) ≡ max [�SFR(R, 0 ≤ τ/Myr < 316)]/�SFR(R,
0 ≤ τ/Myr < 25). This factor converts the SFR over the most
recent 25 Myr, and hence, the present gas surface density, to the
maximum over the past 316 Myr, as that corresponds to the true
conditions when the clusters were formed. We apply our model to
the past-corrected gas surface density profile and those predictions
are included in the colour-shaded area. We find that the predictions
based on the present-day SFR underpredict the truncation mass
reported in Johnson et al. (2017) which is Mcl,c = 8.5+2.8

−1.8 × 103 M�
by a factor of 4, but when accounting for the past range of gas surface
densities, we find that our prediction agrees with the observed mass.
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The above considerations show that at certain times in the history
of the 10-kpc ring, the maximum cluster mass scales predicted by
our model would have been consistent with the observed truncation
mass from Johnson et al. (2017). We can test further whether this
is indeed the reason for the discrepancy by considering the ages of
the most massive clusters in M31. Fouesneau et al. (2014) present a
subset of the cluster sample used by Johnson et al. (2017) and show
that the most massive clusters in the 0–300 Myr age range have ages
exceeding 100 Myr. This corresponds to multiple dynamical times
at the radius of the 10-kpc ring and matches a burst that occurred
100–150 Myr ago. We thus conclude that the discrepancy between
model and observation is likely due to changes in environmental
conditions since the observed clusters formed.

4.3 M83

For the third test of our model, we use the nearby grand-design
spiral galaxy M83. In order to apply our model, we use the obser-
vational data reported in fig. 6 in Freeman et al. (2017): the total
gas surface density curve from the top panel, the rotation curve
from the middle panel obtained from the 21-cm line in Walter et al.
(2008) and the velocity dispersion inferred from the Atacama Large
Millimeter/submillimeter Array (ALMA) CO and THINGS 21-cm
data from the bottom panel.

We compare the predictions of our model with the observed max-
imum masses of two observational samples. For the GMC sample,
we use the cloud catalogue of Freeman et al. (2017), who present
data obtained with ALMA, whereas for the clusters, we use the sam-
ple from Adamo et al. (2015), based on Hubble Space Telescope
data.

As for the previous tests, we carry out a b-spline fit to the rotation
curve to determine the epicyclic frequency κ . We determine the
stability parameter Q as in equation (5) and we apply the model
from Section 2 at each galactocentric radius. We determine the
maximum cloud mass, the CFE and the maximum cluster mass.
In order to compare with the observed masses, we calculate the
mass-weighted average of the predicted quantities for each radial
bin described in Adamo et al. (2015) and show the result in Fig. 9.
With typical uncertainties of 10 per cent in the epicyclic frequency
and 30 per cent in the gas surface density, the uncertainty associated
with our predictions is ∼0.4 dex.

In the top panel in Fig. 9, we show the GMC mass scales. We plot
the mean mass for the five most massive GMCs 〈MGMC,max〉5 and the
most massive GMC MGMC,max reported in Freeman et al. (2017).6 as
well as our predicted shear and feedback-limited mass scales for the
clouds. Given that the region studied is shear-limited, the predicted
maximum mass by our model corresponds to the Toomre mass and
they agree with the observed cloud masses, at each radial bin.

Adamo et al. (2015) determine the CFE of two groups of clusters;

1 − 10 for the clusters of ages between 1 and 10 Myr and 
10–50 for
the clusters of ages between 10 and 50 Myr. Given that for the age
bin 1–10 Myr it is non-trivial to distinguish between bound clusters
and unbound associations, we decide to use 
10–50 to represent the
CFE of the cluster population in M83.

We show the observed and predicted CFEs in the middle panel
in Fig. 9. Specifically, we show the observed CFE 
10–50 described
in Adamo et al. (2015, the error bars correspond to the values given

6 The cloud masses are derived from CO data using the standard Galac-
tic CO-to-H2 conversion factor of XCO = 2 × 1020 cm−2 (K km s−1)−1

(Bolatto et al. 2013).

Figure 9. Result of applying our shear–feedback hybrid model to M83:
(top) maximum GMC mass and (bottom) maximum cluster mass as a
function of the galactocentric radius. The magenta squares correspond to
the shear-limited mass scales and the orange triangles correspond to the
feedback-limited mass scales. The observed maximum mass scales and
CFE are represented by the green and blue dots with error bars. The colour-
shaded areas indicate a fiducial uncertainty range, assuming that the rotation
curve and the gas surface density profile are known to an accuracy of ∼0.04
and ∼0.13 dex, respectively. For more details see the text.

in their paper), the predicted CFE using the model described in
Kruijssen (2012) with a time of observing the cluster population of
t = 10 Myr and the predicted CFE using the same model but at a
different time t = tfb. Our prediction agrees well with the observa-
tional 
10–50 in all the radial bins. To first order, this confirms the
agreement found by Adamo et al. (2015), who carried out a similar
comparison using lower resolution input data for the model. To sec-
ond order, we see that evaluating the CFE predicted by Kruijssen
(2012) at the feedback time yields somewhat better agreement with
the observations than using the fiducial evaluation time of 10 Myr.
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However, it is not immediately clear how significant this improve-
ment is, given the intrinsic ∼0.2 dex uncertainty in the model. Only
at the largest radius does the difference between both models exceed
this margin.

In the bottom panel of Fig. 9, we present the observed and
predicted cluster masses. We show the maximum cluster mass
Mcl,max and the characteristic cluster mass Mcl,c obtained when
fitting an exponentially truncated power law with index −2 (i.e.
a Schechter 1976 function) presented in Adamo et al. (2015), as
well as our predicted shear-limited (using MGMC = MGMC,T) and
feedback-limited cluster masses. As in the cloud mass scales, we
predict the masses are shear-limited over the entire radial range and
they closely agree with the observed masses.

The strong bar in M83 only appears to slightly affect the observed
cluster masses. From the maps in Adamo et al. (2015), the bar ends
at R ∼ 2.3 kpc, which corresponds to the end of their first bin. Any
influence of the bar should manifest itself in the first two radial bins.
As opposed to the comparison done in Section 4.1 for the Milky
Way, where we use individual masses of observed clusters, here
we compare the predictions of our model with two mass scales:
the characteristic mass derived from a Schechter function fit to the
cluster mass function within a radial bin Mcl,c and the maximum
cluster mass within a radial bin Mcl,max. The first mass scales are
averaged both azimuthally and over the bin, whereas the second
ones are not, indicating they are equivalent to the individual cluster
masses we use for the Milky Way. Looking into Fig. 9, there is a
slight disagreement between the predictions of our model and the
maximum mass scales in the first and second bin. This region is
where the bar should have an effect, but given that the disagreement
is within the errorbars we can conclude that cluster formation is
only slightly affected by the bar.

4.4 zC406690

As a final test of our model, we use the high-redshift galaxy
zC406690 (z = 2.196) from the zCOSMOS-SINFONI sample (see
Förster Schreiber et al. 2009; Mancini et al. 2011). This choice is
motivated by its average properties for a high-redshift galaxy (see
e.g. Mancini et al. 2011, Tacconi et al. 2013), except for its high
SFR, which is typical of a highly actively star-forming environ-
ment. Next to zC406690, there are two additional galaxies in the
samples from Genzel et al. (2011) and Tacconi et al. (2013) with
known clump masses and macroscopic observational parameters.
However, zC406690 is the only galaxy that is classified as rotation-
ally dominated, which rules out the other galaxies as suitable targets
for the application of our model.

4.4.1 Prediction of the maximum mass scales for clumps and
stellar clusters

We now compare the predictions of our model to the observed clump
masses from Genzel et al. (2011) derived using H α data obtained
as part of the SINS GTO survey (Förster Schreiber et al. 2009) and
the SINS/zCOSMOS ESO Large Program (see Mancini et al. 2011)
of high-redshift galaxy kinematics carried out with SINFONI at the
Very Large Telescope.

In order to properly describe the host galaxy gas disc, we use
the properties derived from CO data obtained in the context of
the PHIBSS survey with the Plateau de Bure millimeter Interfer-
ometer (PdBI, nowadays called NOEMA) and listed in table 2 of
Tacconi et al. (2013). In particular, we use the circular velocity

V = 224 km s−1, the optical half-mass radius R1/2 = 6.3 kpc and
the mean molecular gas surface density contained in the half-mass
radius �g(R ≤ R1/2) = 102.52 M� pc−2.7 These global properties
are then converted to radial profiles. In principle, Genzel et al.
(2011) use the H α emission in conjunction with the gas depletion
time to estimate a molecular gas surface density profile. However,
while this method is intrinsically indirect, it also provides the present
gas surface density profile, in which the clumps have already con-
densed. We are interested in the initial gas surface density profile,
before the clumps have formed. We therefore assume that the gas
initially followed an exponential profile with the same half-light
radius as currently seen in the optical. The ratio between the half-
mass radius and the scale radius in a two-dimensional exponential
surface density profile is constant at R1/2/Rd = 1.678, which allows
us to express this profile as

�g(R) = �0 exp (−R/Rd) , (12)

with

�0 = �g(R ≤ R1/2)

2

(
R1/2/Rd

)2[
1 − exp

(
−R1/2

Rd

) (
1 + R1/2

Rd

)] . (13)

We assume that the rotation curve is flat at the quoted circu-
lar velocity and use a velocity dispersion of σ = 50 km s−1 to
determine Q.

We thus apply the model described in Section 2 to the obtained
values for a radial range out to twice the optical half-mass radius.
We determine the shear and feedback-limited maximum cloud and
cluster mass scales and we show them in Fig. 10. Assuming typ-
ical uncertainties of 10 per cent in the epicyclic frequency and
30 per cent in the gas surface density, the uncertainty associated
with our predictions is ∼0.4 dex.

We overplot the observed clump masses from Genzel et al. (2011)
in the top panel with an error bar of a factor 3 (as indicated in their
paper). We also plot the shear-limited Toomre mass determined
directly from the galaxy-average properties listed in Tacconi et al.
(2013). Its large discrepancy relative to the predicted mass scales
using the exponential fit is due to the use of the mean surface density
contained within a certain radius rather than the density at that
radius, which is much lower. The predicted clump mass scales by
our model correspond to the shear-limited Toomre masses, and they
are of the order of the observed clump masses. Dekel & Krumholz
(2013) demonstrate that stellar feedback is expected to produce
steady outflows from the giant clumps in high-redshift galaxies, but
they are not expected to be disrupted in the process. The authors
argue that the clumps are expected to migrate to the centre to build-
up the bulge in a short time-scale, although recent work suggests this
process may be inhibited by short clump lifetimes (e.g. Oklopčić
et al. 2017).

A consideration to be made is whether the larger mass scales
observed for the high-redshift clumps than for the local-Universe
GMCs are result of the observing resolution, as recent studies
suggest (e.g. Behrendt, Burkert & Schartmann 2016; Dessauges-
Zavadsky et al. 2017). The idea that high-redshift clumps may be
analogous to the GMCs in the local Universe has already been
suggested in previous studies (e.g. Oklopčić et al. 2017). The mas-
sive clumps may fragment into smaller ones, which at low spatial

7 The mean molecular gas surface density is determined as �g(R ≤ R1/2) =
Mmol−gas/(πR2

1/2), where the molecular mass of the cloud is derived from
CO data using the standard Galactic CO-to-H2 conversion factor of XCO =
2 × 1020 cm−2 (K km s−1)−1 (Bolatto et al. 2013).
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Figure 10. Result of applying our shear–feedback hybrid model to
zC406690 using CO data from the PHIBSS survey: (top) maximum clump
mass and (bottom) maximum cluster mass as a function of the galactocentric
radius. The magenta squares correspond to the shear-limited mass scales and
the orange triangles correspond to the feedback-limited mass scales. In the
bottom panel, the dashed line indicates the maximum cluster mass that may
survive dynamical friction over a typical major merger time-scale, i.e. before
the clusters would be redistributed by mergers. The observed clump masses
from Genzel et al. (2011) are represented by the green filled dots with error
bars. For comparison, the blue open circle shows the predicted shear-limited
mass when using the global-average properties from table 2 in Tacconi et al.
(2013) rather than the radial profiles used here. The colour-shaded areas
indicate a fiducial uncertainty range, assuming that the rotation curve and
the gas surface density profile are known to an accuracy of ∼0.04 and ∼0.13
dex, respectively. The grey-shaded area in the bottom panel indicates the
typical maximum mass scale of globular clusters (see the text).

resolution could appear as a single clump, but could also end up
merging into a single clump. Therefore, this fragmentation is not
inconsistent with our results in the context of massive clump and
cluster assembly in gravitationally unstable environments, which is
expected to be a two-step process around a reversal of the growth
hierarchy. It starts as a top-down process, where the largest gravi-
tationally unstable scale contracts and fragments into many smaller
clumps. As time proceeds, the resulting hierarchy of smaller clumps
may coalesce to form more massive clumps and clusters, thus tran-
sitioning to a bottom-up hierarchy. When defining the maximum
possible clump and cluster masses as we do in this paper, one has
to adopt the optimal case in which the entire hierarchy within the
largest gravitationally unstable scale has merged. For these reasons,
our predictions are insensitive to the recently-reported effects of

spatial resolution on resolving high-redshift clumps into smaller
fragments.

The predicted cluster masses, shown in the bottom panel in
Fig. 10, are much larger than any cluster mass observed at z = 0.
We investigate the possibility of dynamical friction being the mech-
anism that destroys the more massive clusters. In the context of the
Kruijssen (2015) globular cluster formation model, stellar clusters
are disrupted by tidal shocks until they are redistributed to the halo
during galaxy mergers or in accretion events (also see Kravtsov &
Gnedin 2005, Prieto & Gnedin 2008, Rieder et al. 2013). Equation
(18) of Kruijssen (2015) shows the minimum cluster mass that will
spiral in a time-scale shorter than a galaxy merging time, and thus,
it will get destroyed by dynamical friction before it can escape to
the halo,

Mcl,df = 106 M�
(

tmerge

2 Gyr

)−1 (
R

2 kpc

)2 (
V

200 km s−1

)
, (14)

where tmerge is the galaxy merger time-scale, R is the galactocentric
radius of the stellar cluster and V is the circular velocity. Given the
galaxy’s stellar mass of M∗ 
 4 × 1010 M�, we infer a halo mass at
z 
 2.2 of Mh 
 2 × 1012 M� through abundance matching (Moster,
Naab & White 2013). For such a halo mass, we use the relations
from Genel et al. (2009) to estimate that the time-scale to merge
with another halo of at least 1/3 its own mass8 is tmerge 
 3.5 Gyr.
We use the same flat rotation curve of V = 224 km s−1 and obtain
an expression that only depends on the galactocentric radius of the
cluster:

Mcl,df = 3.2 × 105 M�
(

R

kpc

)2

. (15)

We plot this relation in the bottom panel in Fig. 10. Only the
most massive clusters on the edge of the radial range considered
(R > 12 kpc) may spiral in slowly enough to be ejected before they
become part of the nucleus. Therefore, the minimum cluster mass
for destruction by dynamical friction becomes the effective pre-
dictor for the maximum mass scales of globular clusters at z = 0.
Indeed, the predicted mass range matches the observed truncation
mass of the globular cluster mass function (GCMF) of about 106–
107 M� (e.g. Fall & Zhang 2001; Jordán et al. 2007; Kruijssen &
Portegies Zwart 2009). This result is in contradiction to the finding
of Jordán et al. (2007) that dynamical friction does not drive the
truncation of the GCMF. However, we note that this work consid-
ers the observed conditions in real high-redshift galaxies, in which
globular clusters must have formed, whereas Jordán et al. (2007) ar-
rived at their conclusions by using the properties of the present-day
galaxy population.

4.4.2 Comparison to previous work on the maximum mass scales
of high-redshift clumps

This is not the first time that the shear-limited Toomre mass is
calculated for high-redshift galaxies, with the goal of determining
the maximum clump mass. Dekel et al. (2009) derive a simplified
expression for the Toomre mass that is based on global galaxy prop-
erties, by assuming that the angular velocity traces the gravitational
potential (i.e. the disc is rotation-dominated). This allows them to
relate the Toomre clump mass to a fraction of the disc mass. We use

8 We follow the assumption of Kruijssen (2015) that this is a reasonable
minimum mass ratio for driving the redistribution of the clusters.
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this formalism to evaluate whether the sample from Tacconi et al.
(2013) can be used to test our model.

Dekel et al. (2009) present a simple theoretical framework for
massive galaxies at high redshift in which discs are considered
to be self-gravitating and rotating objects subject to gravitational
instabilities. Despite recent work calling into question the validity
of using the linear Toomre analysis in the context of highly non-
linear galaxies (Behrendt, Burkert & Schartmann 2015, Tamburello
et al. 2015, Inoue et al. 2016), these concerns mainly relate to
the subsequent fragmentation of the clumps. Their maximum mass
scales are still largely set by the balance between self-gravity, the
centrifugal force and the turbulent pressure. Thus, the larger clumps
are limited by shear and correspond to the Toomre mass, to which
the results of this work adds further support. Following a similar
line of reasoning, Dekel et al. (2009) use the characteristic Toomre
length to define the properties of the clumps. They use a number
of assumptions to relate those properties with the radius and the
mass of the disc component of the galaxy. We now re-evaluate these
assumptions and use the high-redshift galaxies listed in Tacconi
et al. (2013) to see if the parameter space studied is affected.

Dekel et al. (2009) define two quantities, δ and β, which cor-
respond to the mass fraction of the disc and to the baryon mass
fraction, respectively,

δ ≡ Md

Mtot
≤ β ≡ Mbar

Mtot
, (16)

where Md is the mass in the disc component within the disc radius
Rd, Mbar is the mass of the baryons in the disc and bulge within Rd

and Mtot is the total mass taking into account the dark matter, the
stellar and the disc masses within Rd.

The inequality of equation (16) implies that the disc mass has to
be smaller than or equal to the baryonic mass, Md ≤ Mbar ≡ βMtot.
Dekel et al. (2009) determine the total mass from the expression of
the circular velocity at the disc radius Rd,

(�Rd)2 = V 2 = GMtot

Rd
→ Mtot = �2R3

d

G
(17)

and assume a constant surface density within Rd to determine the
disc mass, Md = π�totR

2
d = π�gR

2
d/fg, where fg = Mg/(Mg + M∗)

is the gas fraction. Assuming a bulgeless disc (i.e. δ = β and
Md = Mbar), this then allows Dekel et al. (2009) to write:

MT 
 π2

36
β2Md, (18)

with the express requirement that 0 ≤ β ≤ 1.
By introducing the above expressions in the mass in equa-

tion (16) and again assuming δ = β, we can define the combination
of the baryon and the gas fraction with its physical range:

π�gR
2
d

fg
= β

�2R3
d

G
→ 1 ≥ βfg = πG�g

�2Rd
≥ 0. (19)

To test if the simplified expression for the maximum mass scale
holds, i.e. if the product of the baryon fraction and gas fraction
apply, we use the high-redshift galaxies listed in Tacconi et al.
(2013). We separate the galaxies into two subsamples depending on
the kinematic classification done by Tacconi et al. (2013); rotation
are galaxies with disc-like morphology and a velocity gradient in
the CO data and dispersion are disc galaxies without a velocity
gradient (disk(A) and disk(B) in their classification). We use the
circular velocity V, the half-light optical radius R1/2, the gas fraction
fg and the mean gas surface density within the half-light optical
radius �g(r < R1/2) listed in their table 2. We determine the angular

Figure 11. Product of the baryon fraction β and the gas fraction fg that
would be implied by using the simplified expression of the Toomre mass
from Dekel et al. (2009) as a function of the half-light optical radius R1/2

for two sub-samples of high-redshift galaxies from Tacconi et al. (2013),
i.e. dispersion- or rotation-dominated. We overplot the median for each
subsample (green line for rotation, blue line for dispersion-dominated) and
the unity line (black dashed line), which represents the maximum allowed
value of βfg.

velocity at the half-light radius as �obs = V/R1/2. We restrict the
galaxies to be in the parameter space studied in Fig. 2.

With these values (�obs, �g, fg and R1/2) we determine the value
of the product of the baryon and gas fraction β inffg required by the
combination of the angular velocity and the baryonic surface density
for each subsample of galaxies using equation (19). We show it as a
function of the half-light radius of the galaxy in Fig. 11. We overplot
the median of each subsample, as well as the maximum value for
β inffgas = 1. The galaxies dominated by dispersion show a larger
dispersion in βfgas, whereas the rotation-dominated galaxies have a
significantly lower ratio between the gas mass and the dynamical
mass, to such an extent that the median is consistent with the allowed
range of βfg ≤ 1. This comparison shows that dispersion-dominated
galaxies have measured values of βfg that are well in excess of the
allowed range, which means that the Dekel et al. (2009) expression
for the Toomre mass from equation (18) substantially overestimates
the mass if the observed inferred βfg are used.

We emphasize that the bias induced by unphysical values of βfg

is not exclusive to the simplified Dekel et al. (2009) expression
for the Toomre mass, but is more immediately obvious in their
formulation. Fundamentally, the bias arises because the inferred
angular velocity in dispersion-dominated systems underestimates
the depth of the gravitational potential and, hence, the total galaxy
mass. This underestimate of � affects equation (18) in the same way
as it affects the formal expression in equation (2) – both effectively
scale with �−4.

With this result we can revisit the condition on βfg ≤ 1 and
obtain a condition for the angular velocity that isolates the part of
parameter space in which the observed galaxy properties can be
used reliably as input for our model:

πG�g

�2Rd
≤ 1 → � ≥

√
πG�g

Rd
, (20)

where we use the mean galaxy size of the high-redshift sample for
Rd. This is a representative radius because Fig. 11 shows that the
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Figure 12. Maximum cloud mass as a function of the angular velocity and the surface density for three values of the stability parameter Q. We overplot
observational data from four galactic environments as in Fig. 2. We shade the high-redshift galaxies that require baryon fractions larger than unity when using
the simplified expression of the Toomre mass from Dekel et al. (2009). The black dashed line indicates a required baryon fraction of unity for the mean disc
size in the galaxy sample of Tacconi et al. (2013).

product βfg has no strong radius dependence. In order to visual-
ize better this condition, we plot it in a modification of Fig. 4 that
is shown in Fig. 12. We include the same galactic environments
discussed in Section 3, but we shade the high-redshift galaxies for
which the inferred low angular velocities imply a product of the
baryon fraction and the gas fraction in excess of unity. These galax-
ies have gas masses exceeding the total mass needed to maintain
their angular velocity.

The condition for the angular velocity clearly separates the high-
redshift galaxy sample into two sub-samples; above the line, they
fulfil the condition of having a gas-to-total mass fraction βfg smaller
than unity, but below the line this condition is violated. We find 44
high-redshift galaxies out of the total sample of 65 in Tacconi et al.
(2013) that fall into this regime. The large implied gas-to-total
mass fractions indicate that the observed angular velocity (�obs)
is smaller than the angular velocity determined from the surface
density [equation (17) and assuming Mtot = πR2�gfg]. In view of
these results, we caution that only those high-redshift galaxies with
implied gas-to-total mass fractions smaller than unity should be
used to test the predictions of our model.

5 C O N C L U S I O N S

We present a simple, self-consistent analytical model to determine
the maximum mass of GMCs and stellar clusters as a function of
the galactic environment. The model develops the idea that these
maximum masses can be limited by shear and stellar feedback. In
environments with low shear and low gas surface densities, feedback
is expected to proceed more rapidly than the free-fall times of shear-
limited GMCs, thus giving time to the massive stars to disrupt the
cloud before the collapse has finished. Taking this into account, our
model predicts smaller masses for both GMCs and stellar clusters
in those environments.

We have explored the parameter space formed by Q, �g and �

and we predict that GMC and cluster masses are feedback-limited
if both the galactic gas surface density �g ≤ 100 M�pc−2 and
the angular velocity � ≤ 0.6 Myr−1, assuming a typical Q = 1.5.

For larger values of gas surface density and angular velocity, the
masses become shear-limited. For lower (higher) values of Q, the
limit for the gas surface density shifts towards higher (lower)
values (�g ≤ 650 M� pc−2 for Q = 0.5 and �g ≤ 45 M� pc−2

for Q = 3), whereas the limit for the angular velocity does
not change.

We also find that the region affected by feedback in our model en-
compasses the solar neighbourhood and the discs of local-Universe
spiral galaxies described in Kennicutt (1998). On the other hand,
the high-redshift galaxies from Tacconi et al. (2013) and the cir-
cumnuclear starbursts of Kennicutt (1998) reside in the shear-
limited regime. This transition between a feedback-dominated and
a shear-dominated regime explains why the clumps observed in
those environments have higher masses than those in local galaxies
(Elmegreen & Elmegreen 2005), even beyond the environmental
dependence already expected if the mass scales would only be set
by the shear-limited Toomre mass.

There are a couple of limitations that should be kept in mind
when applying our model. We assume a differentially rotating disc
in hydrostatic equilibrium. External compression of the material
caused by the presence of substructure in the disc (such as bars, arms
or galaxy mergers) may yield larger mass scales than those predicted
by the model. At the same time, the model bases its predictions on
the current gas conditions, so the cluster sample to which it has to be
compared has to correspond to an age range where the gas surface
density has remained stable. Last, the predictions of the model for
cluster forming in high-redshift environments carry the caveat that
such massive objects may not survive until the present day due to
dynamical friction towards the bulge of the galaxy.

We compare our predictions as a function of the galactocentric
radius for the Milky Way, the disc galaxy M31, the grand-design
spiral galaxy M83 and the high-redshift galaxy zC406690 with the
observed GMC, clump and cluster masses in these galaxies. As in
the numerical simulations by Oklopčić et al. (2017, see also Soto
et al. 2017 for an observational study), we find that the molecular
clumps become less massive with decreasing redshift; in the context
of our analytical model, this happens because the galaxies become
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more extended and less gas-rich, driving them into the feedback-
limited regime.

For the Milky Way, the key new ingredient of our model, i.e.
that the cloud can be disrupted by stellar feedback due to the feed-
back time-scale being smaller than the free-fall time, is applicable
for galactocentric radii of R ≥ 4.3 kpc. Observations indicate a
roughly constant mass of Mcl,max ∼ 104 M� across all galacto-
centric radii, as our model predicts. For the CMZ and the inner
part of the galaxy, the GMC masses are equal to the shear-limited
Toomre mass. Our hybrid mass predictions correctly reproduce the
maximum observed cloud mass in the CMZ and the solar neigh-
bourhood, as well as the observed cluster masses at all radii, except
for those located at the end of the bar. The compression of the gas
at the end of the bar may aid the accumulation of a larger mass
reservoir than would normally have been possible against shear and
feedback.

In M31, the feedback-time-scale is smaller than the two-
dimensional free-fall time-scale for galactocentric radii R ≥
8.4 kpc. Our predictions for the maximum GMC mass agrees with
the observed maximum cloud mass reported in Schruba et al. (in
preparation). However, our predictions based on the present-day
gas surface density do not reproduce the truncation mass reported
in Johnson et al. (2017). We use the spatially resolved star formation
history of M31 to show that this discrepancy is plausibly explained
by the fact that the most massive clusters are older than 100 Myr
and formed under higher gas densities than currently observed. As
opposed to the Milky Way and M31, the maximum mass scales in
M83 fall in the shear-limited regime of our model. Again, the pre-
dicted cloud and cluster mass scales agree well with the observed
masses at all galactocentric radii.

Johnson et al. (2017) have recently proposed a relation between
the high-mass end of the young cluster mass function and the galaxy-
averaged SFR surface density. In the context of our model, their
Mc–�SFR relation does not account for the steep dependence of the
Toomre mass on the epicyclic frequency (MT ∝ κ−4). We there-
fore interpret the relation proposed by Johnson et al. (2017) as
the result of selecting environments at similar epicyclic frequen-
cies, which hides the κ dependence and allows the residual effect
to be absorbed into �SFR. This happens because �SFR is covari-
ant with κ due to the radial decrease of both quantities in nearly
all galaxies. In principle, the dependence on κ should affect the
maximum mass scale everywhere, but most noticeably so in shear-
dominated environments like the CMZ or M83. We use the CMZ
as a test case to compare the prediction from the Mc–�SFR relation
to that of our model, as well as to the observed maximum cluster
masses. We consider the CMZ within |l| ≤ 1◦, corresponding to
R ≤ 140 pc, where the SFR = 0.1 M�yr−1 (Longmore et al. 2013;
Barnes et al. 2017). With these values, we obtain a SFR surface
density of �SFR = 1.6 M� yr−1 kpc−2, for which the relation be-
tween Mc and �SFR suggested by Johnson et al. (2017) yields a
Schechter characteristic mass of Mc 
 1 × 107 M�. By contrast,
our model predicts a shear-limited maximum cluster mass of Mcl,max


 3 × 104 M�. These predictions differ by nearly three orders of
magnitude. If we now compare them to the most massive clus-
ters in the CMZ, which are the Arches and Quintuplet clusters
with masses of M 
 2 × 104 M� (Portegies Zwart et al. 2010),
we find that our model agrees very well with the observed cluster
mass scales, whereas the Mc–�SFR relation strongly overpredicts
the cluster masses. This is also reflected by the maximum cloud
masses observed in the CMZ – the GMCs on the 100-pc stream
have masses of ∼105M� (Walker et al. 2015), well below the max-
imum cluster mass one would infer from the proposed Mc–�SFR

relation.9 This example highlights the importance of accounting for
differential rotation and shear when predicting the maximum mass
scales for molecular clouds and stellar clusters.

The fact that the observed cluster masses agree with the feedback-
limited cluster mass scales predicted by our model for a significant
subset of local-Universe environments suggests that the most mas-
sive GMCs are gravitationally collapsing (e.g. fig. 17 in Miville-
Deschênes et al. 2017). Otherwise, the clusters forming within that
cloud would not be able to continue their assembly into one object
after the feedback has blown out the gas. Therefore, an important
implication of our results is that the formation time-scale of both
GMCs and high-redshift clumps has an upper limit set by the two-
dimensional free-fall time at the Toomre length (also see Jeffreson
& Kruijssen, in preparation). By adding feedback to the normal
Toomre analysis, we obtain a formation time set by the minimum of
the two-dimensional free-fall time in equation (3) and the feedback
time-scale in equation (4). We note that support against collapse by
shear can significantly increase these time-scales, but only if Q � 3
(Jeffreson & Kruijssen, in preparation).

The clump and cluster mass scales in the high-redshift galaxy
zC406690 are also limited by shear. The predictions of our model for
the maximum clump masses agree with the observed clump masses
from Genzel et al. (2011). Our model predicts very large maximum
cluster masses, but we demonstrate that, across the radial range
covered, dynamical friction would cause these clusters to spiral
into the nucleus before they might be scattered out into the halo by
a major merger. Dynamical friction thus limits the maximum mass
scales of long-lived globular clusters at z = 0. We predict globular
clusters formed in zC406690 should not exceed 106–107 M�, which
agrees with the observed truncation mass of the GCMF (Jordán
et al. 2007; Kruijssen & Portegies Zwart 2009).

We use a commonly used, simplified expression based on macro-
scopic galaxy properties (Dekel et al. 2009) and find that the
properties of observed, dispersion-dominated galaxies (Tacconi
et al. 2013) have strongly underestimated angular velocities, which
leads to gas-to-total mass fractions in excess of unity and corre-
spondingly overestimated maximum clump masses. We use this
example to illustrate that the observed properties of galaxies are
sometimes inconsistent. Only those high-redshift galaxies with im-
plied gas-to-total mass fractions smaller than unity should be used
to test the predictions of our model.

9 One could argue that the total SFR in the CMZ is so low that the maximum
cluster mass is set by the size-of-sample effect, which would mean that
the physical maximum cluster mass is larger than observed. Fortunately,
this effect can be quantified using fig. 1 of Gieles (2009), who show the
mass of the most massive cluster given the true maximum cluster mass as a
function of the total mass of the cluster population 
 × SFR × �t , where
�t is the age range of the clusters. For the observed SFR = 0.1 M�yr−1,
the expected CFE of 
 ∼ 50 per cent (Kruijssen et al. 2014), and a putative
cluster age range of �t = 10Myr, we find a total cluster population mass
of 
 × SFR × �t = 5 × 105M�. For a Schechter-type initial cluster mass
function with commonly adopted slope β = −2, we see that the observed
masses of the most massive clusters in the CMZ imply a maximum mass
scale of a few 104 M�, and certainly <105 M�. This result is consistent
with our prediction. Note that we are ignoring the suggestion that the SFR in
the CMZ was even higher when the Arches and Quintuplet clusters formed
(Krumholz, Kruijssen & Crocker 2017), which would imply an underlying
maximum mass even closer to the observed cluster masses. The size-of-
sample effect is therefore not dominant in setting the maximum cluster
masses observed in the CMZ, as expected from the fact that the clouds have
masses of only ∼105 M� – the material for forming more massive clusters
is not available within the tidal limit.
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The shear-limited clump mass scales predicted by our hybrid
model for zC406690 are also confirmed by the results in Fisher et al.
(2017b), which appeared while this paper was in review. They use
the DYNAMO sample of low-redshift (z ∼ 0.1) analogues to clumpy
high-redshift galaxies (Green et al. 2014) to shows that the clump
sizes correspond roughly to the most shear-unstable scale, which
corresponds to half the Toomre length. This supports the hypothesis
that massive star-forming clumps in turbulent discs are the result of
gravitational instabilities. In the context of our model, this result is
to be expected because the DYNAMO galaxies considered by Fisher
et al. (2017a) have typical surface densities and angular velocities
of � ∼ 400 M� pc−2 and � ∼ 0.09 Myr−1, respectively,10 which
places them firmly in the shear-limited part of parameter space in
Fig. 3 for Q > 0.5 and on the limit between both regimes for Q ∼ 0.5.

In the context of galaxy formation, our model predicts an evo-
lution of the maximum GMC (or clump) and stellar cluster (or
globular cluster) mass with galactic environment and thus with
redshift. As galaxies grow, they become less gas rich (Tacconi
et al. 2010) and less compact due to their inside-out growth (De
Lucia & Helmi 2008, Allen et al. 2017), implying that, over time,
galaxies evolve to the feedback-limited regime in the parameter
space of our model. We demonstrate that this prediction agrees with
the observed GMC and cluster masses for four different galactic
environments.

It is particularly important to consider the evolution of the mass
scales with the environment in galaxy formation models which are
aimed at reproducing the masses of molecular clouds and stellar
clusters until z = 0. For instance, our results imply that the simple
(star) particle-tagging techniques that are commonly used to assign
globular clusters to the output of galaxy formation simulations result
in biased samples of candidate globular clusters. Studies aiming to
model the origin of the globular cluster population, i.e. the most
massive clusters in the Universe, must account for the variation
with time and environment of the maximum cloud and cluster mass
scales.
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