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Zusammenfassung
Sternentstehung in Galaxien beginnt zu überwiegender Mehrheit in kalten, dichten und
fraktal strukturierten Reservoirs von molekularem Wasserstoff, die als Riesenmolekül-
wolken bekannt sind. Aus den unmittelbaren Eigenschaften dieser Wolken und den Zeit-
skalen, auf denen sie sich entwickeln, können Modelle über die empirischen Eigenschaften
der Sternentstehung auf galaktischer Skala entwickelt werden, welche zum Verständnis
dieses Prozesses beitragen. In dieser Arbeit stellen wir zunächst einen einfachen an-
alytischen Rahmen vor, um die erwartete Variation der physikalischen Eigenschaften
und der Lebensdauer von Riesenmolekülwolken als Reaktion auf Veränderungen in ihrer
galaktisch-dynamischen Umgebung zu quantifizieren. Dabei zeigt sich, dass sie innerhalb
eines wesentlichen Parameterraums variieren, welcher die Bahnwinkelgeschwindigkeit der
umgebenden Galaxie, das Ausmaßder galaktischen Scherung, die Gravitationsstabilität
und den hydrostatischen Druck in der galaktischen Mittelebene umfasst. Anschließend
erforschen wir diesen Parameterraum mit einer Reihe von hochauflösenden numerischen
Simulationen von milchstraßenähnlichen Galaxien. Aufgrund ihrer hohen Dichten und
Drücke relativ zur galaktischen Mittelebene stellen wir fest, dass Riesenmolekülwolken
in milchstraßenähnlichen Galaxien selbstgravitierend und von der galaktischen Dynamik
entkoppelt sind, im Gegensatz zu ihren Vorläuferwolken aus atomarem Gas geringerer
Dichte, die systematische, galaktisch-dynamische Variationen aufweisen. Abschließend
analysieren wir die gesamte Entwicklungsgeschichte jeder simulierten Wolkenpopulation
in Abhängigkeit von der räumlichen Ausdehnung der Wolken. In allen milchstraßenahn-
lichen Umgebungen stellen wir fest, dass die Lebensdauer von selbstgravitierendenWolken
abnimmt je kleiner die Wolke im Vergleich zu der Aquivalenzhohe der dunnen galaktis-
chen Gasscheibe, jedoch konvergiert sie zu der Scheibendurchquerungszeit sobald die
Wolkenhohe die Aquivalenzhohe erreicht.

Abstract
The vast majority of star formation in galaxies begins in cold, dense, fractally-structured
reservoirs of molecular hydrogen known as giant molecular clouds. The instantaneous
properties of these clouds and the time-scales on which they evolve can therefore be
built up into models of the empirical properties of galactic-scale star formation, and
so can be used to understand this process. In this thesis, we first propose a simple
analytic framework to quantify the expected variation in the physical properties and
lifetimes of giant molecular clouds in response to changes in their galactic-dynamical
environments, finding that they vary within a fundamental parameter space spanned
by the orbital angular velocity of the host galaxy, the degree of galactic shearing, the
gravitational stability, and the mid-plane hydrostatic pressure. We then explore this
parameter space using a set of high-resolution numerical simulations of Milky Way-like
galaxies. Due to their high densities and pressures relative to the galactic mid-plane,
we find that giant molecular clouds in Milky Way-like galaxies are self-gravitating and
decoupled from galactic dynamics, by contrast to their lower-density progenitor clouds of
atomic gas, which display systematic, galactic-dynamical variations. Finally, we analyse
the full evolutionary history of each simulated cloud population as a function of the cloud
spatial scale. Across all Milky Way-like environments, we find that the lifetimes of self-
gravitating clouds decrease with their spatial scale below the scale-height of the thin gas
disc of the galaxy, and converge to the disc crossing time at its scale-height.
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Chapter 1

Introduction and background

In the broadest terms, the field of star formation aims to determine the physical processes
that control the conversion of gas to stars in galaxies. This entails the study of the gas,
dust and cosmic radiation of interstellar medium, which permeates the space between the
stars and extends its hierarchical structure over five orders of magnitude in spatial scale,
from entire galaxies down to individual proto-stellar cores. Energy is fed from the largest
to the smallest scales by a cascade of turbulent eddies, and from the smallest back to the
largest scales by the vast shockwaves associated with the supernova explosions of massive,
dying stars. These and countless other phenomena couple together the hierarchical strata,
so that each depends intimately on the physical state of the others. Although the past
few decades have seen great advancements in our understanding of the separate phases
and physical mechanisms at work in the interstellar medium, its complexity has so far
obstructed the path to a comprehensive model connecting our empirical picture of galactic
star formation to the processes that drive it on smaller scales.

One promising approach to tackling this problem is to study and to model the observ-
able galactic sites of star formation, their interaction with the wider interstellar medium
on larger scales, and their physical, star-forming properties on smaller scales. With this
goal in mind, the work presented in the following chapters addresses the influence of
the large-scale galactic environment on the properties and evolution of giant molecular
clouds: the large, cold reservoirs of molecular gas that provide the raw material for star
formation.

This course of action presents its own unique set of challenges, associated primarily
with bridging the gap between a molecular cloud as observable object and as a theoretical
concept. In this thesis, we therefore remain agnostic to theoretical definitions of giant
molecular clouds. The analytic portion of this work focusses on a set of hypothesised
galactic-dynamical drivers for molecular cloud evolution, without reference to the prop-
erties of the clouds themselves. In order to identify and to pick molecular clouds out
of our numerical simulations, we prefer to use observational selection criteria across a
range of spatial resolutions. Finally, we perform a systematic examination of the role
of the large-scale galactic environment in shaping the properties and evolution of giant
molecular clouds in Milky Way-like galaxies, by comparing our numerical results to the
analytic predictions.

The remainder of this chapter is devoted to an overview of the observational and
theoretical connections between star formation and the molecular gas of the interstellar
medium. We focus in particular on the observed properties of giant molecular clouds,
the models of their evolution that have so far been put forward, and the implications of

9



10 1.1. Star formation and molecular gas

these models for galactic-scale star formation.

1.1 Star formation and molecular gas
Much of our understanding of star formation in galaxies has its origin in empirical star
formation relations. Each star formation relation shows the dependence of the star for-
mation rate column density ΣSFR on the column density of a particular kind of gas in
the interstellar medium. Simply put, it tells us the degree to which star formation is
correlated with the concentration of this gas type, when both quantities are measured at
a particular scale.

The seminal form of the star formation relation (Kennicutt, 1998; Schmidt, 1959)
examines the correlation between ΣSFR and the total (atomic plus molecular) gas column
density Σgas on the scales of entire galaxies. That is, one measurement for each quantity
is made for each galaxy in the observed sample. These measurements are found to obey
a power-law scaling of the form

ΣSFR ∝ Σ1.4
gas, (1.1)

so that the rate of star formation increases non-linearly with the total density of the
gas in which the stars are formed. At first glance, the qualitative meaning of Equation
(1.1) is unsurprising: denser gas is more likely to collapse under gravity and to form
more stars. The mystery is contained in the non-linear form of the relation, and in the
measured time-scale τdep over which the gas is depleted via conversion to stars, known
as the depletion time-scale. This is observed to have values spanning the range from
109 to 1010 Myr, which is over one hundred times longer than the gravitational free-fall
time-scale in the gas! (Williams and McKee, 1997; Zuckerman and Palmer, 1974) This
tells us that the physics of star formation is more complicated than simple gravitational
collapse.

We note that in the two decades since the publication of the original star formation
relation, further unresolved samples of different types of galaxies have been added to the
Σgas-ΣSFR plane. High-redshift galaxies (Daddi et al., 2010; Genzel et al., 2010), dwarf
galaxies and galaxies of low surface-brightness (Wyder et al., 2009) now complement
the original selection of spiral galaxies and star-bursting galaxies. The additional data
provide some evidence for a number of distinct ‘star-formation sequences’ at different
locii in the plane, however the array of different measurement techniques employed by
the authors mean that these results are tentative (Krumholz, 2015).

For the purpose of this thesis, we are more interested in the work that has been
done to distinguish the sites of star formation themselves. This entails higher-resolution
observations of the molecular gas column density ΣH2 on sub-galactic scales. On spatial
scales between 0.5 pc and 1 kpc, a much tighter correlation with the star formation
rate surface density is observed for ΣH2 than for Σgas (Bigiel et al., 2008; Leroy et al.,
2013b; Rownd and Young, 1999; Schruba et al., 2011; Wong and Blitz, 2002), along with
a constant depletion time on the order of 2× 109 yr (Leroy et al., 2009; Saintonge et al.,
2011a,b), such that

ΣSFR

M⊙ kpc−2 yr−1
∼ 2× 109

ΣH2

M⊙ kpc−2 . (1.2)

These studies provide the primary evidence that the majority of star formation is localised
to giant molecular clouds (Kennicutt and Evans, 2012), along with the close observed
association between molecular gas and the ionised bubbles around massive stellar clusters,
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known as HII regions (Morris and Rickard, 1982). Despite having ‘zoomed in’ on the
regions of star formation, however, the measured depletion time remains hundreds of times
longer than the free-fall time-scale.1 The physical processes that limit the conversion of
gas to stars in clouds correspond to the physical processes that limit the conversion of
gas to stars in galaxies.

A particularly interesting set of case studies for the low efficiency of star formation is
provided by the central few kiloparsecs of galaxies, known as galactic centres. Our own
Galactic centre (also known as the Central Molecular Zone) is the most conveniently-
located for observations, and is found to contain a larger concentration of high-density
molecular gas than at any other location in the Milky Way (Ferrière et al., 2007; Morris
and Serabyn, 1996). Its average volume density exceeds that of the galactic disc by
over one hundred times, and its temperature is over ten times higher (Ao et al., 2013;
Bally et al., 1987; Longmore et al., 2013a). In spite of these differences in the physical
state of the molecular gas, it falls on the same ΣH2-ΣSFR relation as the outer Galactic
disc, with depletion times of around 108 yr (Barnes et al., 2017; Kauffmann et al., 2017;
Kruijssen et al., 2014; Longmore et al., 2013a). In Chapter 3 we examine the galactic-
dynamical time-scales on which the molecular gas evolves in the Galactic centre, and
quantify the probability that it is largely supported against gravitational collapse by a
high degree of differential rotation, with episodes of star formation triggered by close
pericentre passages (Henshaw et al., 2016; Longmore et al., 2013b; Rathborne et al.,
2014).

The large value of the molecular gas depletion time indicates that one of three follow-
ing scenarios (or a combination of multiple of these) applies:

1. The temporal duration of star-forming episodes τSF within molecular gas is much
longer than the free-fall time-scale, τff . Each star-forming episode converts gas to
stars at a high overall efficiency ϵSF, but the self-gravity of the region is opposed by
some physical process that provides support against global gravitational collapse,
slowing it down (e.g. Goldreich and Kwan, 1974; Liszt et al., 1974).

2. The individual episodes of star formation are short and produce stars at a high-
efficiency, but punctuated by long periods of quiescence, τq. The molecular gas
survives and remains coherent for long periods of time before it is ‘activated’ to
form stars, for example by a collision with another cloud (e.g. Tan, 2000; Tasker
and Tan, 2009; Whitworth et al., 2018) or by interaction with a galactic bar or
spiral arm (e.g Ho et al., 1997; Meidt et al., 2013; Roberts, 1969; Wyse, 1986; Wyse
and Silk, 1989).

3. The individual episodes of star formation occur quickly, but are highly-inefficient
at converting gas into stars, peaking at a conversion effiency of ϵSF ∼ 1 per cent
per unit of the molecular gas mass. This could be due to the fractal structure of
the interstellar medium (e.g. Elmegreen, 1990, 1993, 2002; Elmegreen and Falgar-
one, 1996; Heitsch et al., 2009; Mac Low and Ossenkopf, 2000; Rosolowsky et al.,
1999; Vázquez-Semadeni, 2004), to incomplete collapse of independent molecular
clouds (e.g. Federrath and Klessen, 2012; Hennebelle and Chabrier, 2011; Krumholz

1It is interesting to note that in the densest observable regions of molecular clouds, at around one
hundred to one thousand times the average molecular gas volume density, the depletion times are slightly
shorter than the average values for entire clouds. However, they are still around one hundred times the
value of the local free-fall time-scale.
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et al., 2018; Krumholz and McKee, 2005; Padoan et al., 2014; Padoan and Nordlund,
2011), or due to the disruption of gravitational collapse by stellar feedback (e.g. Os-
triker and Shetty, 2011).

Despite vast differences in the physics considered by the theories cited above, all reproduce
the power-law form of the star formation relation. That is, the time-scales τSF and τq
and the efficiency ϵSF contain important information about the physics of star formation,
but are observationally-degenerate in the Σgas-ΣSFR plane, as

ΣSFR =
ϵSF
τlife

ΣH2 ≡
ϵSF

τSF + τq
, (1.3)

where we have defined τlife as the giant molecular cloud lifetime: the overall survival
time for coherent, observable regions of molecular gas on the spatial scale at which ϵSF
is measured2. The properties of molecular clouds and the time-scales associated with
their evolution are therefore crucial pieces of information that are required to distinguish
between theories of star formation. With this motivation in mind, this thesis examines
the lifecycles of giant molecular clouds and the physical processes that drive them.

1.2 Giant molecular clouds
As discussed in the previous section, molecular hydrogen (H2) is the reservoir that directly
feeds star formation. The reason that stars form preferentially at high molecular fractions
is suggested by the sharp increase in the prevalence of H2 in the interstellar medium as
the total volume density of hydrogen increases from one atom per cm−3 up to 100 cm−3.
The precise location of this transition is observed to depend primarily on the background
field strength of ultraviolet (UV) photons emitted by stars, and on the metallicity of
the interstellar medium (Dobbs et al., 2008, 2014; Glover and Mac Low, 2007; Gnedin
et al., 2009; Krumholz, 2014; Krumholz et al., 2008, 2009; Pelupessy et al., 2006; van
Dishoeck and Black, 1986). The dependence on metallicity can be explained in terms of
the formation pathway of H2 from atomic hydrogen, which relies on dust grain surfaces
as a catalyst (Gould and Salpeter, 1963; Hollenbach and Salpeter, 1971; McCrea and
McNally, 1960; van de Hulst, 1948). On the other hand, the dependence of the molecular
transition on the UV radiation field is mainly due to the dissociation of H2: unless
the hydrogen molecules are well-shielded from the onslaught of UV photons, the energy
imparted upon absorption of these photons splits the molecules apart faster than they
can be re-formed. The fraction of hydrogen in the molecular phase is therefore strongly-
dependent on how well H2 is shielded from UV radiation, either by dust grains or by
dense envelopes of other H2 molecules.

Coincidentally, the background UV radiation field is also the primary process that
heats the dense gas of the interstellar medium. The UV photons are not only absorbed by
molecular hydrogen, but also interact with dust grains, imparting enough energy to eject
high-energy electrons, which in turn interact with and heat the surrounding gas. This
means that where dense gas is shielded from the destruction of its molecular hydrogen
reservoir, it is also shielded from heating, and so is likely to reach much lower temperatures
than the surrounding ambient medium. At lower temperatures, the Jeans mass (Jeans,

2We will later see that it is crucial to define the spatial scale on which the molecular cloud lifetime is
measured, on account of the fractal structure of molecular gas in the interstellar medium.
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1928), above which a spherical region of volume density ρ overcomes its internal thermal
support and collapses under its own self-gravity, decreases as MJ ∝ T 3/2, so that colder
gas is more likely to collapse and to form stars. As such, at the high densities for which
hydrogen is shielded from UV radiation, and so arises predominantly in its molecular
form, temperatures can also drop to the values of ∼ 10 K at which star formation can
occur.

1.2.1 Observations of giant molecular clouds
Unfortunately, the molecular hydrogen in giant molecular clouds is very difficult to ob-
serve directly. This is because the production of observable radiative emission from any
molecule requires the loss of energy as it falls from a high-energy excited state to the lower-
energy ground state. The lowest-energy excited state of H2 with an allowed transition
to the ground state is at a temperature of 510 K, or 500 K above the mean cloud tem-
perature of 10 K. For each gram of material in a giant molecular cloud, only a single H2

molecule can emit radiation directly, rendering it all but invisible to telescopes. Instead,
observers of molecular clouds rely on emission of radiation from, or absorption of back-
ground radiation by, the other materials with which molecular hydrogen is commonly
mixed up. Among others, these include absorption and emission of radiation by dust
grains, line emission from the rotational transitions of the CO molecule, and at the high-
est gas densities within molecular clouds, from other molecules such as CS, HCO+, HNC,
HCN, and NH3. Of these, the 12CO J1 → 0 rotational line is by far the most useful for
tracing molecular gas for two reasons: (1) it is the second most common molecule in the
interstellar medium after molecular hydrogen, and (2) it traces the location of molecular
hydrogen because the two primary pathways to CO formation require chemical reactions
that involve H2.

The history of observational advances in detecting CO emission has driven much of the
theoretical advancement in models of the interstellar medium and of the molecular clouds
it harbours. Even before interstellar molecular hydrogen was detected, however, the
concept of an interstellar medium filled with distinct ‘clouds’ was put forward (Blaauw,
1952; Routly and Spitzer, 1952) as an interpretation for interstellar optical absorption
lines (Adams, 1949). At this time, the medium surrounding the clouds was thought to
be of a sufficiently-high temperature to confine the clouds via thermal pressure, and so
they were treated as interacting spheres (Clark, 1965; Field et al., 1969; Oort, 1954; Oort
and Spitzer, 1955; Spitzer, 1956).

The first detection of molecular hydrogen in the interstellar medium (Carruthers,
1970) and of the 12CO J1 → 0 transition (Wilson et al., 1970) were made in 1970. This
was followed in the late 1970s by the first maps of CO emission across the Galactic
plane (Blitz and Thaddeus, 1980; Kutner et al., 1977; Lada, 1976), and in the late 1980s
by the first survey of molecular gas in the Milky Way (Dame et al., 1987). With these
observational developments came the discovery that a large fraction (by mass) of the
interstellar medium is in the molecular phase (Burton and Gordon, 1978; Gordon and
Burton, 1976; Sanders et al., 1984; Scoville and Solomon, 1975), and the first catalogues
of giant molecular cloud properties were compiled (Scoville et al., 1987; Solomon et al.,
1987).

Crucially, advancements in the detection of molecular tracers made it possible to ob-
serve that the gas within molecular clouds is supersonic and compressible (Larson, 1981;
Myers and Benson, 1983). Turbulent motions dominate over thermal motions, such that
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clouds cannot be thermally-confined, and are rather dynamically-evolving, interacting
entities. This finding was complemented by the emergence of a new picture of the inter-
stellar medium, as hierarchically-fragmented in its spatial structure, consistent with the
self-similar distribution of densities expected due to turbulence (Falgarone et al., 1991;
Pfenniger and Combes, 1994; Scalo, 1990, 1985). This turbulent picture of the inter-
stellar medium explained the fact that many properties of molecular clouds obey scaling
relations, including densities, velocity dispersions, sizes, masses and internal pressures.

Despite this hierarchical picture of the interstellar medium, the concept of clouds as
distinct entities has remained popular for the simple reason mentioned in Section 1.1:
these CO-luminous regions can be considered as units of star formation on a particular
spatial scale. It is therefore useful to study the distributions of physical properties for large
samples of these objects, as has been assembled by several large surveys to date (Bolatto
et al., 2008; Colombo et al., 2014, 2019; Heyer et al., 2001; Miville-Deschênes et al., 2017;
Oka et al., 2001; Rice et al., 2016; Roman-Duval et al., 2010; Schinnerer et al., 2013). Such
surveys measure the properties of molecular gas across two spatial dimensions and one
velocity dimension, where the latter is derived from the Doppler-shifts of the observed
emission lines, enabling observers to determine not just the masses, sizes and column
densities of the clouds, but also their dynamical properties (velocity dispersions, virial
parameters and internal turbulent pressures).

Over the last few years, another approach has emerged, shying away from the iden-
tification of distinct molecular clouds and instead characterising the properties of the
molecular gas across a range of spatial scales (Leroy et al., 2013a; Sun et al., 2020, 2018).
This approach has the advantage of avoiding the ambiguity of cloud-identification algo-
rithms, and of making explicit the scale- or resolution-dependence of each observable.
However, it also suffers from a lack of versatility when making comparisons to analytic
theory and numerical simulations, in the sense that the centres of the molecular gas
over-densities are not defined on any spatial scale, and so it is not possible to make pre-
dictions about their rotational properties or interaction time-scales. In this thesis, we
identify molecular clouds predominantly via a threshold on the CO luminosity, to select
cloud-like objects in two dimensions across a range of spatial scales (Chapters 4 and 5).
In Chapter 4, we also report some molecular gas properties without reference to any cloud
identification procedure, as discussed above.

1.2.2 Observable properties of giant molecular clouds

Following the discussion of Section 1.2.1, it is possible to define molecular clouds obser-
vationally as large, cold over-densities at a particular spatial scale within the hierarchical
structure of the interstellar medium, whose molecular hydrogen content is high-enough to
allow the formation of, and line emission from, a significant population of CO molecules.
Certainly, the molecular clouds studied in the simulations performed for this thesis, pre-
sented first in Chapter 4, are identified as such, by projecting the modelled CO luminosity
of the simulated gas along the observer’s line of sight. Structures identified in this way
epitomise the typical mean properties of giant molecular clouds: masses ranging between
104 and 107 solar masses, temperatures of around 10 K, and a mean hydrogen volume
density of ∼ 100 cm−3, one hundred times that of the ambient interstellar medium.
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Larson’s scaling relations

Despite their low temperatures, corresponding to a thermal sound speed of cs ≈ 0.2 kms−1,
the observed velocity dispersions of giant molecular clouds, measured via the molecular
line-width of the rotational CO J1 → 0 transition, generally range between much higher
values from 3 to 10 kms−1. This additional velocity spread famously follows a power-law
relation with the spatial scale ℓ, or equivalently with the molecular cloud size (Larson,
1981). The original form of this size-linewidth relation is given by

σ/km s−1 = 1.10(ℓ/pc)0.38, (1.4)

where σ is the internal three-dimensional velocity dispersion of the cloud, although more
recent measurements of the relation for clouds in Milky Way-like environments produce
a wider range of power-law slopes from 0.3 to 0.7 (Beaumont et al., 2012; Caselli and
Myers, 1995; Falgarone et al., 1992; Kauffmann et al., 2010a,b; Leisawitz, 1990; Shetty
et al., 2012; Solomon et al., 1987). The relation is therefore approximately equivalent to
the prediction for velocities driven by supersonic turbulence of a compressible fluid, for
which the expected scaling is σ ∝ ℓ0.5 (e.g. Federrath and Klessen, 2013; Kritsuk et al.,
2007; McKee and Ostriker, 2007; Padoan, 1995).

Equation (1.4) was produced using a catalogue of molecular clouds identified across
several orders of magnitude in spatial and density scales; that is, across several orders
of magnitude in the hierarchical structure of the interstellar medium. From the same
catalogue, Larson (1981) also presents a relation between the cloud mass M and velocity
dispersion, demonstrating that most clouds are in a state of approximate virial balance
between self-gravitation and internal turbulent support, as

σ/km s−1 = 0.42(M/M⊙)
0.42. (1.5)

The final relation presented in the original paper is between the average molecular hy-
drogen number density nH2 and cloud size, implying that molecular clouds have a column
density that is invariant with spatial scale, such that

nH2/cm
−3 = 3400(ℓ/pc)−1.10. (1.6)

The degeneracy of relations (1.4)-(1.6) presents a problem in determining the chain of
causality and therefore the physical origin of each. Fortunately, as further data have been
collected at better sensitivity and over a wider range of galactic environments (Bolatto
et al., 2008; Heyer et al., 2009; Lombardi et al., 2010), the form of Larson’s relations has
been modified slightly: it has become clear that there is in fact a variation in the column
densities Σ of molecular clouds as a function of their scales and velocity dispersions, such
that

σ

ℓ0.5
∝ Σ0.5, (1.7)

as reported by Heyer et al. (2009), which replaces Equation (1.6) and challenges the simple
interpretation of Equation (1.4) in terms of a universal turbulent cascade of energies from
eddies at the largest galactic scales down to the scales of viscous dissipation. Instead, it
makes room for the interpretation that magnetohydrodynamic turbulence is the pervading
source of supersonic motions in the interstellar medium (Cho et al., 2009; Lazarian, 1995;
Mouschovias, 1987; Ostriker et al., 2001; Vestuto et al., 2003).
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Surface density-linewidth relation at fixed spatial scale

Equation (1.7) implies one further modification to the original relations of Larson (1981):
that the virial parameter αvir ∝ σ2/Σ varies with the spatial scale ℓ. At a fixed spatial
scale, the Σ-σ plane is then a useful probe of a cloud’s state of gravitational bounded-
ness relative to its pressure confinement, as quantified by its internal turbulent pressure,
Pturb ∝ Σσ2. Recent studies examining cloud populations across a range of extragalactic
environments in this plane (Colombo et al., 2014; Sun et al., 2020, 2018) have found that
giant molecular clouds sit along lines of constant virial parameter, spanning the range be-
tween αvir = 0.1 (tightly gravitationally-bound) and αvir = 10 (gravitationally-unbound).

Mass and size spectra

For the range of giant molecular cloud masses above ∼ 104 M⊙ that can reliably be
resolved in observations, there exists a well-constrained mass spectrum with an upper
truncation mass that varies between 3 and 8×106 M⊙. This mass spectrum can robustly
be described by a power-law of the form

N

M
∼ M−β (1.8)

=⇒ N(> M) ∼ M−β+1, (1.9)

where the second expression is the cumulative distribution of the first, and β is consis-
tently measured to fall within the range 1.6 ≤ β ≤ 1.8 (Colombo et al., 2019; Freeman
et al., 2017; Heyer et al., 2001; Kramer et al., 1998; Miville-Deschênes et al., 2017; Roman-
Duval et al., 2010; Rosolowsky et al., 2003; Solomon et al., 1987; Williams and McKee,
1997). The relatively low value of β implies that a large fraction of the molecular gas
in galaxies is contained within the most massive clouds or cloud complexes, across all
spatial scales of cloud identification.

The approximate sizes of giant molecular clouds can also be measured (Bolatto et al.,
2008, 2013; Heiderman et al., 2010; Heyer et al., 2009; Roman-Duval et al., 2010; Solomon
and Vanden Bout, 2005), though with the caveat that their footprints on the plane of the
sky are assumed to be described by an ellipsoidal effective radius (Bertoldi and McKee,
1992; Colombo et al., 2019; Rosolowsky and Leroy, 2006; Solomon et al., 1987). When
plotted as a spectrum, the spectral shape is observed to obey a power-law of the form

N

ℓ
∼ ℓ−βℓ (1.10)

=⇒ N(> ℓ) ∼ ℓ−βℓ+1, (1.11)

with βℓ ∼ 2.8 (Colombo et al., 2019). The position of the turnover in the spectrum and
of the upper truncation size depends on the scale at which the molecular cloud sample is
identified, but we find in Chapter 5 that the slope of the power-law in our simulations is
relatively constant as a function of the spatial resolution.

1.2.3 Modelling cloud formation and evolution
Following the measurement of the empirical star formation relation (Kennicutt, 1998;
Schmidt, 1959) and the discovery that the molecular hydrogen of the interstellar medium
is supersonically-turbulent and compressible (Larson, 1981; Myers and Benson, 1983),
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there emerged two broad schools of thought relating the formation and evolution of
molecular gas to its observable properties. The first begins from the observation that
the molecular gas of the interstellar medium is hierarchically and fractally structured,
forming part of the larger hierarchy of gas densities observed across different galactic
environments (Bally et al., 1991, 1987; Elmegreen and Falgarone, 1996; Falgarone et al.,
2009, 1991; Lee et al., 1990; Scalo, 1990, 1985). It obeys an approximately log-normal
probability distribution of volume densities (Klessen, 2000; Nordlund and Padoan, 1999;
Ostriker et al., 1999; Vazquez-Semadeni, 1994; Wada and Norman, 2001), and the power-
law forms of the cloud-mass and cloud-size spectra can be derived directly from this den-
sity hierarchy (Burkhart, 2018; Elmegreen and Falgarone, 1996; Hopkins, 2012). Across
three orders of magnitude of spatial scale, star formation is observed to occur in one or
two crossing times (Efremov and Elmegreen, 1998; Elmegreen, 2000; Elmegreen and Efre-
mov, 1996), implying that the turbulence-driven structure of the molecular gas produces
high-density star-forming clumps at the intersections of turbulently-driven converging
flows (Ballesteros-Paredes et al., 1999a,b; Elmegreen, 1991, 1993, 2007; Hartmann et al.,
2001; Heitsch et al., 2005, 2006; Hennebelle and Pérault, 2000; Koyama and Inutsuka,
2002; Vázquez-Semadeni et al., 2007, 2006; Zamora-Avilés and Vázquez-Semadeni, 2014),
while the majority of the remaining H2 remains at densities too low for star formation.
Cloud formation is therefore distinct from star formation (Elmegreen, 2000, 2002, 2003).

The connection of the hierarchical picture to the empirical form of the star formation
relation can be seen via a simple argument, presented here following Elmegreen (2002,
2003). A volume density threshold ρc is hypothesised, above which star formation occurs
in over-dense clumps. The efficiency of star formation within these clumps is assumed
to be independent of the environment, taking a value of around 50 per cent (Matzner
and McKee, 2000). If star formation occurs on a dynamical time-scale of τSF ∼ 1/

√
Gρ

(approximately equal to the turbulent crossing time on galactic scales, and to the free-
fall time on clump scales), then one can re-formulate the galactic-scale star formation
relation in terms of the local rate τc ∼ 1/

√
Gρc and efficiency ϵc of star formation within

the clumps, and the fraction fc of the total galactic gas mass that they contain, such that

ΣSFR ∼ ϵSF
τSF

Σgas ⇐⇒ ρSFR ∼ ϵc
τc
fcρgas. (1.12)

Equation (1.12) is only valid if a constant disc scale-height is assumed for all galaxies
falling on the empirical relation; a point to which we will shortly return. The relationship
between fc and ρc can then be determined in two separate ways: (1) by the log-normal
distribution of volume densities due to supersonic turbulence, and (2) by the galactic-
scale star formation relation. The intersection of (1) and (2) is found to be at ρc/ρ ∼
ρc/cm

−3 ∼ 105 and fc ∼ 10−4. Therefore, if it is assumed that stars form only above ρc ∼
105 cm−3, then the observed density distribution of gas in the galaxy gives a reasonable
star formation efficiency of ϵSF ∼ 3 per cent, and is consistent with the empirical location
of galaxies in the ΣSFR-Σgas plane, as required.

One of the central problems with the above argument is that it reproduces the star
formation relation ΣSFR ∝ Σ1.4

gas only when the dynamical time scales as τ ∼ Σ−0.5,
which assumes a constant scale-height for all galaxies that obey the empirical power-
law. Another problem is that it assumes a fixed density ρc for the star-forming clumps,
although there is little evidence for the existence of such a threshold. These problems
have led to a second school of thought, which treats giant molecular clouds as distinct,
virialised, turbulent entities moving within a lower-density inter-cloud medium (Federrath
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and Klessen, 2012; Hennebelle and Chabrier, 2011; Krumholz and McKee, 2005; Padoan
et al., 2014; Padoan and Nordlund, 2011). Collapse occurs within these clouds only for
the fraction of gas that is sufficiently over-dense for self-gravity to overcome the support
from supersonic turbulence, determined by the observed size-linewidth relation and by
the log-normal distribution of gas densities. A key advantage of such a model is that
it self-consistently reproduces the low star formation efficiency ϵSF ∼ 1 per cent inside
molecular clouds, by virtue of the small fraction of gas that actually collapses. However,
the exact value of ϵSF is also very sensitive to the adopted value of the cloud virial
parameter αvir in particular, rising to 10 per cent if αvir is increased in value from one
to two. Given that the universal gravitational boundedness of giant molecular clouds
has recently been brought into question by both observations (Colombo et al., 2014)
and simulations (Dobbs et al., 2011), the assumption that clouds are virialised entities is
unfortunate. This is also a significant problem for theories of star formation that assume
long periods of quiescence and coherence for independent clouds, preceding a ‘triggering
event’ that activates star formation via compression, such as a cloud-cloud collision (Tan,
2000; Tasker, 2011; Tasker and Tan, 2009) or the passage of a spiral arm density wave (Ho
et al., 1997; Wyse, 1986; Wyse and Silk, 1989). Theories of molecular cloud evolution
that invoke turbulent support also give rise to a further question: how is the internal
turbulence of molecular clouds maintained? This question is of course no threat to the
theory itself, given that the size-linewidth relation is an empirical property of interstellar
molecular gas. Nevertheless, it is interesting to note that some of the leading theories for
cloud turbulence driving rely on hierarchical gravitational collapse itself, external driving
by supernovae Kim and Ostriker (2015a,b), radiation pressure from massive stars, and
converging flows associated with the process of cloud formation (Klessen and Hennebelle,
2010).

To date, no model has been able to self-consistently predict all of the measured observ-
ables relating to star formation (Kennicutt and Evans, 2012; Krumholz, 2014; McKee and
Ostriker, 2007). In this thesis we make the connection between observable, CO-luminous
molecular clouds and the wider galactic environment in which they live, by means of ex-
amining their coupling to large-scale galactic-dynamical processes. In so doing, we aim to
provide a possible pathway between the empirical star formation relation and the regions
of star formation that it describes.

Galaxy-scale simulations of giant molecular clouds

Aside from the analytic and sub galactic-scale numerical models presented above, much
work has been done to simulate the formation, evolution and destruction of giant molec-
ular clouds in larger-scale simulations of isolated disc galaxies, and even in fragments of
cosmological volumes. Numerical studies of this kind can guide the development of future
analytic models by isolating the minimal set of physical processes required to produce
realistic populations of giant molecular clouds: they are closely comparable to the nu-
merical simulations presented in Chapters 3 and 4 of this thesis. With just one (Dobbs
et al., 2006) or two non-interacting (Dobbs, 2008; Dobbs and Bonnell, 2007) isothermal
phases, the formation of a realistic mass distribution of giant molecular clouds is possible,
via the combination of self-gravity and compression by the spiral density wave. With the
addition of supernova explosions and magnetic fields, a realistic span of cloud virial pa-
rameters from αvir = 0.1 up to αvir = 10 can be obtained (Dobbs et al., 2011). Then, with
supernovae plus the self-consistent modelling of H2 and CO formation with the heating



1.2. Giant molecular clouds 19

and cooling of the interstellar medium (Dobbs et al., 2018, 2019), realistic populations of
clouds can be produced that obey all the key observables: scaling relations, mass spec-
trum and size spectrum. Finally, with the addition of a few further physical ingredients,
including the pressure from ionised gas around massive stellar clusters and the resolved
conversion of the thermal to kinetic energy conversion from supernovae, the larger-scale
star-forming properties of simulated galaxies can be matched to observations, in addition
to the cloud-scale properties (Fujimoto et al., 2019, 2018). These include the resolved
empirical star formation relation, the radial profiles of the galactic-scale gas and stellar
velocity dispersions, column densities and scale-heights, and the partitioning of the inter-
stellar medium among distinct phases of density and temperature. Beyond isolated disc
galaxies, the influence of galaxy mergers on the cloud population (Tress et al., 2020), and
the influence of the wider cosmological environment (Benincasa et al., 2019), can now
also be evaluated.

1.2.4 Interaction with the large-scale galactic environment
One of the focal points of this thesis is to quantify systematically the role of large-scale
galactic dynamics in shaping the lifecycles and properties of giant molecular clouds, begin-
ning with clouds in Milky Way-like galaxies. In the future, we intend that a comparison
between cloud-scale observations and the work presented in Chapters 2-5 will allow us
to gauge the relative influence of galactic-scale and sub cloud-scale physics in setting the
time-scales for star formation.

The motivation for this approach stems directly from a growing body of observational
evidence that molecular cloud properties vary according to the galactic environments into
which they are born. Recent improvements in the sensitivity of sub-millimeter and radio
interferometers such as the Atacama Large Millimeter/Sub-millimeter Array (ALMA)
have enabled observers of the interstellar medium to resolve cloud-scale properties of
molecular gas outside the Milky Way (Elmegreen et al., 2017; Faesi et al., 2018; Schinnerer
et al., 2013). These new measurements span a large dynamic range of environments over
three orders of magnitude in the hydrostatic midplane pressure, incorporating clouds
both inside and outside galactic spiral arms and bars, in high- and low-mass galaxies,
and in a number of major mergers. They have revealed the following systematic trends:

1. An exponential decrease in the integrated star formation efficiency with galac-
tocentric radius, implying a variation in the depletion time with the large-scale
environment (Leroy et al., 2008).

2. A variation in the star formation efficiency per gravitational free-fall time ϵff with
galaxy mass (Krumholz et al., 2019; Leroy et al., 2017; Utomo et al., 2018), whereby
ϵff increases for lower-mass galaxies.

3. A positive dependence of cloud-scale velocity dispersions, surface densities and
turbulent pressures on galaxy mass, along with elevated values in the central regions
of strongly-barred galaxies (Sun et al., 2018).

4. A correlation of the cloud-scale turbulent pressure and of the integrated star forma-
tion rate with the mid-plane hydrostatic pressure of the galaxy (Sun et al., 2020).

In addition to these results, large samples of clouds across different environments within
the Milky Way are also seen to depend on the galactic environment with the following
systematic trends:
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1. A variation of the slope of the size-linewidth and surface density-linewidth scaling
relations across different Galactic environments (Colombo et al., 2019; Miville-
Deschênes et al., 2017; Rice et al., 2016), including the outer disc (Heyer et al.,
2001) and the Galactic centre (Oka et al., 2001), when measured on kpc-scales.

2. A variation in the galactic column density of molecular gas with the galacto-centric
radius, as well between spiral-arm and inter-arm environments (Roman-Duval et al.,
2010).

3. A variation in the mass spectra of giant molecular clouds with the Galactic envi-
ronment, including the upper truncation mass and the slope of the power-law (Rice
et al., 2016).

Each one of the above observational findings suggests that the local galactic potential and
ambient environment plays a non-negligible role in setting the properties and evolutionary
trajectories of giant molecular clouds. Given that each large-scale environment hosts its
own distinct set of galactic-dynamical time-scales, in Chapter 2 of this thesis we introduce
a theory to quantify the roles of different galactic-dynamical processes in setting molecular
cloud lifetimes. In Chapters 4 and 5 we use the galactic-dynamical parameter space
spanned by this theory to determine the roles of these same processes in setting cloud
properties, by means of a direct comparison to numerical simulations.

1.2.5 The molecular cloud lifetime
As discussed in the previous section, the giant molecular cloud lifetime is a time-dependent
quantity, which observationally must be inferred from a snapshot of information at a sin-
gle time. This means that empirical values of the cloud lifetime have traditionally been
determined by one of two methods: (1) recognising an evolutionary sequence for a chain
of molecular clouds along a spatial trajectory at an instant in time and measuring their
velocities and separations, and (2) assuming that the numbers of clouds distributed across
a set of evolutionary phases at an instant in time are proportional to the respective tem-
poral intervals for which they remain in each phase. Some examples of methods that
adopt approach (1) are as follows:

1. Scoville and Hersh (1979); Solomon et al. (1979) use an evolutionary sequence in
which clouds form predominantly in the shocks behind spiral arms and move into
the inter-arm regions due to the difference in orbital angular velocities between the
spiral arms and the galactic disc. Their presence in the inter-arm regions therefore
indicates that giant molecular clouds live for hundreds of Myr.

2. Engargiola et al. (2003) note that molecular clouds are typically formed in filaments
of atomic hydrogen, then move away from the filaments with a differential velocity
that can be measured. By observing this differential velocity and counting the
number of clouds outside atomic filaments, an upper limit on the cloud lifetime is
obtained (10-20 Myr).

3. Meidt et al. (2015) identify sequences of evolving clouds in the inter-arm regions
of M51, and compute the cloud lifetime as a fraction of the inter-arm travel time,
giving values of 20-30 Myr.
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The above models have the advantage of temporal precision if the differential velocities
and spatial separations of the observed molecular clouds can be measured. However, they
may over-estimate the cloud lifetime if the sampling interval is much longer than the
actual time-scale for cloud disruption and re-formation. For example, the long lifetimes
measured by Scoville and Hersh (1979) and Solomon et al. (1979), have been shown
to characterise the survival times of hydrogen molecules that are cycled through many
shorter phases of molecular cloud evolution (e.g. Kruijssen et al., 2019). In this sense,
method (2) is more robust, and some examples of its application are as follows:

1. Blitz et al. (2007); Corbelli et al. (2017); Kawamura et al. (2009) identify three
stages of the molecular cloud evolutionary sequence: (1) quiescence, (2) the ap-
pearance of HII regions around massive young stars, and (3) the appearance of
stellar clusters, in combination with the HII regions. The time spent in each phase
is taken to be proportional to the number of clouds observed in each phase at a
given time. The time-scales associated with (1), (2) and (3) are normalised to an
absolute reference time-scale given by the ages of the stellar clusters. This delivers
a cloud lifetime of 20-30 Myr.

2. Murray (2011) note that the fraction of each cloud that forms stars can be related
to its mass, when this mass is large (> 106 M⊙). The cloud lifetime is then given by
the average age spread of the stellar clusters formed, weighted by a mass ratio that
quantifies the likelihood that a cloud is forming stars. This gives a cloud lifetime
of 2-3 free-fall times for massive giant molecular clouds.

Although the use of models of type (2) does not require that clouds pass through a set
of evolutionary stages in a particular order, it does imply that the clouds considered are
independent regions, in the sense that they do not interact. If cloud mergers are common
then a spuriously-small number of clouds could be observed in a particular evolutionary
state, due to their identification as a single, larger cloud. Dobbs et al. (2015) find that
such mergers occur frequently in their isolated galaxy simulations, at a rate of one every
0.1 Myr in spiral galaxies. In Chapter 5 we discuss a similar result for our numerical
simulations in detail, and relate its implications.

To circumvent this problem, Kruijssen and Longmore (2014); Kruijssen et al. (2019,
2018) have proposed a method for constraining the lifetimes of molecular clouds on the
scale-height of the galactic gas disc. By fitting the spatial variation of the observed bias
in the flux ratio of molecular gas to stellar tracers both below and above the disc scale-
height, constraints can be placed on the time-scale over which these large regions typically
form and disperse, assuming that they are independent of each other. In Chapter 5 we
show that this assumption of region-independence is approximately valid on large scales,
and make a comparison between our numerically-derived cloud lifetimes and the results
of this statistical method (Chevance et al., 2020).

1.3 This thesis
The body of work in this thesis represents a synthesis of analytic theory and numerical
simulations to investigate (1) the role of the large-scale galactic environment in driving
the evolution of giant molecular clouds, and (2) the variation of cloud properties and
evolution as a function of spatial scale.
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In Part I we propose an analytic framework through which to explore the influence
of large-scale galactic-dynamics on molecular cloud properties and evolution. Within
this model, we aim to make as few theoretical assumptions as possible about the nature
of giant molecular clouds. This includes their sizes, shapes, degree of gravitational-
boundedness and mode of gravitational collapse. Both observationally and in numerical
simulations, wide ranges in all of these properties have been observed for objects identified
as ‘clouds’: if we wish to systematically compare our theoretical work with observations,
such assumptions should be avoided where possible. Instead, to gauge the influence of
different galactic-dynamical processes on molecular clouds, we refer to the relative lengths
of the time-scales on which they act.

In Part II we perform high-resolution numerical simulations to probe the theory pre-
sented in Part I, and to use its predictions as a guide for interpreting statistical correla-
tions between cloud properties and their environments, as related in Chapter 4. In partic-
ular, the data from our simulations can be used to offer insight into the time-dependent
evolution of giant molecular clouds, which is not directly-accessible in observations. With
this information in hand, in Chapter 5 we also explore the inter-dependence of the spatial
and temporal scales on which molecular gas evolves coherently.

Finally, we conclude by linking the results of our work back to the wider field of
star formation, and examining how the properties, time-scales and correlations we have
derived can be used to understand the empirical characteristics of star formation on larger
scales.
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ABSTRACT
We propose a simple analytic theory for environmentally dependent molecular cloud lifetimes,
based on the large-scale (galactic) dynamics of the interstellar medium. Within this theory,
the cloud lifetime is set by the time-scales for gravitational collapse, galactic shear, spiral
arm interactions, epicyclic perturbations, and cloud–cloud collisions. It is dependent on five
observable quantities, accessible through measurements of the galactic rotation curve, the gas
and stellar surface densities, and the gas and stellar velocity dispersions of the host galaxy. We
determine how the relative importance of each dynamical mechanism varies throughout the
space of observable galactic properties, and conclude that gravitational collapse and galactic
shear play the greatest role in setting the cloud lifetime for the considered range of galaxy
properties, while cloud–cloud collisions exert a much lesser influence. All five environmental
mechanisms are nevertheless required to obtain a complete picture of cloud evolution. We
apply our theory to the galaxies M31, M51, M83, and the Milky Way, and find a strong
dependence of the cloud lifetime upon galactocentric radius in each case, with a typical cloud
lifetime between 10 and 50 Myr. Our theory is ideally suited for systematic observational tests
with the Atacama Large Millimetre/submillimetre array.

Key words: stars: formation – ISM: clouds – ISM: evolution – ISM: kinematics and dynam-
ics – galaxies: evolution – galaxies: ISM.

1 IN T RO D U C T I O N

As the sites of the majority of galactic star formation, giant molecu-
lar clouds (GMCs) and their life cycles are of critical importance in
understanding and predicting the galactic star formation efficiency
(SFE). In particular, the molecular cloud lifetime sets a time-scale
for star formation that is degenerate with the SFE in the observa-
tional relation between the galactic star formation rate (SFR) and
the gas mass (Kennicutt 1998). The SFE for a given unit of gas
quantifies its ability to form stars, and so offers crucial insight into
the conditions most conducive to star formation in the interstellar
medium (ISM). To constrain this quantity from observations of the
SFR, a reliable theory of the molecular cloud lifetime is required.

In contrast to past observational data supporting the notion of
‘long’ cloud lifetimes of order �100 Myr (Scoville & Hersh 1979;
Scoville & Wilson 2004; Koda et al. 2009), recent observations of
the molecular ISM at high spatial resolution by Engargiola et al.
(2003), Blitz et al. (2007), Kawamura et al. (2009), Murray (2011),
Miura et al. (2012), and Meidt et al. (2015) have favoured much
shorter lifetimes between 10 and 55 Myr. These shorter lifetimes
are consistent with the characteristic time-scale of collapse for
overdense clumps within the cloud substructure (Elmegreen 2000;

� E-mail: s.jeffreson@uni-heidelberg.de

Hartmann, Ballesteros-Paredes & Bergin 2001). While theories of
long-lived GMCs support the view of clouds as distinct, gravitation-
ally bound, virialized entities, as distinguished by a tight correlation
between virial mass and CO luminosity (e.g. Solomon et al. 1987),
short-lived GMCs appear to be dynamic and continually evolving,
with highly complex life cycles (Dobbs & Pringle 2013). Obser-
vations such as those by Colombo et al. (2014) support this view,
demonstrating a large scatter in the relationship between virial mass
and CO luminosity, and thus a significant fraction of GMCs that
may be gravitationally unbound. In fact, Dobbs, Burkert & Pringle
(2011a) point out that over 50 per cent of the clouds observed by
Heyer et al. (2009) are strictly unbound, with virial parameters
αvir > 2. These observations are in line with numerical simulations
of molecular cloud evolution (Dobbs et al. 2011a; Dobbs & Pringle
2013), which produce largely unbound GMCs with star formation
occurring in localized bound regions.

The diversity in the observed dynamical states of GMCs presents
a challenge to theories of cloud formation and evolution that rely on
theoretical assumptions about what constitutes a molecular cloud.
Cloud evolution shaped by frequent intercloud collisions is pro-
posed by Tan (2000) to be in agreement with the scaling relations
between the gas surface density and the SFR surface density ob-
served by Kennicutt (1998), however the theory accounts only for
those clouds that are gravitationally bound (Gammie, Ostriker & Jog
1991) and supported against collapse by hydrostatic and magnetized
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turbulent pressure, such that they live long enough for collisions to
actually occur. Additionally, the anticorrelation between SFE and
the shear parameter β expected in this model is not observed in spi-
ral and dwarf galaxies (Leroy et al. 2008). Although cloud–cloud
collisions may contribute to the evolution of certain clouds at cer-
tain values of β, it does not account for molecular clouds in all
observable regions of the ISM.

Molecular clouds that persist in a state of gravitational
free-fall throughout their lives without reaching virial equilib-
rium, via global collapse (Elmegreen 1993; Ballesteros-Paredes,
Vázquez-Semadeni & Scalo 1999a; Ballesteros-Paredes, Hartmann
& Vázquez-Semadeni 1999b; Hartmann et al. 2001; Vázquez-
Semadeni, Ballesteros-Paredes & Klessen 2003; Vázquez-
Semadeni et al. 2006; Heitsch et al. 2005, 2006) or via hierarchical
collapse (Elmegreen 2007; Zamora-Avilés, Vázquez-Semadeni &
Colı́n 2012; Zamora-Avilés & Vázquez-Semadeni 2014; Ibáñez-
Mejı́a et al. 2016), are gravitationally bound by definition. There-
fore, theories of cloud evolution that are dominated by gravitational
collapse, as first proposed by Goldreich & Kwan (1974) and Liszt
et al. (1974), do not account for clouds that are super-virial or un-
bound. If all clouds were bound and collapsing, we would expect a
clear correlation between the Toomre Q stability parameter and the
number of GMCs. Given that the majority of star formation occurs
in molecular clouds, this would lead to a correlation between Q and
the SFE per unit gas and per unit time, which is not observed (Leroy
et al. 2008). Clouds that are not bound or collapsing may also play
an important role in star formation. Like theories of cloud–cloud
collisions, theories of cloud evolution dominated by gravitational
collapse do not account for the wide variety of observable GMC
properties.

The great variety and complexity of physics that may influence
molecular clouds is further emphasized by the large number of
physical processes that can successfully account for their large non-
thermal line widths (Fukui et al. 2001; Engargiola et al. 2003;
Rosolowsky & Blitz 2005). These include, but are not limited to,
bulk radial motions due to a persistent state of gravitational free-fall
(Ballesteros-Paredes et al. 1999c; Hartmann et al. 2001; Heitsch
& Hartmann 2008), energy input due to cloud–cloud collisions
(Tan 2000; Tasker & Tan 2009; Tasker 2011), external driving by
supernovae (e.g. Kim & Ostriker 2015a,b), accretion of material
via converging flows associated with cloud formation (Klessen &
Hennebelle 2010), and large-amplitude, long-wavelength Alfvén
standing-waves (e.g. Tassis & Mouschovias 2004; Mouschovias et
al. 2006). Given that the virial state of GMCs scales with their
velocity dispersions squared, it is to be expected that the variety
of processes affecting GMC velocity dispersions also affect their
boundedness, and hence their life cycles. It is therefore undesir-
able to limit the scope of cloud evolution theories to clouds with
size scales, mass scales, and structures imposed by the assump-
tions of gravitational boundedness and virialization. The spread of
≈50 Myr among ‘short’ observed cloud lifetimes points towards a
diverse range of astrophysical objects that can be observationally
identified as GMCs. If a theory is to successfully account for the
entire population, it must be correspondingly flexible.

A solution to this problem is suggested by the work of Leroy et al.
(2017b), which shows that the SFE per unit time (i.e. the inverse
of the gas depletion time) scales nearly linearly with the ratio of
the squared velocity dispersion to the surface density, an indicator
of cloud boundedness. As the majority of star formation occurs in
GMCs, this environmental dependence of the SFR indicates that
the evolution of GMCs is also strongly environmentally depen-
dent, and a theory for molecular cloud lifetimes should be able to

capture this environmental influence on cloud evolution. Using only
the observable properties of the ISM, the time-scales of large-scale
dynamical processes can be derived and combined to predict the
environmentally dependent cloud lifetime, independent of the pre-
cise properties of GMCs, and of the theoretical distinction between
processes of cloud formation and evolution.

In this work, we take a systematic approach to predicting the cloud
lifetime, combining the time-scales for those dynamical processes
with the greatest potential to influence molecular cloud evolution.
These include gravitational collapse and cloud–cloud collisions, as
well as epicyclic perturbations in the plane of the host galaxy, galac-
tic shear, and spiral arm crossings, where applicable. We propose a
theory of molecular cloud lifetimes that quantifies the complexities
of GMC evolution as naively as possible, providing a platform upon
which increasing levels of detail can be built in future work. Taking
a simple but expansive approach allows us to dispense with arbitrary
theoretical definitions of what exactly constitutes a molecular cloud,
such that we do not need to make assumptions about its state of
gravitational-boundedness, state of virialization, scale or structure.
Rather than focusing on one particular evolutionary mechanism, we
account for the coexistence of different mechanisms and how they
may augment each other or compete against each other. Using this
theory, we can provide systematic predictions of cloud lifetimes
throughout the parameter space of observed galactic properties.

Our theory of GMC formation and evolution, being dependent
upon large-scale galactic dynamics, will be observationally testable
by applying the new statistical technique of the ‘uncertainty princi-
ple for star formation’ (Kruijssen & Longmore 2014) to the recently
available wealth of high-resolution observations of the ISM, both at
low and high redshifts (e.g. Hodge et al. 2012; Leroy et al. 2016).
With this method, we gain access to cloud lifetimes, feedback time-
scales and cloud separation lengths for a statistically representative
sample of galaxies (Kruijssen et al. 2018; Haydon et al., in prepa-
ration; Hygate et al., in preparation), enabling the evolutionary life
cycle of GMCs to be probed beyond the limited environment of the
most nearby galaxies (Kruijssen et al., in preparation, Hygate et al.,
in preparation, Chevance et al., in preparation, Schruba et al., in
preparation). This will provide a much more complete and system-
atic perspective than previously available, making a global theory
of cloud evolution pertinent, viable, and testable.

The structure of this paper is as follows. In Section 2, we derive
the time-scales of galactic-scale dynamics which may determine the
rate of GMC formation and evolution. In Section 3, we describe how
our model combines these time-scales to provide a comprehensive
picture of cloud evolution over all of parameter space. In Section 4,
we examine the competition between time-scales and their different
regions of dominance in parameter space, the interpretation of which
we discuss in Section 5. In Section 6, we apply our theory to predict
cloud lifetimes in real galaxies, and finally we summarize our results
and conclusions in Section 7.

2 T I M E - S C A L E S O F C L O U D E VO L U T I O N

Here, we derive the time-scales for six different large-scale dy-
namical processes that affect the ISM and its constituent molecular
clouds. Each time-scale is dependent only on the physical, observ-
able properties of the ISM, presented in Table 1. In this work, we
systematically develop a theory of cloud evolution and the cloud
lifetime based exclusively on the observable large-scale dynamics
of the ISM. As such, we refer to these time-scales throughout the
remainder of this paper as the ‘time-scales of cloud evolution’.
The first five of these time-scales have a compressive effect on
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Table 1. Dynamic ranges for the parameters in Section 2,
listed in the first column. The second column gives the pa-
rameter ranges explored in this work (corresponding to the
black vertical bars in Fig. 3). The choice of variable range
for each of the other parameters is justified in Section 3.1.
The third column gives the fiducial values of each parameter
corresponding to the open circles in Fig. 3, and the literature
references for these values are given in the fourth column.
References: (1) Krumholz & McKee (2005), (2) Tan (2000),
and (3) Gerhard (2011).

Variable Dynamic range Fiducial value References

β [0, 1) 0.5 –
�P/� [0.01, 8] 2 (3)
m 1,2,4 1,2,4 –
Q [0.5, 15] 1.3 (1)
φP [1, 9] 3 (1)
fG 0.5 0.5 (2)

molecular clouds, while the sixth has a dispersive effect. We im-
plicitly assume that the compressive processes lead to star formation
and subsequently to cloud dispersal on a time-scale appropriate to
stellar feedback, assumed to be shorter than the time-scales consid-
ered here.

2.1 Gravitational collapse of the ISM (τ ff, g)

On scales shorter than the Toomre length λT within the galactic
disc, approximately spherical regions of the ISM are susceptible to
collapse on the local free-fall time-scale. We follow the derivation
of Krumholz & McKee (2005), beginning with the generalization
of gas pressure within the galactic plane to include the contribution
of the stellar population, such that

Pg ≈ π

2
φPG�2

g . (1)

The quantity φP is given according to Elmegreen (1989) as

φP = 1 + �s

�g

σg

σs

, (2)

where �s and �g are the stellar and gas surface densities respec-
tively, while σ s and σ g are the stellar and gas velocity dispersions.
The case of pure gas then corresponds to φP = 1. Given that the
mid-plane ISM volume density ρg scales with the mid-plane ISM
pressure Pg, we can scale the Jeans equations by the constant factor
φP from equation (1), to obtain the scale height hg as

hg = σg√
2πGφPρg

, (3)

which leads to the definition of ρg (Equation 36 in Krumholz &
McKee 2005),

ρg = φPκ
2

2πQ2G
, (4)

where Q = κσg/πG�g is the Toomre stability parameter (Toomre
1964). Using this mid-plane ISM density, we can straightforwardly
calculate the free-fall time-scale as

τff,g =
√

3π2

32φP(1 + β)

Q

�
, (5)

in terms of the Toomre Q, the orbital speed �, and the shear param-
eter β, which is defined by the rotation curve of the galaxy vc(R)
as

β = d ln vc(R)

d ln R
. (6)

Lower values of β indicate a higher degree of differential rotation,
and for a given value of the angular speed �, this corresponds to a
higher degree of galactic shearing. Note that τ ff, g is dependent only
upon the properties β, Q, �, and φP of the ISM, via equation (5). It
increases linearly as Q and decreases inversely as �−1, with weaker
dependencies on β and φP as (1 + β)−1/2 and φ

−1/2
P , respectively.

The time-scale τ ff, g is therefore dependent only on the rotation
curve, the surface density profiles �g and �s, and the velocity
dispersion profiles σ g and σ s of the host galaxy, via the definition
of the Toomre Q parameter and the definition of φP (equation 2).
Importantly, τ ff, g does not assume any properties of the cloud itself,
and can therefore be used to quantify the rate of collapse across
the varied spectrum of objects that are observationally classified as
GMCs. In the next section, we will see that the introduction of a
characteristic cloud mass scale restricts the applicability of the free-
fall time-scale to gravitationally bound clouds of a particular size
and structure. These assumptions are not appropriate to all GMCs,
so we will argue that τ ff, g is the gravitational free-fall time-scale
we require to encode gravitational free-fall in our theory.

2.2 Gravitational collapse of a Toomre-mass cloud (τ ff, cl)

Given that the free-fall time of a roughly spherical region of gas
scales as τ ∝ ρ−1/2, we can relate the collapse time-scale τ ff, cl for
a cloud of mean density ρcl to the collapse time-scale τ ff, g in the
mid-plane, as

τff,cl

τff,g
=

(
ρcl

ρg

)−1/2

≡ φ−1/2
ρ , (7)

where ρg is the mean mid-plane density of the ISM gas and the
second equality defines the ratio of cloud to mid-plane densities
φρ = ρcl/ρg. Given that the cloud is formed via gravitational col-
lapse of the ISM, it must have a higher overall density than the
surrounding gas, such that φρ > 1. To calculate this ratio, we again
follow Krumholz & McKee (2005) to obtain the cloud density ρcl

in terms of its pressure Pcl and mass Mcl as

ρcl =
(

375

4π

)1/4(
P 3

cl

α3
virG

3M2
cl

)1/4

, (8)

where αvir is the standard virial parameter (e.g. MacLaren, Richard-
son & Wolfendale 1988; Bertoldi & McKee 1992), given by

αvir = 5σ 2
cl

G
√

πMcl�cl
, (9)

and Pcl is given by their equation (47) as,

Pcl = 3π

20
αvirG�2

cl. (10)

Rather than taking the typical cloud mass scale Mcl to be the Jeans
mass MJ, we instead opt to use the Toomre mass MT (Toomre 1964),
as in Reina-Campos & Kruijssen (2017). This ensures that we are
looking at the largest collapsing scales, given by the Toomre length.
In practice, this change is consistent with Krumholz & McKee
(2005) due to their assumption of Q ≈ 1, which gives an approxi-
mate equality between MT and MJ, as mentioned in their section 3.
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Figure 1. Illustration of possible modes of gravitational collapse. Global
gravitational collapse towards the centre of mass necessarily means that the
molecular cloud is gravitationally bound, with αvir � 1 (left). A molecu-
lar cloud can also be gravitationally bound if it is collapsing hierarchically
(centre), such that smaller regions within a larger diffuse envelope are col-
lapsing. A cloud which is collapsing hierarchically can also be gravitation-
ally unbound (right) if its overall internal kinetic energy is larger than its
potential energy.

The critical Toomre mass corresponding to the maximum unstable
length-scale is given by

MT = 4π5G2�3
g

κ4
. (11)

Following through with the derivation of φρ , we obtain

φρ =
(

375

32π4

)1/4( φ3
P̄

φPα3
vir

)1/4

Q2, (12)

where φP̄ is defined as in equation (46) of Krumholz & McKee
(2005), i.e.

Pcl = φP̄Pmp = π

2
φP̄φPG�2

g , (13)

cf. Elmegreen (1989) and Blitz & Rosolowsky (2004), with Pmp the
mid-plane gas pressure in the galaxy. Since φρ ≥ 1 by definition and
φP ≥ 1 according to equation (2), the range of αvir and φP values
possible for a cloud of mass MT is limited by equation (12) to

φP̄

αvir
� 2

Q8/3
. (14)

The value of the time-scale, given by substituting equation (12) into
equation (7), is

τff,cl = π3/2

2

(
3αvir

10φPφP̄

)3/8 1

�

1√
1 + β

. (15)

We note that in contrast to the time-scale τ ff, g in Section 2.1, τ ff, cl

depends upon a set of pre-defined properties for each molecular
cloud. Namely, it depends on the virial parameter αvir that quantifies
the gravitational boundedness of the cloud, and the ratio of cloud
pressure to that of the ambient gas, φP. The values of these properties
must be determined for each cloud, in order to compute its free-
fall time-scale. Additionally, the introduction of a characteristic
collapsing mass scale MT assumes that the cloud is in a state of
global collapse (i.e. collapsing radially towards its centre of mass)
as depicted in the left-hand panel of Fig. 1. Global gravitational
collapse necessarily implies gravitational boundedness (αvir < 1).
Combined with the assumption of a roughly spherical cloud, the
mass scale MT also sets a characteristic length-scale λT for the
cloud, corresponding to the Toomre scale. The use of the time-scale
τ ff, cl to quantify the influence of gravitational collapse on GMCs
therefore implies a restriction to gravitationally bound, globally
collapsing clouds of diameter λT.

In the middle and right-hand panels of Fig. 1, we depict two sit-
uations in which a time-scale for gravitational collapse is required

to describe the evolution of molecular clouds that do not fit the re-
strictions described above. In the middle panel, we demonstrate the
possibility of a gravitationally bound cloud which is not collapsing
globally but hierarchically, as theorized by Elmegreen (2007) and
observed in simulations by Ibáñez-Mejı́a et al. (2016). In the right-
hand panel, we demonstrate the possibility of hierarchical collapse
within a molecular cloud that is not gravitationally bound at all, but
that may be in fact be gravitationally unbound (αvir ≥ 2).

In this work, we aim to examine the processes affecting the
evolution of all molecular clouds, rather than restricting ourselves
to processes affecting the subset of gravitationally bound, globally
collapsing clouds of radius λT. As such, we opt hereafter to work
with the free-fall time-scale of the ISM τ ff, g, which also provides an
upper bound on τ ff, cl via the definition of φρ > 1. While this allows
our theory to be as general as possible, it is conceivable that it leads
to an overestimation of the molecular cloud lifetime in atomic gas-
dominated environments, in which only the gas density peaks are
molecular. We return to this caveat in Section 6. For the remainder
of this paper, we will refer to τ ff, g alone as the ‘gravitational free-
fall time-scale’. We do not need to assume values of the cloud
properties αvir and φP̄, leaving only the properties β, Q, �, and φP

of the ISM. These quantities can be determined observationally, and
do not require us to impose theoretical constraints on the nature of
molecular clouds.

2.3 Cloud–cloud collisions (τ cc)

Tan (2000) derives a time-scale for collisions between gravitation-
ally bound molecular clouds, as

τcc ≈ 2πQ

9.4fG�(1 + 0.3β)(1 − β)
. (16)

The parameter fG represents the ‘probability of collision’ associated
with any single encounter between GMCs. Tan (2000) hypothesizes
that such collisions trigger star formation by inducing compressions
in parts of the interacting clouds. We will use τ cc to quantify the
effect of cloud–cloud collisions on cloud evolution and the cloud
lifetime, via compressions (Tan 2000), shocks, or simply mixing
between regions of gas with different surface densities.

In principle, the time-scale τ cc increases monotonically with β.
However, the range of β is limited to 0 < β < 0.12, due to the under-
lying assumptions. equation (16) is based on the work of Gammie
et al. (1991), who derive gas velocity dispersions for 0 < β < 0.12,
by considering the gravitational scattering between clouds due to
galactic differential rotation, using an expansion about the equi-
librium perturbative solution at β = 0 to first order in β. The
perturbative solution is then numerically extended over a range
corresponding to −0.06 < β < 0.12. By including higher orders,
we could obtain a real (physical) value of the velocity dispersion up
to β = 0.36, but this would involve an extrapolation of the numerical
fit outside the range for which it has been verified in Gammie et al.
(1991). Throughout this paper, we therefore use the value of τ cc at
β = 0.12 for higher values of β, which is justified because it acts as
a lower limit on the collision time-scale at β > 0.12. Given that the
collisions are caused by differential rotation, the assumption that
the collision time-scale will monotonically increase with β is also
justified intuitively. Thus, the time-scale τ cc in our model increases
with β over the range 0 ≤ β < 0.12 and remains constant with β

over the range 0.12 ≤ β. Like the time-scale τ ff, g for gravitational
collapse, τ cc decreases inversely as �−1, since a higher angular
speed gives a shorter time between collisions for clouds at different
galactocentric radii, when differential rotation is present (β 	= 1).
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The Q dependence of τ cc is linear, because the mean-free time
between cloud collisions scales inversely with the surface number
density of gravitationally bound clouds (Tan 2000), which in turn is
inversely proportional to Q. However, we must note that, in using
τ cc for values of gravitational stability Q 
 1, we assume that these
relations hold for very low number densities of bound clouds. In
reality, for very small numbers of bound clouds in an ISM of finite
scale height hg, the time between collisions will approach infinity
much faster than Q does. This assumption is therefore likely to
overestimate the number of cloud collisions per unit time, and thus
(again) to provide a lower limit to the cloud lifetime due to cloud–
cloud collisions. Despite this, we will see later that cloud–cloud
collisions are rarely significant in comparison to the other dynamical
mechanisms of cloud evolution, from Q ∼ 0.5 up to 15. We will
therefore use τ cc as the time-scale for cloud–cloud collisions for
all Q, and will comment on the interpretation of the resulting cloud
lifetimes, where appropriate.

2.4 Pattern speed perturbations (τ�P )

The passage of spiral arms through the ISM at pattern speed �P

has a wide variety of possible effects on GMCs (for more de-
tailed discussions, see Meidt et al. 2013; Dobbs & Baba 2014).
The sudden change in mass surface density, pressure, and gravi-
tational potential associated with a spiral arm encounter induces
a shock in the ISM (Roberts 1969), although whether this shock
triggers gravitational collapse remains uncertain (e.g. Elmegreen
& Elmegreen 1986; Eden et al. 2012, 2015). Aside from the shock
itself, the cloud is subjected to varying tidal and Coriolis forces by a
non-axisymmetric gravitational potential (Elmegreen 1979), with a
generally compressive effect. The conservation of angular momen-
tum then implies that the degree of azimuthal shearing is also lower
in the spiral arm than in the galactic disc (Elmegreen 1994). Both of
these effects promote gravitational collapse, possibly explaining the
high density of high-mass GMCs in spiral arms, an interpretation
that is supported by the formation of massive, bound fragments in
the magnetohydrodynamic simulations of Kim & Ostriker (2002)
and Kim & Ostriker (2006). Meidt et al. (2013) show that in the case
of M51, the gravitational potential associated with the grand-design
spiral structure creates torques that drive large radial excursions of
gas along the spiral arms at a much greater amplitude than within
the galactic disc.

In addition to these dynamical effects, it is observed in simu-
lations by Dobbs (2008) that the rate of cloud–cloud collisions is
increased within spiral arms, due to increased levels of radial mo-
tion and an overall increase in cloud density. This may lead to an
increased rate of gravitational collapse and star formation as in Tan
(2000), or an increased rate of cloud agglomeration to produce more
massive clouds. The non-axisymmetric structure of the galaxy itself
may also influence the rate at which clouds are subjected to external
sources of stellar feedback, as the majority of star formation in M51
is observed to preferentially occur along its spiral arms (Meidt et al.
2013).

The higher density of massive GMCs observed in simulations
by Dobbs, Burkert & Pringle (2011b) also raises the question of
whether clouds are swept up in spiral arms, or whether they pref-
erentially form in spiral arms (e.g. Casoli & Combes 1982; Dobbs
et al. 2008). Once a cloud enters a spiral arm, the time for which it
remains there is not generally known.

We take the simplest possible approach to quantifying the effect
of spiral arm interactions on GMCs. We do not consider the precise
mechanisms by which clouds are affected by spiral arms, but instead

Figure 2. Epicyclic orbits in the plane of the galactic disc for the case of
a flat rotation curve (left, κ = √

2�) and a solid-body rotation curve (right,
κ = 2�). Note that in the case of a higher shear parameter β (right), the
number of epicycles performed per orbit of the galactic centre is greater, and
thus for fixed �, the number of epicycles performed per unit time is also
greater. This effect outweighs the slight decrease in epicyclic amplitude as
β increases at fixed �.

consider only the time-scale on which encounters occur. This time-
scale is given by

τ�P = 2π

m�|1 − �P/�| , (17)

where m is the number of spiral arms in the galaxy. In common with
the time-scales derived previously, τ�P depends inversely on �.
However, it has no dependence on β or Q, and is instead a function
of two new parameters, m and �P/�, associated with the presence
of spiral arms. The time-scale decreases inversely with increasing
numbers of spiral arms m, and increases asymptotically towards the
radius of corotation as �P/� approaches unity.

Our use of τ�P to quantify the effect of spiral arms on GMCs
implicitly assumes that the effect of each encounter is life changing
for the cloud, i.e. that in the absence of all other effects, the average
cloud lifetime is determined by the average time before which it
encounters a spiral arm. Given the large differences in cloud prop-
erties observed between arm and interarm regions (Elmegreen &
Elmegreen 1983; Meidt et al. 2013; Dobbs et al. 2008, 2011b),
along with the large differences in the density of clouds between
these regions, this assumption appears to be justified.

Inclusion of this spiral arm crossing time-scale must be consid-
ered on a case-by-case basis when considering molecular clouds in
real galaxies. For example, it would not be appropriate for clouds
which spend their whole lives inside a spiral arm, in which case it
would be better to consider just the environmental conditions within
the spiral arm. The case of very weak spiral arms might equally be
treated by setting m = 0 (see Section 6.1).

2.5 Epicyclic perturbations (τκ )

Within the epicyclic approximation, the ambient ISM and its con-
stituent molecular clouds are subjected to harmonic radial pertur-
bations relative to the guiding centres of circular orbits about the
galactic centre. The epicyclic frequency κ of these oscillations is
set by the angular speed and the shear parameter β as

κ = �
√

2(1 + β), (18)

which has extreme values of κ = √
2� for a flat rotation curve

(left-hand panel of Fig. 2) and κ = 2� in the solid-body regime
(right-hand panel of Fig. 2). On the galactic scale, the primary effect
of epicycles is to introduce eccentricity to an otherwise circular
orbit around the galactic centre. On cloud scales, epicycles cause a
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molecular cloud to perform small elliptical circuits about a guiding
centre that moves with the angular velocity � of the bulk ISM at
some galactocentric radius Rg. These circuits subject the cloud to
radial variations in galactic environment, such as variations in tidal
force and pressure, and also to tangential variations relative to the
guiding centre (i.e. relative to a cloud that is moving on a non-
epicyclic, circular orbit at angular frequency �). Such tangential
variations may include an increased number of interactions with
other objects (that may be undergoing similar excursions), as well
as stretching and compression due to acceleration relative to the
guiding centre.

As with the other cloud evolutionary mechanisms, we aim to
quantify all the possible effects of epicycles using a single time-
scale τ κ . We consider the time-scale

τκ = π

κ

πRg/N

π

√
X2+Y 2

2

, (19)

where N is the number of epicycles around the guiding centre per
revolution around the galactic centre, given by

N = κ

�
, (20)

and (X, Y) are the amplitudes of epicyclic oscillations from the
guiding centre in the radial and tangential directions, respectively.
The first term in equation (19), π/κ , gives the time required for the
cloud to move from its orbital apocentre to its orbital pericentre, or
vice versa. 1 This is scaled by a second term, which quantifies the
effect of epicycles relative to an object at the same galactocentric
radius on a circular orbit, moving with the bulk ISM at an angular
velocity �. Relative to such an object, the cloud with epicyclic
motion moves a distance π

√
(X2 + Y 2)/2 during the time π/κ ,

while the object itself moves a distance πRg/N relative to the
galactic centre. Any large-scale galactic variations experienced by
the cloud as it orbits the galactic centre, such as encounters with
spiral arms or with other clouds, will be experienced by any object at
the radius Rg, regardless of whether epicycles are performed. Thus,
we normalize the relative epicyclic motion, π

√
(X2 + Y 2)/2, by the

guiding centre motion, πRg/N . Due to the expression X2 + Y2, the
influence of epicycles becomes greater if the amplitude of epicyclic
motion is greater, while the terms κ and N indicate that the influence
of epicycles becomes greater when they occur at a higher frequency
relative to the bulk motion of the ISM.

Our theory aims to be as general as possible, so does not assume
a precise cause for epicyclic perturbations. We do not set initial
conditions for epicyclic motion and so do not explicitly calculate the
quantity X/Rg. Instead, we quantify the magnitude of this ratio by
taking the average value of a uniform distribution between X/Rg = 0
and the upper bound X/Rg = 1/2, set by the conservation of angular
momentum within the epicyclic approximation (see Appendix A).
This gives a value of

X

Rg
≈ 1

4
. (21)

Bringing together equations (19)–(21), and substituting γ =√
2/(1 + β) (see equation A6), the expression for τ κ can be re-

1 Relative to the guiding centre, epicyclic motion is symmetric between the
first and second halves of the circuit, and thus its time-scale is calculated for
half an epicycle.

duced to

τκ = π

κ

Rg

X

√
2

1 + γ 2

�

κ

= 4π

κ

√
2(1 + β)

3 + β

1√
2(1 + β)

= 4π

�
√

2(1 + β)

1√
3 + β

. (22)

That is, the time-scale on which epicyclic oscillations make a sig-
nificant contribution to cloud evolution increases weakly as the
rotation curve flattens (towards low β). This is due to the reduc-
tion in epicyclic frequency κ with decreasing β at fixed �, which
increases the number of epicyclic oscillations performed per unit
time, and per unit distance travelled around the galactic centre by
a cloud on a circular, non-epicyclic orbit. This effect balances the
increasing circumference of each epicycle with decreasing β. Like
the time-scales previously derived, τ κ is inversely dependent on �,
due to the linear correspondence between κ and � for fixed β. It
is also independent of Q, having nothing to do with gravitational
stability.

2.6 Shear within the galaxy (τβ )

The shear time-scale τβ is the time-scale on which a cloud is pulled
apart by differential rotation, thus limiting the available growth
time of gravitational instabilities (Goldreich & Lynden-Bell 1965;
Elmegreen 1987). It is given by the inverse Oort constant, such that

τβ = 2

�(1 − β)
. (23)

If the shear time-scale is comparable to or shorter than the gravita-
tional free-fall time-scale τ ff, g, the separation of radially correlated
gas reduces the rate at which overdensities form, as well as slowing
their subsequent collapse, thus increasing the cloud lifetime. If the
shear time-scale is shorter than the gravitational free-fall time-scale
τ ff, g, shear may disperse clouds completely, or break them up into
smaller entities (Dobbs et al. 2011a; Dobbs & Pringle 2013). This
scenario also increases the cloud lifetime according to the statistical
method for measuring cloud lifetimes from Kruijssen & Longmore
(2014) and Kruijssen et al. (2018), which adds up the total time a
Lagrangian mass element spends as a cloud, prior to star formation.
That is, if a cloud is dispersed by shear and later reforms, the du-
rations of both phases are added to calculate the observed lifetime.
Galactic shear therefore works against the formation of collaps-
ing overdensities in the ISM to generally elongate the lifetimes of
GMCs. Shearing is strongest at high degrees of differential rotation
(low β) and at high values of the angular speed �, such that τβ

displays the same �−1 dependence as all other time-scales derived
in this section.

3 C OMPARI SON O F TI ME-SCALES

3.1 Variable ranges

We now turn to a comparison of the time-scales derived in Section 2.
A crucial insight in this regard is that all time-scales carry an inverse
dependence on the orbital speed �, such that this quantity is irrele-
vant for the relative importance of the different time-scales, and acts
as an overall normalization of the cloud lifetime. Throughout large
parts of this paper, we will therefore express the time-scales in the
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Figure 3. Dynamic ranges of each time-scale for the ranges of physical
quantities given in Table 1, normalized by the orbital period �−1. Black bars
represent the total dynamic ranges of each time-scale, red bars represent the
dynamic ranges due to varying Toomre Q alone, and blue bars represent
the dynamic ranges due to varying the shear parameter β alone. The green
bar represents the dynamic range of τ ff, cl due to simultaneously varying all
three of the parameters αvir, φP, and φP̄. The black open circles indicate the
fiducial values from the literature, listed in the third column of Table 1.
The grey shaded region demonstrates that there exists a region of overlap
for the dynamic ranges of all time-scales other than τ ff, cl, which we omit in
favour of τ ff, g (see Sections 2.1 and 2.2). The non-zero width of this grey
shaded region is a necessary but not sufficient condition that, for at least one
choice of quantities in Table 1, any one of these five relevant time-scales
might be shorter than all others.

dimensionless form τ/�−1. As discussed in Sections 2.1 and 2.2,
we also omit the parameters αvir and φP̄ that are associated with
the free-fall time-scale τ ff, cl for globally collapsing, gravitationally
bound clouds of size equal to the Toomre scale. We opt instead to
work with the more general time-scale τ ff, g for the gravitational
collapse of the ISM, to quantify the influence of gravity on GMCs
that do not necessarily adhere to these assumptions. The parameter
space over which τ/�−1 varies is then spanned by the six variables
β, Q, �P/�, m, φP, and fG. Out of these, we fix fG to its fiducial
value of fG = 0.5, and both m and �P/� are relevant only in the
presence of spiral arms. The fundamental parameter space is there-
fore spanned by β and Q, with a secondary dependence on φP. This
parameter space is extended with m and �P/� when considering
spiral galaxies.

The importance of the Fundamental Plane (β, Q, �) in determin-
ing cloud evolution and the cloud lifetime is demonstrated visually
in Fig. 3. The black vertical bars represent the total dynamic ranges
of the five cloud evolutionary time-scales used in this work, plus
τ ff, cl, due to simultaneously varying all the quantities in Table 1
(other than fG, which is fixed). The blue bars represent the dynamic
ranges for each time-scale due to variation in β alone, while the
red bars represent the dynamic ranges for each time-scale due to
variation in Q alone. We see that the time-scales τ κ , τβ , and τ cc are
completely determined by the Fundamental Plane variables (β, Q,
�). The time-scale τ ff, g is additionally controlled by φP, but to a
much weaker extent than Q, as demonstrated by comparing the sizes
of its black and red bars in Fig. 3. Thus, the time-scales in galaxies
without spiral arms vary primarily within the Fundamental Plane
(β, Q, �), with secondary variations in φP. The only time-scale that
is not accounted for by (β, Q, �) is the spiral arm crossing time-
scale τ�P , which depends instead on the quantities m and �P/� in
the extended parameter space (β, Q, �, m, �P/�).

One of the goals of our theory is to cover the entire parame-
ter space of galactic properties which may feasibly be observed.

In order to perform our first comparison of cloud evolutionary
time-scales, we therefore choose upper and lower limits for the
dynamic ranges in Table 1 that correspond to the highest and low-
est observed values of these parameters. Natural upper and lower
limits on the shear parameter β are defined by solid-body rota-
tion and a flat rotation curve, respectively. The dynamic range for
�P/� is calculated using the pattern speed for the Milky Way,
�P = 0.026 ± 0.002Myr−1 (Gerhard 2011), and a reasonable
range of angular speeds � between log (�/Myr−1) = −2.5 and
log (�/Myr−1) = 0.5. We choose an upper limit for the Toomre Q
parameter of the ISM according to the work of Leroy et al. (2008),
which shows that values of Q > 10 may be readily obtained in
both spiral and dwarf galaxies, and may be as large as Q ≈ 15,
a range which is matched in observations of the central ∼500 pc
of the Milky Way by Kruijssen et al. (2014). Our lower limit for
the Toomre Q parameter is extended to Q < 1 according to the
work of Genzel et al. (2014), who find Toomre Q values as low as
Q ≈ 0.2 for a sample of 19 main-sequence star-forming galaxies.
We will see later in the paper that the strong influence of gravita-
tional free-fall at low Q makes it uninteresting to look at values of
Q < 0.5, so we adopt a range of 0.5 < Q < 15. Krumholz & McKee
(2005) estimate a value of the stellar contribution to the mid-plane
gas pressure, φP ∼ 3, by considering a variety of cases from normal
disc galaxies to starbursts. Since the lowest possible value of φP is
unity (no stellar contribution to mid-plane gas pressure), we adopt
a conservative range of 1 < φP < 9.

We emphasize that our theory is able to deal with values of Q,
β, φP, m, and �P/� which fall outside the extended parameter
space defined here. The analytic time-scales derived in Section 2
do not impose any restrictions on the values of these quantities,
and so we are free to substitute any physically reasonable, observed
values that we choose. The boundaries defined here represent a
physically and observationally motivated window through which
we can view our parameter space, to draw conclusions about the
trends in cloud evolutionary mechanisms and the cloud lifetime for
the vast majority of real-Universe galactic environments. Our theory
is also sufficiently flexible that we can extend the window at any
time, to account for future observations.

3.2 Preliminary comparison of time-scales

In Fig. 3, we make a preliminary comparison between the dynamic
ranges of all six time-scales, represented by vertical black bars,
over all values of the quantities in Table 1. In the initial comparative
discussion carried out here, we assume that the value of a given time-
scale can be adjusted without altering the values of the other time-
scales, or equivalently that no two time-scales are dependent upon
the same physical quantities. This assumption, although incorrect,
gives a preliminary indication of whether the coexistence of cloud
evolutionary mechanisms is an important consideration in theories
of the cloud lifetime. Where the dynamic ranges of two time-scales
in Fig. 3 overlap, it is possible that there exist values of the quantities
in Table 1 for which these time-scales are equal. Conversely, if the
ranges of two time-scales do not overlap in Fig. 3, then there exist
no values of the quantities in Table 1 for which equality between
these time-scales is obtained. This would indicate that a subset of
the mechanisms does not govern the cloud life cycle anywhere in
parameter space.

For the fiducial values of the physical quantities in Table 1, rep-
resented by open circles in Fig. 3, the two time-scales for grav-
itational collapse τ ff, g and τ ff, cl are up to an order of magnitude
lower than all other time-scales. For these values it is clear that
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Figure 4. Variation of each time-scale, normalized by the orbital period �−1, with the shear parameter β. The two time-scales τκ (radial perturbations) and
τβ (shear) are dependent only on β and are therefore represented by lines in each panel. Left: the grey region highlights the range of values for the free-fall
time-scale τ ff, g over the range of Q values given in Table 1, with φP = 3. For high values of Q, we see that τβ and τκ become the dominant time-scales relative
to τ ff, g. Centre: the red arrows indicate the range of values for the arm-crossing time-scale τ�P within the radius of corotation of the Milky Way (≈8 kpc,
Gerhard 2011), while the blue arrows indicate the range of τ�P outside the radius of corotation. The variable m indicates the number of spiral arms in the
galaxy. At the radius of corotation, this time-scale becomes infinite, because the spiral arms do not move relative to the ISM. Note that τ�P is independent of
β, so the horizontal placement of the arrows is arbitrary. Right: the blue region highlights the range of values for the cloud–cloud collision time-scale τ cc over
the extended range of Q values. This region appears independent of β for β > 0.12 because equation (16) is only valid within the range 0 < β < 0.12 and thus
we take a lower bound on τ cc for β > 0.12 (see Section 2.3). Although we see an overlap between the blue and grey regions on the left and right, τ cc is in fact
always larger than τ ff, g, as they both depend linearly on Q.

gravitational collapse dominates the formation and evolution of
molecular clouds. The dynamic range of τ ff, cl in particular does not
overlap with the dynamic range of the shear time-scale τβ or the
time-scale of epicyclic perturbations τ κ , indicating that no choice
of values from Table 1 allows significant competition between τ ff, cl

and either of these time-scales. However, in Sections 2.1 and 2.2,
we have justified the use of τ ff, g rather than τ ff, cl to quantify the ef-
fect of gravitational collapse on GMCs. In this case, Fig. 3 shows a
region of overlap between the dynamic range for gravitational free-
fall τ ff, g and the dynamic ranges of all other time-scales. This is
indicated by the grey shaded region in Fig. 3. It is therefore possible
that all time-scales of cloud evolution have comparable values in
some region of our extended parameter space. Coexistence between
these mechanisms is potentially an important factor in determining
the cloud lifetime, which requires further investigation. In the rest of
this paper, we will examine the coexistence of different cloud evo-
lutionary mechanisms in much greater depth, taking into account
that the quantities in Table 1 may affect several different time-scales
simultaneously. We will also examine the nature of coexistence, and
in particular the potential for time-scales of comparable magnitude
to augment, or compete against, each other.

3.3 Variation of time-scales with β

As a first step towards a full analysis of all five cloud evo-
lutionary time-scales throughout our entire parameter space, we
present here a comparison of these time-scales as a function of β,
the most prevalent physical quantity in our models. Each panel
in Fig. 4 displays the time-scale τ κ for epicyclic perturbations
(solid black lines) and the time-scale τβ for shear (dashed black
lines), both of which depend only on β. We see that these time-
scales intersect at around β = 0.5, indicating that for β < 0.5,

galactic shear exerts more control over cloud evolution than do
epicyclic perturbations, but that for β > 0.5, the opposite is
true.

The left-hand panel of Fig. 4 compares the dynamic ranges of
τβ and τ κ to the dynamic range of the time-scale τ ff, g for grav-
itational free-fall, which is additionally controlled by the Toomre
Q parameter. The variation in τ ff, g with Q is indicated by the grey
filled region, where higher values of Q correspond to higher values
of τ ff, g. The variation of τ ff, g with φP has been neglected in this fig-
ure, due to its small effect relative to that of the Toomre Q parameter.
For Q � 4, gravitational free-fall is more influential than either τβ

or τ κ over all values of β, but its value becomes comparable with
these time-scales for Q � 4. For Q ∼ 15, gravitational free-fall
is the least influential mechanism of the three except at β → 1,
where τβ diverges asymptotically. We can conclude that across the
window of (β, Q, �) parameter space defined in Section 3, there
exist points for which each of the three time-scales τβ , τ κ , and τ ff, g

is more influential than the other two. It is therefore necessary to
consider all three of these time-scales and their contributions to the
cloud lifetime.

In the right-hand panel of Fig. 4, we see that the time-scale
τ cc for cloud–cloud collisions (blue shaded region) is shorter than
τβ and τ κ at all β for Q � 2, but longer than these time-scales
for most β at Q � 2. Looking at Fig. 4 alone, we conclude that
when calculating the cloud lifetime, the contributions of all three
time-scales must be considered. However, a comparison between
the left- and right-hand panels of Fig. 4 hints that the influence
of cloud–cloud collisions might always be less significant than the
influence of gravitational free-fall. Both of the time-scales τ ff, g

and τ cc have the same functional dependence on the Toomre Q
parameter (see equations 5 and 16), such that the grey and blue
regions in Fig. 4 have equal areas in the space of (β, log τ/�−1).

MNRAS 476, 3688–3715 (2018)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/476/3/3688/4923096 by U
B H

eidelberg user on 20 Septem
ber 2018

2.3. Comparison of time-scales 33



3696 S. M. R. Jeffreson and J. M. D. Kruijssen

As Q is decreased, both time-scales decrease monotonically, and
since τ cc > τ ff, g for both Q = 0.5 (lower limits of blue and
grey shaded regions) and Q = 15 (upper limits of blue and grey
shaded regions), this implies that cloud–cloud collisions can never
be more influential than gravitational collapse. In the following
section, we will perform a more detailed comparison between time-
scales, taking the φP-dependence of τ ff, g into account, and will
show that the influence of cloud–cloud collisions on the cloud life-
time is indeed limited by its inability to compete with gravitational
free-fall.

The centre panel of Fig. 4 presents the dynamic range of the
time-scale τ�P for spiral arm crossings, for the extended parameter
space (β, Q, �, m, �P/�). We have used the pattern speed �P for the
Milky Way in this figure. Since τ�P → ∞ at the radius of corotation
(�P/� = 1), the dynamic range for each value of m has no upper
limit, so is represented by arrows. Red arrows indicate a dynamic
range below the radius of corotation (�P/� < 1), while blue arrows
indicate a dynamic range above the radius of corotation (�P/�> 1).
In general, the frequency with which a cloud encounters spiral arms
is multiplicative in m, such that the lower limit on the time-scale
τ�P is brought to lower and lower values as m is increased. There
are clearly values of (β, �, m, �P/�) for which each of the time-
scales τβ , τ κ , and τ�P has a greater influence on cloud evolution
than the other two time-scales. In addition, τ�P is independent of Q,
so we can infer from the overlap of the red and blue arrows with the
grey and blue shaded regions that there exist values of (β, Q, �, m,
�P/�) for which τ�P = τff,g or τ�P = τcc. It is therefore clear that,
in addition to considering the contributions of τ κ , τβ , τ ff, g, and τ cc

to the cloud lifetime, we should take into account the effect of spiral
arm crossings on time-scale τ�P .

In summary, Fig. 4 demonstrates that, over the ranges of physical
parameters displayed in Table 1, equality between all pairs of time-
scales can be obtained, with the possible exception of equality
between τ ff, g and τ cc. In the next section, we will confirm that there
are non-negligible regions of parameter space for which all five
cloud evolutionary mechanisms have comparable time-scales, and
all contribute to setting the cloud lifetime.

4 C L O U D L I F E T I M E S T H RO U G H O U T
PA R A M E T E R S PAC E : T H E D O M I NA N C E A N D
C O E X I S T E N C E O F C L O U D EVO L U T I O NA RY
M E C H A N I S M S

Here, we establish the procedure by which cloud lifetimes will be
characterized in our theory, throughout the parameter space of ob-
servable quantities defined in Table 1. We begin by introducing
an equation to quantify the cloud lifetime, using the time-scales
for cloud evolution derived in Section 2. We apply this equation
first to the simplest case of clouds in galaxies with no spiral arms
(m = 0), in the (β, Q, �) Fundamental Plane. We present fig-
ures of the minimum time-scale of cloud evolution throughout this
plane, and use these figures to determine the regions of param-
eter space for which each time-scale is dominant over all others
in setting the cloud lifetime. We then present figures of the cloud
lifetime throughout the (β, Q, �) Fundamental Plane, in which we
determine the regions of relevance for each mechanism. This tells
us where different cloud evolutionary mechanisms coexist. Having
developed the machinery of our theory for the simplest case, we
finally extend our formalism to encompass the extended parame-
ter space (β, Q, �, m, �P/�) appropriate to galaxies with spiral
arms.

4.1 Calculation of cloud lifetime

Our theory is expansive, making as few assumptions as possible
about the size, structure, and gravitational boundedness of molecu-
lar clouds. It does not aim to capture the precise way in which GMCs
are affected by the five dynamical cloud evolutionary mechanisms
presented in Section 2. Instead, we calculate the cloud lifetime by
characterizing each mechanism according to its rate τ−1.

In combining the five rates of cloud evolution, we make the as-
sumption that galactic shear is primarily a dynamically dispersive
process, while the other four mechanisms are dynamically com-
pressive. This categorization of evolutionary mechanisms is based
on the effect of each on gravitational collapse and star formation.
An increase in the level of galactic shear is found to lower the effi-
ciency of star formation (Leroy et al. 2008), the majority of which
occurs within dense, collapsing regions of molecular gas (Hartmann
et al. 2001; Elmegreen 2007; Dobbs et al. 2011a; Dobbs & Pringle
2013). This suggests that galactic shear suppresses star formation
by supporting against gravitational free-fall. Dynamically, this is an
intuitive result, because gravitational collapse causes molecular gas
to increase its density, while galactic shear disrupts the structure.
By contrast, the other four cloud evolutionary mechanisms, char-
acterized by the time-scales τ ff, g, τ�P , τ κ , and τ cc, each have the
potential to compress molecular gas and thus to promote gravita-
tional collapse and star formation. We therefore add together the
four rates τ−1

ff,g, τ−1
�P

, τ−1
κ , and τ−1

cc , but subtract the rate of galactic
shear, τβ . In doing this, we implicitly assume that the destruction
of molecular clouds by stellar feedback occurs on a time-scale that
is much shorter than the five dynamical time-scales presented here,
such that the processes of compression, star formation, and cloud
destruction are all quantified within each of the time-scales τ ff, g,
τ�P , τ κ , and τ cc. The addition of dynamical rates gives a cloud
lifetime of

τ = |τ−1
κ + τ−1

�P
+ τ−1

ff,g + τ−1
cc − τ−1

β |−1, (24)

where we take the absolute value of the sum of the rates, so that the
cloud lifetime is still positive if shear outpaces all other mechanisms
of cloud evolution. We will show below that this only occurs in a
very small part of parameter space.

This method of calculating the cloud lifetime makes two major as-
sumptions. First, it ignores non-linearities arising from interactions
between the different cloud evolutionary mechanisms. It assumes
that the rates of the different mechanisms can simply be added
together. Secondly, equation (24) is statistical in the sense that it
combines rates. At each point in parameter space, it represents the
ensemble-averaged value of the cloud lifetime for a theoretically
infinite population of clouds. It therefore ignores the discrete and
random (i.e. Poissonian) nature of cloud–cloud collisions and spiral
arm crossings. In practice, these events may occur at any time be-
tween the ‘birth’ of a molecular cloud and the value of the time-scale
τ cc or τ�P .

The major advantage of taking this simplified approach is that it
allows us to introduce an analytic expression for the cloud lifetime
in terms of observable, physical quantities, and to systematically
examine its behaviour throughout the parameter space (β, Q, �,
φP, m, �P/�). The use of cloud evolutionary rates means that
we do not need to define a time of cloud ‘birth’ and therefore
do not require an arbitrary theoretical threshold between states of
cloud existence and non-existence. By comparing the predictions
of our simple dynamical theory to observations of molecular cloud
lifetimes, we will be able to assess the importance of complex
effects such as non-linearity, cloud chemistry, and stellar feedback.
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Under the assumption that deviations from equation (24) are driven
by these effects, we will be able to separate the influence of these
effects from the dynamics of the ISM itself.

It could be argued that equation (24) underestimates the cloud
lifetime if a large number of clouds undergo global collapse, because
the rate of collapse of a cloud cannot be augmented or accelerated by
other mechanisms once it becomes decoupled from the large-scale
turbulent flow. However, we will see below that as Q decreases and
global collapse becomes more prevalent among molecular clouds,
the gravitational free-fall time-scale τ ff, g becomes strongly domi-
nant over the other time-scales, which therefore become irrelevant.
Therefore, our model of the cloud lifetime naturally produces a situ-
ation in which the time-scales τ κ , τβ , τ�P , and τ cc make a negligible
contribution to the cloud lifetime when many clouds are undergoing
global gravitational collapse.

As pointed out by Elmegreen (2007), molecular clouds can be
destroyed in a number of different ways. A cloud can undergo con-
sumption, by which it is eventually eroded away by star formation
and stellar feedback, dispersal such that it is torn apart, possibly
into smaller entities, or phase change such that it is converted back
into atomic form. Within our formalism, a phase change may be
caused by stellar feedback, in which case it is analogous to cloud
consumption.

By comparing the rate of galactic shear τ−1
β to the combined

rates of the dynamically compressive mechanisms τ−1
κ + τ−1

ff,g +
τ−1
�P

+ τ−1
cc , our theory can discern the regimes in which clouds will

typically undergo dispersal rather than consumption. We define the
regimes (s) as those regions for which

τ−1
β > τ−1

κ + τ−1
�P

+ τ−1
ff,g + τ−1

cc , (25)

and we expect the primary mechanism of cloud destruction in these
regions to be related to cloud dispersal, with minimal opportunity
for star formation. We define the regimes (c) as those regions of
parameter space for which

τ−1
β < τ−1

κ + τ−1
�P

+ τ−1
ff,g + τ−1

cc , (26)

and in these regions, we expect clouds to be destroyed mainly by
consumption, due to gravitational collapse and the ensuing stellar
feedback.

4.2 Regions of dominance and relevance

The evolution of clouds in different parts of parameter space, and
thus in different galactic environments, is governed by different
dynamical processes. We quantify this division of parameter space
by defining regions of dominance. The region of dominance for a
mechanism of cloud evolution is the region of parameter space for
which its time-scale is shorter than all other time-scales.

While the mechanism with the shortest time-scale has the greatest
influence on cloud evolution, other processes with comparable rates
may also contribute. For this reason, we introduce the concept of
relevance in addition to dominance. The threshold for relevance
should be lenient enough to allow several mechanisms to be relevant
at some points in parameter space, but strict enough that only one
mechanism is relevant in others. In order to quantify relevance, we
begin by dividing the parameter space into two regimes, (i) and (ii).

(i) Lifetime τ < minimum time-scale τmin: the minimum time-
scale is augmented by other compressive time-scales, resulting in a
cloud lifetime that is shorter than the minimum time-scale.

(ii) Lifetime τ > minimum time-scale τmin: competition between
shear support and the compressive time-scales extends the lifetime
beyond the minimum time-scale.

In regime (i), the relevance of a given time-scale should be de-
termined by comparison to τmin, as τmin sets the upper bound on
the cloud lifetime. Any mechanism that is not competitive with τmin

will not have time to appreciably influence the cloud’s evolution
before the end of its life. Conversely, in regime (ii) the relevance
of a given time-scale should be determined by comparison to the
lifetime itself, τ . The extension of cloud lifetime via shear sup-
port means that even if a given mechanism occurs at a substan-
tially slower rate than τmin, it can have an influence on the evolu-
tion of the cloud, although this influence will be small relative to
τmin.

Within these two regimes, the regions of relevance are defined
by computing the ratio of each time-scale with either the minimum
time-scale in regime (i) or the cloud lifetime in regime (ii). Where
this ratio is smaller than 2, the time-scale is deemed to be relevant.
That is, the regions of relevance for a cloud evolutionary mechanism
in regime (i) are those regions for which its rate is no less than half
the rate of the dominant cloud evolutionary mechanism. In regime
(ii), the regions of relevance are those regions for which a given
cloud evolutionary mechanism occurs at a rate no less than half the
sum of all cloud evolutionary rates, as on the right-hand side of
equation (24).

Since several different cloud evolutionary mechanisms may be
relevant in each point in parameter space, the regions of relevance
reveal the environmental conditions for which cloud evolution is
either controlled by a single dynamical process, or is controlled by
a combination of dynamical processes that coexist.

4.3 Galaxies without spiral arms, m = 0

We begin with the case of clouds in galaxies without spiral arms,
such that we may neglect the arm-crossing time-scale τ�P and its pa-
rameters m and �P/�. The parameter space is then composed of the
Fundamental Plane (β, Q, �) with a (weak) secondary dependence
on φP.

4.3.1 Regions of dominance, m = 0

We first divide the parameter space into regions of dominance,
by distinguishing the mechanism with the greatest influence on
cloud evolution for each region of parameter space. We determine
which process occurs at the fastest rate by computing the normalized
minimum cloud evolutionary time-scale τmin/�

−1 across all values
of β, Q, and φP. In Fig. 5, the value of the minimum time-scale
is indicated by the colours, while the solid black lines represent
divisions between the regions of dominance, along which two time-
scales are equal in value.

The most gravitationally unstable regions of parameter space
at the bottom of each panel (Q � 4, i.e. gas-rich, star-forming
galaxies) are dominated comprehensively by gravitational free-fall
‘f’. Conversely, regions of higher gravitational stability are domi-
nated either by galactic shear ‘β’ for flatter rotation curves (Q � 4
and β � 0.5, i.e. in early-type galaxies or ETGs and outer galactic
bulges) or by epicyclic perturbations ‘κ’ for approximately solid-
body rotation (Q � 4 and β � 0.5, i.e. near galactic centres). For
gas that is highly gravitationally stable with a flat rotation curve
(very top left corner of each panel with Q ∼ 15 and β ∼ 0), the
dynamically dispersive mechanism of galactic shear may domi-
nate over the combined influence of all dynamically compressive
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Figure 5. The minimum time-scale and its value for three cross-sections of the parameter space (β, log Q, �, φP), where φP is given by equation (7) and no
spiral arms are present (m = 0). The dependence on � is included as a normalization of the time-scale, as all evolutionary time-scales depend on � in the
same way. The dominant time-scales here are τκ , τβ , and τ ff, g, denoted by κ , β, and f respectively. The solid black lines delineate boundaries along which
two time-scales are equal; the regions of dominance are separated by these lines. The solid white lines divide the regions for which the rate of galactic shear is
higher than the combined rates of all other mechanisms (s) from the regions in which it is lower (c).

Figure 6. The predicted cloud lifetime for three cross-sections of the parameter space (β, log Q, �, φP), without spiral arms (m = 0). The dependence on � is
included as a normalization of the time-scale, as all evolutionary time-scales depend on � in the same way. The relevant time-scales are τκ , τβ , τ ff, g, and τ cc,
denoted by κ , β, f, and c, respectively. The dashed black lines enclose the regions of relevance for each time-scale (see Section 4.2). The dashed white lines
divide the regions for which the cloud lifetime is longer than the minimum evolution time-scale (ii) from the regions in which it is shorter (i). The solid white
lines divide the regions for which the rate of galactic shear is higher than the combined rates of all other mechanisms (s) from the regions in which it is lower
(c).

mechanisms, such that τ−1
β > τ−1

ff,g + τ−1
κ + τ−1

cc . These regions are
labelled (s) in Fig. 5, enclosed by a solid white line. In region
(s), many clouds will be pulled apart by galactic shear before they
have the chance to collapse and form stars. In region (c), dynam-
ically compressive evolutionary mechanisms dominate, so clouds
are more likely to be destroyed by gravitational collapse and the
subsequent stellar feedback.

As the stellar contribution to the mid-plane surface density of
the ISM is increased from φP = 1 (i.e. pure gas discs, left-hand
panel of Fig. 5) to φP = 9 (i.e. galaxies with large stellar contri-
butions, right-hand panel of Fig. 5), the time-scale for gravitational
collapse decreases in value. This causes the gravity-dominated re-
gion of parameter space ‘f’ to move upwards into regions of higher
gravitational stability. For a single value of the Toomre Q stabil-
ity parameter, an increase in the proportion of stars destabilizes
the gas in the galactic mid-plane and thus reduces the gravitational
free-fall time-scale. However, it should be noted that this effect is
mitigated by, and may even be reversed by, the direct correlation be-
tween φP and Q. As the stellar contribution is increased, the velocity

dispersion of the mid-plane gas and the epicyclic frequency of the
galaxy disc are also increased, stabilizing the gas and thus increasing
the value of Q. As the gas fraction is decreased, Q therefore increases
in proportion to φP. As shown in equation (5), the free-fall time-
scale is inversely proportional to

√
φP, but directly proportional to

Q. Therefore, it may actually be the case that τ ff, g increases with
an increase in φP (a decrease in the gas fraction), in contrast to the
implication of Fig. 5. For the remainder of the paper, we set φP = 3,
the value most appropriate to the Milky Way (e.g. Krumholz &
McKee 2005).

4.3.2 Regions of relevance, m = 0

We now examine the coexistence of cloud evolutionary mechanisms
by dividing the parameter space into regions of relevance. We use
equation (24) to compute the value of the normalized cloud life-
time τ/�−1, represented by the coloured contours in Fig. 6, across
all values of β, Q, and φP. The regions of relevance throughout
parameter space are enclosed by black dashed lines.
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In Fig. 6, the bottom right side of the white dashed line in each
panel corresponds to regime (i), the region of parameter space for
which the cloud lifetime is shorter than the minimum time-scale
of cloud evolution, τ < τmin. Regime (i) spans all but the top left
corner of each panel, where galactic shear ‘β’ is most relevant.
This is because galactic shear is the only dynamically dispersive
cloud evolutionary process, so it is required for τ > τmin. Without
galactic shear, the cloud lifetime results from a combination of
several dynamically compressive mechanisms, hence it has a shorter
value than any one of the individual time-scales. As mentioned in
Section 4.2, we determine the relevance of each time-scale in regime
(i) by comparison to 2 × τmin.

In the top left corner of each panel of Fig. 6, the ISM is highly
gravitationally stable with a flat rotation curve and can therefore be
effectively supported by galactic shear ‘β’. Such an environment
would be found, for example, in outer galaxy bulges. The compe-
tition between cloud compression and shear support ‘βf’ elongates
the cloud lifetime such that it becomes longer than the minimum
time-scale of cloud evolution, τ > τmin. This condition defines
regime (ii), which is separated from regime (i) by the white dashed
line. In regime (ii), the relevance of each time-scale is determined by
comparison to 2 × τ , as the extended cloud lifetime allows slower
acting processes to play a small role in cloud evolution before the
cloud is destroyed. In region ‘βκfc’ at the very top left corner of
each panel, the cloud survives so long that all mechanisms of cloud
evolution have time to influence its evolution.

For gravitationally stable regions of the ISM with Q � 4 (top
half of each panel in Fig. 6), the coexistence of different cloud
evolutionary mechanisms is of crucial importance in setting the
cloud lifetime. For this region of parameter space, there is a large
difference in value between the normalized cloud lifetime τ/�−1

(colours in Fig. 6) and the normalized minimum time-scale of evo-
lution (colours in Fig. 5). In the top right corner of each panel
(i.e. near galactic centres), epicyclic perturbations are augmented
by gravitational collapse in the region ‘κf’ of Fig. 6, reducing the
cloud lifetime relative to the dominant time-scale of epicyclic per-
turbations (region κ of Fig. 5). Conversely, in the top left corner of
each panel (i.e. in ETGs and outer galaxy bulges), the cloud life-
time is elongated by the competition between galactic shear and all
the compressive mechanisms of cloud evolution, including gravity,
epicyclic perturbations, and cloud–cloud collisions (e.g. in region
‘βκfc’).

For regions of the ISM that are gravitationally unstable (Q � 4,
i.e. gas-rich, star-forming galaxies), the overwhelming domina-
tion of gravitational free-fall means that the cloud lifetime is al-
most equal to the minimum time-scale of cloud evolution. This
can be seen by comparison of the coloured contours in Figs 5
and 6.

The rarity of regions ‘c’ in Fig. 6 reveals that cloud–cloud colli-
sions are the least competitive mechanism of cloud evolution. They
are only relevant in the case of very gas-rich, highly shearing en-
vironments (φP = 1 and β � 0.25, i.e. the left-hand side of the
left-hand panel). Such environments may be found in high-redshift
galaxies for low values of Toomre Q (e.g. Genzel et al. 2014) or in
the outskirts of low-redshift galaxies for high values of Q (e.g. Leroy
et al. 2008). For higher stellar contributions, φP = 3 and 9, cloud–
cloud collisions are relevant only in the very top left corner of each
panel, and only in conjunction with all other mechanisms of cloud
evolution. As noted in Section 2.3, the influence of cloud–cloud
collisions is likely to be overestimated in this region of parameter
space, so their effect is likely to be even smaller than indicated
by Fig. 6. In general, cloud–cloud collisions are only relevant in

very few circumstances due to their inability to compete with the
time-scale τ ff, g for gravitational collapse.

4.4 Galaxies with spiral arms, m �= 0

The introduction of spiral arms requires the introduction of param-
eters m and �P/�. These refer to the number of spiral arms and the
ratio of the pattern speed to the orbital speed, respectively. We show
the same values of τmin/�

−1 and τ/�−1 as in Section 4.3, but in the
new extended parameter space (β, Q, �, m, �P/�). We examine
the (β, Q, �) plane in Figs 7 and 9, and we examine the (�P/�, Q,
�) plane in Figs 8 and 10. For each cross-section, we examine the
cases of m = 1, 2, and 4 spiral arms. As previously discussed, φP is
set to its fiducial Milky Way value of φP = 3.

4.4.1 Regions of dominance, m 	= 0

In Figs 7 and 8, we display the contours of the minimum normalized
time-scale τmin/�

−1 and solid black lines delineating the regions
of dominance for each time-scale. The setup is identical to that in
Fig. 5, but extended over the new variables m and �P/�.

The panels in the central column of Fig. 7 describe cloud evo-
lution at the radius of corotation (�P/� = 0.99) in spiral galaxies
with m = 1, 2, or 4 spiral arms. Each panel is an exact copy of the
central panel in Fig. 5, describing cloud evolution in flocculent or
elliptical galaxies, where m = 0. This is because the mid-plane gas
at the radius of corotation moves in sychronization with the spiral
arms, such that they never interact with molecular clouds, and play
no role in cloud evolution.

The left-hand column of Fig. 7, with pattern speed �P/� = 0.01
far within the radius of corotation, is very similar to the central,
corotating column, but with a region of dominance for spiral arm
interactions ‘�P’ encroaching from the top of each panel as the
number of spiral arms is increased. The first noticeable change for
spiral galaxies, relative to elliptical and flocculent galaxies, occurs
for grand-design spirals (m = 2), where highly stable, low-shear
gas (Q � 6 and β � 0.4, e.g. gas in the presence of a nuclear
spiral) in the top right corner of the panel switches from epicycle-
dominated ‘κ’ to spiral arm-dominated ‘�P’ evolution. This spiral
arm-dominated region extends to even lower values of gravitational
stability in the case of four spiral arms (m = 4, bottom panel in the
left-hand column), where it also takes over from the dominance of
shear (‘β’ in the top and middle panels of the column) for highly
stable, highly sheared gas (Q � 4, for all β). That is, given a suffi-
ciently large number of spiral arms, spiral arm perturbations become
the dominant mechanism for cloud evolution in the outer regions of
galactic bulges as well as near galactic centres.

The influence of spiral arm crossings is further increased for pat-
tern speeds far outside the radius of corotation (right-hand column
of Fig. 7), because the ratio �P/� can become very large if the mid-
plane angular velocity � is very small. In fact, our model imposes
no limit on the increase of �P/� as � → 0. There is no mathemati-
cal reason why the pattern speed cannot be made so high that spiral
arms dominate throughout the entire space of (β, Q, �). Physically,
however, this behaviour is limited by the weakening of the spiral
shock at large galactocentric radii, such that the perturbation dies
off as �P/� → ∞. Our model does not explicitly account for this
effect, but for this reason we only examine values of the pattern
speed ratio between �P/� = 0.01 and 4.

The right-hand column of Fig. 7 displays a more extreme version
of the pattern shown for clouds inside the radius of corotation (left-
hand column). Again, the region of spiral arm dominance ‘�P’
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Figure 7. The minimum time-scale and its value for three cross-sections of the parameter space (β, log Q, �, �P/�) in the (β, Q, �) Fundamental Plane, for
three numbers of spiral arms m = 1, 2, 4, and for φP = 3. The dependence on � is included as a normalization of the time-scale, as all evolutionary time-scales
depend on � in the same way. The relevant time-scales here are τκ , τβ , τ�P , and τ ff, g, denoted by κ , β, f, and �P, respectively. The solid black lines delineate
boundaries along which two time-scales are equal; the regions of dominance are separated by these lines. The solid white lines delineate the values of Q and β

above which the rate of galactic shear is higher than the combined rates of all other mechanisms, as discussed in Section 5.2.

encroaches from the top right corner of each panel as the number of
spiral arms is increased from m = 1 through m = 4, but unlike the
panels in the left-hand column, this effect is already significant in
galaxies with m = 1 (i.e. a single spiral arm). When two spiral arms
are introduced (i.e. for grand-design spirals), spiral arm crossings
dominate cloud evolution down to gravitational stability values of
Q ∼ 2, and with four spiral arms, they are dominant down to Q ∼ 1.
This is well into the realm of clumpy, star-forming galaxies, either
in the local Universe (e.g. Fisher et al. 2017) or at high redshift (e.g.
Genzel et al. 2014).

Fig. 8 displays the same information as Fig. 7, but takes a different
cross-section through (β, Q, �, m, �P/�) parameter space – through
the (β, �P/�, �) plane. In the left-hand column, the panels display
the overwhelming dominance of gravitational free-fall ‘f’ for highly
gravitationally unstable gas with Q ∼ 0.5, in galaxies with one, two,
and four spiral arms (i.e. gas-rich, clumpy, star-forming spirals).

Moderately stable gas (Q = 2.7, central column) in spiral galaxies
is also dominated by gravitational free-fall for most galactocentric
radii (traced by �P/�), with spiral arm perturbations becoming
dominant only far outside the radius of corotation (large �P/�). At
these radii, high absolute differences between the angular speed of
the spiral arms and the angular speed of the mid-plane gas can be
obtained, particularly as the rotation curve flattens. As in Fig. 7, the
dominance of spiral arm crossings becomes more prominent as the
number of spiral arms is increased.

The right-hand column of Fig. 8 shows that, for very high-stability
gas with Q ∼ 15, galactic shear ‘β’, and epicyclic perturbations ‘κ’
govern cloud evolution under specific environmental conditions.
Although spiral arm perturbations ‘�P’ dominate at galactocen-
tric radii far from the radius of corotation (i.e. the outer and in-
ner regions of spiral galaxies), galactic shear dominates near the
radius of corotation for β � 0.5, (i.e. when the rotation curve is
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Figure 8. The minimum time-scale and its value for three cross-sections of the parameter space (β, log Q, �, �P/�) in the (β, �, �P/�) Fundamental Plane,
for three numbers of spiral arms m = 1, 2, 4, and for φP = 3. The dependence on � is included as a normalization of the time-scale, as all evolutionary
time-scales depend on � in the same way. The relevant time-scales here are τκ , τβ , τ�P , and τ ff, g, denoted by κ , β, f, and �P, respectively. The solid black
lines delineate boundaries along which two time-scales are equal; the regions of dominance are separated by these lines. The solid white lines delineate the
values of Q and β above which the rate of galactic shear is higher than the combined rates of all other mechanisms, as discussed in Section 5.2.

approximately flat at the radius of corotation) and epicyclic pertur-
bations dominate at corotation for β � 0.5 (i.e. when the rotation
curve is approximately solid body at this radius). While the regions
of dominance for spiral arm crossings become very large as m in-
creases, epicyclic perturbations and galactic shear retain their dom-
inance for a significant span of galactocentric radii. Even in case of
four spiral arms, using the pattern speed ∼0.026 ± 0.002 Myr−1

of the Milky Way (Gerhard 2011), and assuming that the
radius of corotation is at ∼8 kpc with an average rotational velocity
of ∼200 km s−1 for nearby galactocentric radii, a span of radii from
∼5 to ∼13 kpc are not dominated by spiral arm crossings, according
to the bottom right panel of Fig. 7.

Note that the solid white lines in the right-hand column of Fig. 8
are analogous to those in the central column of Fig. 7. For highly
stable gas at the radius of corotation (regime s), galactic shear
outpaces the combination of all compressive evolutionary mecha-

nisms. Clouds in this region of parameter space are therefore likely
to be torn apart by galactic shear, while clouds in region (c) are
more likely to be destroyed by gravitational collapse and stellar
feedback.

4.4.2 Regions of relevance, m 	= 0

In Figs 9 and 10, we display the contours of the normalized cloud
lifetime, τ/�−1, with dashed black lines delineating the regions of
relevance. The setup is identical to that in Fig. 6, but extended over
the (β, Q, �, m, �P/�) parameter space. As in Fig. 6, the parameter
space is divided into two regimes labelled (i) and (ii), separated
by a white dashed line. In regime (i), the regions of relevance are
determined by comparison to the minimum cloud evolutionary time-
scale, while in regime (ii), the regions of relevance are determined
by comparison to the cloud lifetime. The threshold for relevance
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Figure 9. The predicted cloud lifetime for three cross-sections of the parameter space (β, log Q, �, �P/�) in the (β, Q, �) Fundamental Plane, for three
numbers of spiral arms m = 1, 2, 4, and φP = 3. The dependence on � is included as a normalization of the time-scale, as all evolutionary time-scales depend
on � in the same way. The relevant time-scales are τκ , τβ , τ�P , τ ff, g, and τ cc, denoted by κ , β, �P, f, and c, respectively. The dashed black lines divide the
regions within which each time-scale is relevant from the regions in which it is irrelevant, as described in Section 4.2. The dashed white lines divide the regions
for which cloud lifetime is longer than the minimum evolution time-scale (above the line) from the regions in which it is shorter (below the line). These are
labelled (ii) and (i), respectively. The solid white lines delineate the values of Q and β above which the rate of galactic shear is higher than the combined rates
of all other mechanisms.

is less than twice the magnitude of τmin in regime (i), or twice the
magnitude of τ in regime (ii).

As for the regions of dominance displayed in Fig. 7, the panels in
the central column of Fig. 9 display the case of spiral arm corotation
(�P/� = 0.99) and so have the same division of parameter space
as for flocculent gas reservoirs (m = 0, central panel of Fig. 6).
The left-hand column of Fig. 9, with pattern speed �P/� = 0.01
within the radius of corotation, is similar to the central column,
but with a region of relevance for spiral arm interactions emerging
from the top of each panel as the number of spiral arms is increased.
Although spiral arm crossings do not dominate cloud evolution at
any point in (β, Q, �) parameter space for a single spiral arm
inside the radius of corotation (m = 1 and �P/� = 0.01 in the top

left panel of Fig. 7), they do still play a non-trivial role in cloud
evolution (‘�P’ regions of relevance for Q � 6 in the top left panel
of Fig. 9). This has the effect of reducing the cloud lifetime relative
to the case of spiral arm corotation, which can be seen by comparing
the colours of the regions ‘βκ�Pf’, ‘κ�Pf’, and ‘all’ in the top left
panel of Fig. 9 to those of the regions ‘βκf’, ‘κf’, and ‘βκfc’ in
one of the panels of the central column. Due to the compressive
effect of spiral arm crossings on molecular clouds, ‘�P’ augments
the epicyclic perturbations ‘κ’, the gravitational free-fall ‘f’ and the
cloud–cloud collisions ‘c’, and competes against the galactic shear
‘β’, so that the elongation of the cloud lifetime by shear support
is reduced. This effect becomes more and more pronounced as the
number of spiral arms is increased through m = 2 and 4 (middle and
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Figure 10. The predicted cloud lifetime for three cross-sections of the parameter space (β, log Q, �, �P/�) in the (β, �, �P/�) Fundamental Plane, for three
numbers of spiral arms m = 1, 2, 4, and φP = 3. The dependence on � is included as a normalization of the time-scale, as all evolutionary time-scales depend
on � in the same way. The relevant time-scales are τκ , τβ , τ�P , τ ff, g, and τ cc, denoted by κ , β, �P, f, and c, respectively. The dashed black lines divide the
regions within which each time-scale is relevant from the regions in which it is irrelevant, as described in Section 4.2. The dashed white lines divide the regions
for which cloud lifetime is longer than the minimum evolution time-scale (above the line) from the regions in which it is shorter (below the line). These are
labelled (ii) and (i), respectively. The solid white lines delineate the values of Q and β above which the rate of galactic shear is higher than the combined rates
of all other mechanisms.

bottom panels of the left-hand column). The regime (ii) of cloud
lifetimes that are longer than the dominant evolutionary time-scale
(enclosed by a white dashed line) is therefore progressively eroded
by the introduction of more spiral arms. In fact, the regime (s), or
which galactic shear has a stronger influence than the combined
rates of all compressive evolutionary mechanisms (enclosed by a
solid white line in the panels of the central column), is completely
removed by the introduction of even a single-arm spiral pattern
(m = 1) at the pattern speeds considered. By causing additional
compression of gravitationally stable gas, particularly in the high-
shear regime (Q � 4 and β < 0.5, i.e. for outer galaxy bulges), spiral
arms encourage the collapse of molecular clouds and so shorten
their lifetimes. Conversely, the evolution of clouds formed in gas
that is highly gravitationally unstable (i.e. in gas-rich, star-forming

galaxies) is overwhelmingly governed by gravity, to the extent that
no other process is significant in determining the cloud lifetime.

Above the radius of corotation, the effect of spiral arm crossings
is further enhanced by the larger absolute difference between the
spiral arm pattern speed and the angular velocity of the mid-plane
gas for �P/� = 4 (right-hand column of Fig. 9). The three panels
of the left-hand column and the bottom two panels of the right-hand
column therefore form a sequence of increasing influence for spiral
arm crossings. In the most extreme case of four spiral arms above
the radius of corotation (bottom right panel), the region of relevance
‘�P’ for spiral arm crossings extends into the highly gravitational-
unstable region of parameter space for Q � 1. In this case, spiral
arm perturbations heavily influence the cloud lifetime in gas-rich,
star-forming spiral galaxies.
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Fig. 10 displays the same information as Fig. 9, but shows this in-
formation as a cross-section through the (β, �P/�, �) plane, rather
than as a cross-section through the (β, Q, �) plane. Note that the
dashed white lines are analogous to those in Fig. 9, separating the
regime (i), in which τ < τmin, from the regime (ii), in which τ > τmin.
Clouds that form from regions of highly unstable molecular gas at
Q ∼ 0.5 (left-hand column) in star-forming, gas-rich galaxies are
governed almost exclusively by gravitational collapse ‘f ’, except at
galactocentric radii far outside the radius of corotation, when four
spiral arms are involved (bottom panel of the left-hand column).
Clouds that form outside the radius of corotation in moderately
stable gas (Q = 2.7, central column) may be influenced by spiral
arm perturbations before they collapse under gravity, as depicted by
the regions of relevance ‘�P’ and ‘�Pf’ for spiral arms, encroach-
ing from the top of each panel. In case of four strong spiral arms,
such perturbations may also affect moderately stable clouds inside
the radius of corotation (bottom side of the central bottom panel).
Galactic shear also plays a significant role in cloud evolution for re-
gions of moderately stable gas with flat rotation curves (β � 0.2, i.e.
the main discs of spiral galaxies), where its coexistence ‘β�Pf’ with
spiral arm perturbations and gravitational free-fall slightly extends
the cloud lifetime relative to the case of near solid-body rotation
(β � 0.5). Finally, the right-hand column of Fig. 10 demonstrates
that, for clouds formed in highly gravitationally stable gas that
hosts a spiral pattern, the relevant mechanisms of cloud evolution
depends very delicately on galactocentric radius (parametrized by
�P/�) and the slope of the rotation curve (parametrized by β).

5 C L O U D P RO P E RT I E S T H RO U G H O U T
PAR AMETE R SPAC E

In this section, we use the regions of dominance and regions of rel-
evance identified in Section 4 to systematically predict the observa-
tional properties of molecular clouds in different parts of parameter
space, and thus in different galactic environments. We begin by
characterizing the predicted properties of clouds in those regions
of parameter space that are controlled by gravitational collapse on
a time-scale τ ff, g, and by galactic shear on a time-scale τβ . These
two mechanisms of cloud evolution form the basis of our analysis,
as the majority of star formation is found to occur in dense, gravi-
tationally bound regions within molecular clouds (Hartmann et al.
2001; Elmegreen 2007; Dobbs et al. 2011a; Dobbs & Pringle 2013).
The rate of collapse and the subsequent levels of stellar feedback
therefore exert a large influence over the galactic SFR, and play
an important role in setting the cloud lifetime. Galactic shear is
the only mechanism of cloud evolution that manifestly competes
against gravitational collapse, by stretching radially correlated gas
in the azimuthal direction. Shear is able to destroy clouds in the
opposite sense to free-fall, by dispersing the molecular gas.

Both gravitational collapse and galactic shear dominate large
parts of our parameter space and form large regions of coexistence
with each of the other cloud evolutionary mechanisms. Ultimately,
the star-forming properties of molecular clouds will depend on their
tendency towards collapse rather than dispersion, and so it is the
relationship of each mechanism to gravitational collapse, or its pre-
vention by shear support, that is most interesting observationally.
We therefore characterize the predicted properties of molecular
clouds for coexisting pairs of cloud evolutionary mechanisms, in-
cluding either gravitational free-fall or galactic shear. Although a
large number of regions are characterized by the overlap of more
than two time-scales, the cloud properties in such regions can be
inferred to a great extent from these pairings. The only exception

arises at very high levels of gravitational stability in the absence of
shear, where epicyclic perturbations are most likely to be relevant
(top right corners of Figs 6, 9, and 10).

5.1 Dominance of gravitational collapse (f)

In flocculent galaxies with high gas fractions (m = 0 and Q � 4),
our theory predicts gravity ‘f’ to dominate the evolution of molec-
ular clouds, without exception (see Fig. 5). For strong spiral arm
patterns with m = 2 or 4 (i.e. in grand-design spiral galaxies), dom-
inance at Q � 4 may be shared between gravitational free-fall and
spiral arm perturbations ‘�P’, but only above the radius of corota-
tion (see Figs 7 and 8). Within these gravity-dominated regions of
parameter space, it is often the case that gravitational collapse is the
only relevant mechanism of cloud evolution, up to values of gravi-
tational stability as high as Q ≈ 3 (see e.g. Fig. 6, for example). The
relatively short cloud lifetimes in such environments are consistent
with clouds having a short quiescent phase, followed by hierarchical
or global gravitational collapse. Given that star formation is mainly
limited to dense, gravitationally bound regions within molecular
clouds (Hartmann et al. 2001; Elmegreen 2007; Dobbs et al. 2011a;
Dobbs & Pringle 2013), a large fraction of these clouds should host
star-forming regions, such that the average SFE per unit mass for
clouds in these regions of parameter space should be significantly
higher than the average SFE per unit mass of all observable clouds.

5.2 Dominance of galactic shear (β)

In elliptical galaxies, outer galactic bulges and galaxy outskirts,
large regions of gas exist that are both gravitationally stable and have
approximately flat rotation curves (Q � 4 and β � 0.5, e.g. figs 9
and 10 of Leroy et al. 2008). In such environments, cloud evolution
is dominated by galactic shear (see the top left corners of each
panel in Fig. 5). The only exception arises in the presence of spiral
arms, where spiral arm perturbations dominate cloud evolution in
galaxy outskirts (corresponding to �P/� � 2 in the central and
right-hand columns of Fig. 8). In particular, the solid white lines in
these figures enclose the regions of parameter space (s) for which
galactic shear dominates over the combination of all other cloud
evolution mechanisms, such that

τ−1
β > τ−1

κ + τ−1
�P

+ τ−1
ff,g + τ−1

cc . (27)

In these regions of parameter space, we predict that clouds of molec-
ular gas are dispersed by shear before they can be encouraged to
collapse via any other mechanism. We therefore expect the GMCs
in such regions to contain few gravitationally bound, star-forming
regions, and to contribute correspondingly little to the galactic SFR.
In Figs 9 and 10, we see that the time-scales on which gas is dis-
persed are up to several orbital times �−1. In the outer regions of
galactic discs, where orbital times are long and the rotation curve
is flat, diffuse envelopes of quiescent gas with low SFRs may sur-
vive for up to hundreds of Myr. In the outer regions of the Central
Molecular Zone (CMZ) of the Milky Way, which presents regions
of highly gravitationally stable, highly shearing gas (Krumholz &
Kruijssen 2015), shear support could greatly extend cloud lifetimes
(Jeffreson et al. 2018) and explain the very low SFE observed by
Longmore et al. (2013a).

5.3 Galactic shear/free-fall coexistence (βf)

In case of flocculent galaxies without a strong spiral arm pattern
(m = 0, i.e. the central panel of Fig. 6), coexistence between
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galactic shear and gravitational collapse is the most influential pair-
ing of cloud evolutionary mechanisms, occupying a large fraction
of parameter space ‘βf’ for 0 < β < 0.7 and Q > 1.5. These are
the areas of parameter space where both τ ff, g and τβ are shorter
than twice the minimum time-scale tmin, or shorter than twice the
cloud lifetime τ , if τ > τmin. The shear parameter is typically low
(indicative of an approximately flat rotation curve) and the Toomre
Q stability parameter is typically high (indicative of low gas frac-
tions). In these regions of parameter space, the dispersive effect of
galactic shear will elongate the cloud lifetime and slow down the
formation of gravitationally bound regions within GMCs, where the
efficiency of star formation per unit mass is highest, or will prevent
their formation altogether (see also Meidt et al. 2018; Meidt et al.,
in preparation).

In the case that galactic shear is relevant, but GMC evolution
is still governed by dynamically compressive mechanisms, i.e. in
regime (c) of the region ‘βf ’ (top left corner of the central panel
in Fig. 6), shear will slow the formation of bound regions within
GMCs, but will not necessarily prevent their formation over a long
period of time. That is, it will lower the SFE per unit time, but not
the SFE per unit mass. We therefore expect a significant fraction
of the mass in such clouds to be converted to stars, but much more
slowly and over a much longer lifetime than the star formation in
clouds with lower levels of shear.

In the case that galactic shear is both relevant and dominant
over all dynamically compressive cloud evolutionary mechanisms,
i.e. in regime (s) of the region ‘βf’ (top left corner of the central
panel in Fig. 6), shear may gradually tear molecular clouds apart,
and therefore prevent the formation of bound, star-forming regions,
even over a long period of time. In this case, both the SFE per
unit time and the SFE per unit mass will be significantly reduced.
For clouds in regime (s), we therefore expect very long lifetimes
combined with very low integrated levels of star formation, such
that only a small fraction of the cloud mass is converted to stars.

Overall, for high levels of gravitational stability (Q � 4), we
expect a longer cloud lifetime and a lower SFE per unit time for
a flat rotation curve (β ∼ 0) than for approximately solid-body
rotation (β ∼ 1). Indeed, Leroy et al. (2008) observe that in spiral
galaxies with low levels of galactic shear (β ≈ 1), the average
SFE per unit time is almost three times higher than the average
SFE per unit time at high levels of galactic shear (β ≈ 0), with
a much smaller spread. The larger spread of SFEs down to lower
values at β ≈ 0 corresponds with our parameter space diagrams
(e.g. Fig. 6), which show a much larger range of cloud lifetimes for
β = 0 than they do for β = 1. The influence of galactic shear is also
expected to manifest itself through elevation of the virial parameter,
and observational studies are indeed beginning to find an inverse
correlation between the virial parameter and the SFE per unit time
(Leroy et al. 2017b).

The elongation of the cloud lifetime, due to the competition be-
tween galactic shear and gravitational collapse, should become par-
ticularly noticeable about the division between regime (s), where
the rate of shear outpaces the sum of all the dynamically com-
pressive evolutionary rates, and regime (c), where the dynamically
compressive mechanisms outpace the shear. These divisions are in-
dicated by solid white lines in the figures of Section 4, on which the
cloud lifetime is theoretically infinite, according to equation (24).
In practice, the balance between shear support and the other cloud
evolutionary mechanisms can never be sufficiently finely tuned to
give an infinite cloud lifetime, due first to the influence of small-
scale, non-dynamical influences on cloud evolution, and secondly
because cloud–cloud collisions, spiral arm crossings and gravita-

tional collapse are discrete stochastic events that may occur at any
time in a cloud’s life cycle. However, the key point remains that, in
the vicinity of these lines, we predict cloud lifetimes to be longer
than in any other region of parameter space.

Previous work has suggested that shear support is ineffective by
looking at ∼30 pc (regions of) clouds, much smaller than the Toomre
scale, in the specific environment of the solar neighbourhood (Dib
et al. 2012). Indeed, we do not expect shear support to be effective
under these conditions. First, we will show in Section 6.1 that the
solar neighbourhood occupies a part of parameter space where shear
may be relevant, but never dominates over gravitational collapse.
Secondly, zooming-in on scales much smaller than the Toomre scale
implies looking at locally collapsing regions that are decoupled from
the galactic-scale flow, such that shear is already marginalized. This
is immediately obvious in Fig. 3, where the dynamic ranges of τβ

and τ ff, cl do not overlap. Once a gravitationally bound and locally
collapsing region has formed, we expect it to collapse on a time-
scale τ ff, cl, independent of its environment. Our theory considers a
wider range of objects than those that are gravitationally bound and
collapsing, and we find that for gravitationally stable regions of the
ISM with Q � 4, galactic shear has a significant or even dominant
influence on cloud evolution.

5.4 Dominance of spiral arm interactions (�P)

In spiral galaxies, we find large areas of parameter space that are
dominated by spiral arm crossings. These regions of spiral arm
dominance are preferentially located outside the radius of corotation
(�P/� > 1) and at higher levels of gravitational stability, as can
be seen by comparing the sizes of the ‘�P’ regions in the centre
(Q ∼ 2.7) and right-hand (Q ∼ 15) columns of Fig. 8 (see also
Fig. 7). Spiral arm crossings may also be dominant below the radius
of corotation in grand-design spirals (m = 2 and 4 panels in the
left-hand column of Fig. 7), provided that the inner disc region is
sufficiently gravitationally stable (Q � 3).

In the following two sections, we will describe our predictions
regarding molecular cloud evolution in these spiral arm-dominated
regions of parameter space. Spiral arms are found to have a strong
influence on the organization of star-forming molecular gas, both
in observations (e.g. Elmegreen & Elmegreen 1983; Meidt et al.
2013) and in hydrodynamical simulations (e.g. Dobbs et al. 2008,
2011b), sometimes even leading to a ‘beads-on-a-string’ morphol-
ogy in which the majority of massive GMCs live in spiral arms.
However, the effect of spiral density waves on GMC evolution (and
consequently on the galactic SFR), relative to that in non-spiral
galaxies, is highly contested. Many observational comparisons be-
tween the galactic SFR in grand design and flocculent galaxies (e.g.
Elmegreen & Elmegreen 1986; Schinnerer et al. 2017) have found
that spiral arms make no significant difference to the rate of star for-
mation on kiloparsec scales. On the other hand, Hart et al. (2017)
find that two-armed spiral galaxies form stars more efficiently than
flocculent galaxies, even though the absolute SFR is unaffected.
Similarly, hydrodynamical simulations by Dobbs et al. (2011b) find
that it is possible for spiral arms to enhance the SFE per unit mass
by promoting the formation of more massive, longer lived, and
gravitationally collapsing GMCs.

5.4.1 Spiral arm crossing/free-fall coexistence (�Pf)

At low and moderate levels of gravitational stability (Q � 6, i.e.
in star-forming regions of galaxies), there exist large regions of pa-
rameter space ‘�Pf’ in which gravitational free-fall and spiral arm
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crossings coexist (see e.g. left- and right-hand columns of Fig. 9).
Due to gravitational instability, we expect that clouds in such en-
vironments will contain dense, gravitationally bound, star-forming
regions (e.g. Hartmann et al. 2001; Elmegreen 2007; Dobbs et al.
2011a; Dobbs & Pringle 2013) that are decoupled from the large-
scale galactic dynamics and that eventually destroy the cloud via
stellar feedback. We expect that spiral arm perturbations will sweep
up and collect these star-forming clouds, creating a larger number
of massive GMCs than would be expected due to gravity alone.
As the degree of gravitational instability is increased, the effect of
spiral arm crossings on cloud evolution and the cloud lifetime is
reduced, because GMCs are more likely to be destroyed by stellar
feedback before encountering a spiral arm. Accordingly, the most
gravitationally unstable gas (bottom of each panel, Q � 3) displays
a much smaller difference in colour than does the moderately stable
gas (middle of each panel, 3 � Q � 6).

5.4.2 Spiral arm crossing/shear coexistence (β�P)

In the outskirts of spiral galaxies, where levels of gravitational sta-
bility may be high and the rotation curve is relatively flat (e.g. the
top left corner of each panel in the left-hand column of Fig. 9),
galactic shear and spiral arm perturbations coexist in regions ‘β�P’
of parameter space. Due to the high levels of gravitational stability
and shear support, we expect that these regions of parameter space
correspond to the most diffuse molecular gas, with the lowest levels
of gravitational collapse and star formation. We therefore expect that
GMCs in such environments are unlikely to be destroyed by stellar
feedback before encountering a spiral arm. They are more likely
to be affected by spiral arm crossings than GMCs in more gravi-
tationally unstable regions of parameter space. We expect that the
spiral arm density wave will shock and compress diffuse molecular
gas into a state of higher density, and therefore induce gravitational
collapse in some clouds that were previously supervirial and shear
supported. This effect becomes stronger as the number of spiral
arms is increased, causing the cloud lifetime to be reduced from >3
orbital times in the case of a single spiral arm (top left corner of the
m = 1 panel) to ∼1 orbital time in the case of four spiral arms (top
left corner of the m = 4 panel).

5.5 Dominance of epicyclic perturbations

Epicyclic perturbations are dominant only in regions of high gravi-
tational stability and approximately solid-body rotation (e.g. the top
right corner of each panel in the central column of Fig. 7). Further-
more, in spiral galaxies, they are only dominant in the vicinity of the
radius of corotation (e.g. Fig. 8). Due to the high minimum value
of τ κ (see e.g. Fig. 3), epicyclic perturbations are often relevant
only in conjunction with two or three other mechanisms of cloud
evolution; most often with free-fall or shear.

5.5.1 Epicyclic perturbations/free-fall coexistence (κf)

In correspondence with the regions of dominance for epicyclic per-
turbations, coexistence between epicyclic perturbations and gravi-
tational free-fall occurs only for high levels of gravitational stability
(Q � 4). This indicates that the relevance of gravitational free-fall
has little to do with gravitational instability and more to do with the
weak competition provided by epicyclic perturbations, which sets
the longest value of the minimum time-scales τmin/�

−1 throughout
all of parameter space (see e.g. Fig. 5). Molecular clouds in these
regions of parameter space will host few gravitationally bound, star-
forming regions, and will contribute little to the galactic SFR, in

comparison to molecular clouds that are dominated by gravitational
free-fall. In regions of very high-shear parameter β → 1, these
clouds will experience little dispersion by galactic shear, so that the
small compressions introduced by orbital eccentricity on a time-
scale τ κ may induce isolated instances of gravitational collapse and
star formation. However, given the high values of Toomre Q and
the length of the time-scale τ κ , we do not necessarily expect these
instances to be common.

5.5.2 Shear/epicyclic perturbation coexistence (βκ)

Regions of coexistence ‘βκ’ for epicyclic perturbations and shear
generally occur at high values of gravitational stability and non-
negligible levels of galactic shear (Q � 4 and β � 0.8, e.g. top side
of each panel in Fig. 6). Furthermore, the influence of spiral arms
tends to overpower the effect of epicyclic perturbations, such that
they are only relevant for galaxies with one or no spiral arms (m = 1
or 0), or close to the radius of corotation in galaxies with strong
spiral patterns (e.g. the �P/� = 0.99 panels in Fig. 9). Although
the regions ‘βκ’ are small, the interplay between galactic shear
and epicyclic perturbations may be of critical importance in key
galactic environments. For instance, the CMZ of the Milky Way
hosts a dense gas stream at a galactocentric radius of R ∼ 100 pc
(e.g. Molinari et al. 2011), with a very high gas fraction, such that
φP ∼ 1 (Henshaw, Longmore & Kruijssen 2016). Depending on
the distance a cloud has travelled along the stream, the degree of
gravitational stability may be as low as Q ∼ 1.7 (Kruijssen et al.
2014) or as high as Q ∼ 5 (cf. Henshaw et al. 2016). Additionally,
the degree of shear is weak but non-trivial, such that β ∼ 0.7
(Krumholz & Kruijssen 2015). Due to this combination of physical
parameters, a molecular cloud in the 100 pc stream may belong
to any one of the three regions ‘f’, ‘κf’, or ‘βκf’ in the left-hand
panel of Fig. 6, depending on its gravitational stability and thus
its position on the stream. That is, clouds in one section of the
stream may be supported by galactic shear (region ‘βκf’), while
clouds in another section may simply collapse (regions ‘κf’ and
‘f’). The relative importance of epicyclic perturbations in these
regions of parameter space is consistent with the theory that they
trigger the collapse of shear-supported molecular clouds, as these
clouds pass through the pericentre of an eccentric orbit along the
100 pc stream (Longmore et al. 2013b; Kruijssen, Dale & Longmore
2015; Henshaw, Longmore & Kruijssen 2016; Kruijssen et al., in
preparation). We investigate the mechanisms governing the CMZ
cloud life cycle in more detail in Jeffreson et al. (2018).

5.6 Dominance of cloud–cloud collisions

In Figs 5, 7, and 8, we see that the cloud–cloud collision time-scale
is never dominant over the time-scale for gravitational collapse, as
predicted in Section 3.3. Furthermore, Figs 6, 9, and 10 demonstrate
that with the exception of extremely high mid-plane gas fractions
(φP ≈ 1), τ cc is only relevant for high values of gravitational stability
and flat rotation curves (Q ∼ 15 and β ∼ 0), where competition
between gravitational free-fall and galactic shear extends the cloud
lifetime. Since all mechanisms of cloud evolution are relevant in
this region of parameter space, and the importance of cloud–cloud
collisions at high Q is likely to be overestimated in our theory (see
Section 2.3), we conclude that cloud–cloud collisions only make a
meaningful contribution to the cloud lifetime in shearing, gas-right
environments (β ∼ 0 and φP ∼ 1), such as extended high-redshift
galaxies (at low Q) and low-redshift galaxy outskirts (at high Q). In
these discs, we expect that cloud–cloud collisions may shorten the
cloud lifetime and slightly enhance the cloud-scale SFR by inducing
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gravitational collapse in high-density regions of molecular clouds
which are not already bound and collapsing. This effect will be
negligible for the galactic-scale SFR, because at low to middle
values of the Toomre Q parameter, most star formation will occur
in bound, collapsing regions that have already decoupled from the
galactic-scale dynamics.

6 C LOUD LIFET I ME S IN A SA M P LE O F
G A L A X I E S

Here, we examine the cloud lifetimes predicted by our theory for a
sample of four galaxies (the Milky Way, M31, M51, and M83). We
use surface density profiles, rotation curves, and velocity dispersion
profiles from the literature to derive the quantities β, Q, and φP

that define our parameter space. We also use information from the
literature to justify our choice of the number of spiral arms m for
each galaxy, as well as our choice of pattern speed �P. We set the
stellar contribution to the surface density of the ISM to the value of
φP = 3 appropriate to Milky Way-like disc galaxies (Krumholz &
McKee 2005).

We calculate the cloud lifetime using equation (24), with each
of the constituent time-scales as derived in Section 2, and consider
our predictions as a function of galactocentric radius. For compari-
son, we also display the divisions between the regions of relevance
discussed in Sections 4 and 5. In the case of M51, we compare our
predictions for the cloud lifetime to the predictions of Meidt et al.
(2015).

Before proceeding, it is important to note that our theory predicts
the cloud lifetime according to the entire reservoir of gas in the
galactic mid-plane, quantified by the mid-plane gas density ρg. That
is, we do not consider the emissivity of molecular gas tracers such
as CO and their variation with the local gas density, as described in
Leroy et al. (2017a). This approach is required to consider and com-
pare the influences of large-scale dynamical processes, which affect
molecular gas at all density scales, not only those density scales that
are CO bright. Our approach allows us to determine the processes
that are dominant in setting the cloud lifetime, in the sense that they
influence molecular clouds on the shortest time-scales. On the other
hand, care must be taken when our predictions of the cloud lifetime
are compared to those derived from CO observations. In regions
of gas that are purely molecular and have average densities above
∼10M�pc−3, the vast majority of gas has a high CO emissivity,
such that our predictions should correspond well with CO obser-
vations. However, as the average mid-plane H2 density decreases,
an increasing fraction of the cloud lifetime predicted by our theory
becomes ‘invisible’ in the sense that it is not strongly CO emitting.
Our theory therefore overpredicts the CO-traced cloud lifetime by
an increasing amount as the average H2 density of the galactic mid-
plane decreases. We expect this effect to be particularly significant
in the lower density outskirts of galactic discs.

6.1 Milky Way

We predict the cloud lifetimes for the Milky Way using the surface
densities from Kennicutt & Evans (2012), the rotation curve from
Bland-Hawthorn & Gerhard (2016), and the velocity dispersions
from Heiles & Troland (2003), each of which vary with galacto-
centric radius. These observational data determine the parameters β

and Q. We use a pattern speed of �P ≈ 0.026 ± 0.002 Myr−1 from
Gerhard (2011) along with the rotation curve to set the value of
�P/�. We represent the galactic bar inside ∼5 kpc (Wegg, Gerhard
& Portail 2015) using m = 2.

Figure 11. Variation in the predicted cloud lifetimes for the Milky Way
with galactocentric radius. The upper panel gives each of the time-scales of
dynamical evolution, including the overall minimum time-scale τmin. The
time-scale for spiral arm crossings (m = 4) is represented by the thin dotted
line, while the time-scale for interactions with the Galactic bar (m = 2)
is represented by the thick dotted line. The lower panel gives the lifetime
calculated using equation (24). The regions of relevance are labelled as in
Figs 6, 9, and 10, where f corresponds to τ ff, g, β corresponds to τβ , κ

corresponds to τκ and c corresponds to τ cc.

The number of spiral arms m that should be used for >5 kpc is
not clear, as a large degree of uncertainty remains as to the strength
of the spiral pattern for the Milky Way (Antoja et al. 2016). It is not
obvious whether m = 4 for strong spiral arms, or whether m = 0 due
to flocculence. However, we find that this uncertainty does not have
a large effect on our predictions, because the low observed pattern
speed ensures that the time-scale for spiral arm crossings is long
outside 5 kpc. In the top panel of Fig. 11, we display the variation
in each time-scale with galactocentric radius, and the time-scale for
spiral arm collisions τ�P is displayed as a thick dotted line within the
region of the Galactic bar (<5 kpc), and as a thin dotted line outside
this region (>5 kpc). The discontinuity between these two sections
corresponds to the tip of the Galactic bar. We have used m = 4 for
strong spiral arms, and even in this extreme case, the time-scale
for spiral arm crossings is always longer than twice the minimum
time-scale (the thick green line representing τ ff, g in the top panel)
and between five and six times longer than the cloud lifetime (the
black filled markers in the bottom panel). The regions of relevance
displayed in the bottom panel of Fig. 11, which compare each time-
scale to twice the minimum time-scale τmin if τmin is longer than the
cloud lifetime, and compare each time-scale to twice the minimum
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cloud lifetime τ if τ > τmin, confirm the small contribution made
by spiral arm crossings – τ�P is never a relevant time-scale.

Comparing the top and bottom panels of Fig. 11 indicates that
the cloud lifetime is primarily controlled by gravitational collapse
and shear support, over the radial interval considered. The dip in
τ ff, g in the vicinity of the solar neighbourhood is due to the dip
in the time-scale for gravitational collapse (and to a lesser extent in
the time-scale for cloud–cloud collisions), which in turn is caused
by a dip in the value of the Toomre Q parameter at this radius.
This behaviour is not mirrored by the shear time-scale, reducing the
degree of support provided to the cloud. The slight global increase
in cloud lifetime with galactocentric radius is due simply to the �−1

dependence of all the time-scales.
In the vicinity of the solar neighbourhood (R ∼ 8 kpc), the cloud

lifetimes we predict for the Milky Way are between 30 and 40 Myr.
This contrasts with the lifetimes of gravitationally bound, star-
forming regions described by Elmegreen (2000) and Hartmann et al.
(2001), which have lifetimes of <5 Myr within the solar neighbour-
hood. As described in Section 2.2, these regions are gravitation-
ally decoupled from the galactic-scale dynamics and therefore have
lifetimes independent of dynamical time-scales. Our model is more
general and accounts not only for globally collapsing regions but
for clouds of many different sizes and structures, which may be
globally or hierarchically collapsing, bound or unbound. We pre-
dict that such a sample of clouds has a median lifetime of 33 Myr,
or 0.8 free-fall times τ ff, g in the mid-plane of the Galaxy.

6.2 M31

To predict the cloud lifetimes for M31, we use the surface densities
provided by Schruba et al. (in preparation), the rotation curve from
Corbelli et al. (2010), and the velocity dispersions from Braun et al.
(2009), to calculate the values of the parameters β and Q. Given
that there is no evidence for the presence of spiral arms in M31,
we set m = 0 in our model, to produce the cloud lifetimes shown
in the bottom panel of Fig. 12, against galactocentric radius. The
top panel shows the variation in individual time-scales, while the
bottom panel displays the resulting cloud lifetime calculated using
equation (24). The dashed lines delineate the regions of relevance
for each cloud evolutionary mechanism.

In the case of M31, the general trend of increasing cloud lifetime
due to the �−1 dependence of all time-scales is obscured by long
cloud lifetimes between galactocentric radii of around 8–10 kpc and
a large dip at around 12 kpc. This radius corresponds to a ring of gas
that characterizes the morphology of M31 (e.g. Braun et al. 2009).
The dip at ∼12 kpc is due to a dip in the Toomre Q parameter at
this radius, causing the time-scales for gravitational free-fall and
cloud–cloud collisions to decrease in magnitude. The long cloud
lifetimes from 8 to 10 kpc are manifestly due to the proximity of the
shear and gravitational free-fall time-scales at this radius. The shear
time-scale τβ in the top panel of Fig. 12 comes very close to the
gravitational free-fall time-scale τ ff, g, such that the rates are nearly
balanced. Galactic shear competes against gravitational collapse to
disperse the cloud rather than to collapse it, the balance between
these two time-scales leads to longer cloud lifetimes via equation
(24).

In general, M31 displays longer values of all cloud evolutionary
time-scales than the Milky Way, by a consistent factor of ∼3. This
leads to a higher median lifetime of ∼64 Myr, corresponding to
∼0.9 free-fall times τ ff, g in the plane of the galaxy. The orbital time
�−1 is the only dynamical parameter that affects all time-scales in
the same way, indicating that the slower angular speed of mid-plane

Figure 12. Variation in cloud lifetimes predicted for the galaxy M31 by our
model, with radius from its centre in kpc. The upper panel gives each of the
time-scales of dynamical evolution, including the overall minimum time-
scale τmin. The lower panel gives the lifetime calculated using equation (24)
(black filled circles). The regions of relevance are labelled as in Figs 6, 9,
and 10, where f corresponds to τ ff, g, β corresponds to τβ , and κ corresponds
to τκ .

gas rotation at these larger radii is responsible for the elongation of
cloud lifetimes in M31, relative to the Milky Way.

6.3 M51

Our predictions for the cloud lifetimes in M51 are calculated using
the surface densities, velocity dispersions, and rotation curve from
Schuster et al. (2007), from which we calculate the values of the
parameters β and Q. The striking grand-design structure of M51
consists of two main spiral arms (Henry, Quillen & Gutermuth
2003), such that we take m = 2 in our models at all galactocentric
radii. The pattern speed of these spiral arms has been extensively
studied at varying radii, and while Zimmer, Rand & McGraw (2004)
use the Tremaine–Weinberg method to derive a global pattern speed
of �P ≈ 0.039 Myr−1 for these spiral arms, Meidt et al. (2008, 2013)
find evidence for at least two different pattern speeds inside a radius
of 4 kpc, both of which are significantly higher than this value,
around 0.09 Myr−1. In the top panel of Fig. 13, it can be seen that
the time-scale τ�P for spiral arm crossings is significantly altered
by the choice of pattern speed. The thin dotted line corresponds to
the value from Zimmer et al. (2004), while the thick dotted line
corresponds to the value from Meidt et al. (2013). In the bottom
panel, we see that the predicted cloud lifetimes are also altered by
choosing one of these pattern speeds over the other. The Zimmer
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Figure 13. Variation in cloud lifetimes predicted for the galaxy M51 by our
model, with radius from its centre in kpc. The upper panel gives each of the
time-scales of dynamical evolution, including the overall minimum time-
scale τmin. The lower panel gives the lifetime calculated using equation (24),
with two different values of the pattern speed (see Section 6.3). Black filled
circles represent lifetimes calculated using the value from Zimmer et al.
(2004) (Zimmer+04), while red filled circles represent lifetimes calculated
using the higher value from Meidt et al. (2013) (Meidt+13). The black
open circles represent the cloud lifetimes calculated in Meidt et al. (2015)
(Meidt+15). We see that there is satisfactory agreement between their results
and our predictions for both pattern speeds. The regions of relevance are
labelled only for the Zimmer et al. (2004) pattern speed, as in Figs 6, 9,
and 10, where f corresponds to τ ff, g and β corresponds to τβ .

et al. (2004) value is represented by a solid line, while the Meidt
et al. (2013) value is represented by a dotted line. Both sets of cloud
lifetimes agree well with the lifetimes estimated from observations
by Meidt et al. (2015), who use the higher pattern speed from Meidt
et al. (2013, black open circles).

For simplicity, we show the regions of relevance in Fig. 13
(dashed lines) only for the Zimmer et al. (2004) value of �P, as
discussion about the exact radial dependence of the multiple pat-
tern speeds in Meidt et al. (2013) is ongoing. The authors suggest
that the higher pattern speed may even apply to a bar which ter-
minates at its radius of corotation (≈2.3 kpc) and give way to a
much lower value of 0.056 Myr−1. We note that while spiral arm
crossings are never relevant for the Zimmer et al. (2004) pattern
speed (thin dotted line in the top panel of Fig. 13), they are relevant
at R � 6 kpc for the Meidt et al. (2013) value (thick dotted line).

Our broad brush strokes theory captures the overall dominance
of gravitational free-fall and galactic shear, as well as the transition

between shear- and gravity-dominated behaviour proposed in Meidt
et al. (2015). Shear is much more important at smaller galactocentric
radii, while at larger radii (R > 4.5 kpc), only gravity is significant.
Accordingly, these are the galactocentric radii at which Meidt et al.
(2015) find strong signatures of high-mass star formation. In the
context of our models, we would also expect the mechanism of
cloud destruction to depend on the degree of shear support provided
against the four dynamically compressive time-scales. We would
expect more clouds to be destroyed by dispersion for galactocentric
radii R < 4.5 kpc, and for more clouds to be destroyed by collapse
and feedback for R > 4.5 kpc. This prediction also agrees with the
discussion in Meidt et al. (2015).

Overall, the smaller galactocentric radii at which the observations
for M51 are taken, relative to the observations for the Milky Way
and M31, mean that the orbital time �−1 is shorter for M51. This
is reflected in the values of all the cloud evolutionary time-scales,
which are ∼2 shorter for M51 than for the Milky Way, giving a
cloud lifetime which is also a factor of ∼2 shorter. The median
cloud lifetime is ∼21 Myr, equivalent to ∼0.8 free-fall times τ ff, g

in the mid-plane of the galaxy. The longest lifetimes occur where
the competition between galactic shear and gravitational collapse is
closest.

6.4 M83

We predict the cloud lifetimes in M83 using the observational data
given in fig. 6 of Freeman et al. (2017). These consist of the total
(atomic and molecular) gas surface density curve, the rotation curve
from Walter et al. (2008) and the total velocity dispersion inferred
from the Atacama Large Millimeter/submillimenter Array (ALMA)
CO and THINGS 21-cm data, weighted by the relative surface
densities of the atomic and molecular components. From these data,
we obtain the values β, Q, and � in our Fundamental Plane. Like
M51, M83 has two main spiral arms, so we use a value of m = 2 and
a pattern speed of �P = 0.045 Myr−1 from Zimmer et al. (2004).
The predicted cloud lifetimes are displayed in the bottom panel of
Fig. 14 as a function of galactocentric radius, while the individual
time-scales are shown in the panel above.

To remove noise on short scales from these data, we have used a
Savitzky–Golay filter with fourth-order polynomials and a window
size of 35 data points (Savitzky & Golay 1964). With this setup,
each smoothed data point is calculated using (35 − 1)/2 = 17 data
points to either side of its own position, weighted by a set of 35
analytic coefficients. These analytic coefficients are constrained by
the fourth-order polynomial coefficients, of which there are five. In
simple terms, each window of 35 data points is therefore described
using five coefficients, giving an effective ‘smoothing length’ of
∼0.4 kpc. This procedure removes noise on scales ∼0.1 kpc without
removing the physical oscillations on kpc scales, which are most
visible in the profiles of τβ and τ κ , and that also persist in the cloud
lifetime (bottom panel of Fig. 14).

The large peak in the cloud lifetime at R ∼ 3.5 in the bottom
panel of Fig. 14 illustrates an important caveat in our use of equation
(24) to combine the time-scales of cloud evolution. The peak occurs
when the rate of galactic shear approaches the combined rates of the
dynamically compressive mechanisms of cloud evolution, such that
τ−1
β → τ−1

κ + τ−1
�P

+ τ−1
ff,g + τ−1

cc . At such closely balanced values
of dispersive and compressive evolutionary rates, the cloud lifetime
predicted by equation (24) becomes very sensitive to β, which in
turn is very sensitive to the rotation curve. Any noise in the rotation
curve may then produce sharp peaks in the cloud lifetime, with
τ → ∞. That is, the simple statistical approach we have taken
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Figure 14. Variation in cloud lifetimes predicted for the galaxy M83 by
our model, with radius from its centre in kpc. The upper panel gives each
of the time-scales of dynamical evolution, including the overall minimum
time-scale τmin. The black filled circles in the lower panel give the lifetime
calculated using equation (24), while the red open circles give the lifetime
below a threshold of twice the minimum cloud evolutionary time-scale.
This prevents the cloud lifetime from becoming unreasonably long due to
an unphysical degree of precision in the balance between galactic shear
and the other cloud evolutionary mechanisms (see Section 6.4). The regions
of relevance are labelled as in Figs 6, 9, and 10, where f corresponds to
τ ff, g, β corresponds to τβ , κ corresponds to τκ , and ‘all’ indicates that all
time-scales are relevant.

to account for the coexistence of cloud evolutionary mechanisms
and the phenomenon of shear support (adding their rates) means
that cloud lifetimes can increase asymptotically if the shear and the
collective other time-scales are balanced. This asymptotic increase
in the cloud lifetime is unphysical, and results from the following
characteristics of our theory:

(i) Our theory is statistical in the sense that it combines rates.
However, when stochastically drawing from these rates and their
associated probabilities, one cloud evolutionary mechanism will al-
ways occur first in practice, with the exception of galactic shear and
epicyclic perturbations, which have a continuous effect over time.
This stochasticity ‘smoothes out’ the sensitivity of cloud lifetime to
the rotation curve, in the sense that it does not allow extremely close
balance between cloud evolutionary mechanisms. Even if large-
scale dynamics alone are responsible for the evolution of molecular
clouds, the cloud lifetime cannot become infinite when shear bal-
ances all other time-scales, due to their random nature.

(ii) Our theory considers the influence of large-scale dynamics
on the cloud lifetime, but not the influences of many other possible
non-dynamical evolutionary mechanisms on smaller scales. When
the large-scale dynamical mechanisms of cloud evolution approxi-
mately negate each other, all other cloud evolutionary mechanisms
become comparatively more important. We would therefore expect
that in regions of parameter space where the dynamical mechanisms
of cloud evolution predict very long cloud lifetimes, GMCs will ac-
tually be destroyed on much shorter time-scales by non-dynamical
or smaller scale mechanisms of cloud evolution than those which
we have considered, such as ionization by ultraviolet radiation, or
stellar feedback from gravitationally bound regions on subcloud
scales (e.g. Elmegreen 2007).

To illustrate the effect of these stated assumptions, we include an
additional set of ‘cloud lifetimes’ in the bottom panel of Fig. 14,
represented by the open circles. These values are identical to the
lifetimes from equation (24) (indicated by the filled circles), but
with an imposed upper limit of twice the minimum evolutionary
time-scale. At R ∼ 3.5 kpc, the minimum time-scale is the shear
time-scale τβ , so the cloud lifetime is limited by the assumption
that the influence of galactic shear can only be reduced partially, by
a factor of 1/2, due to competition with dynamically compressive
mechanisms of cloud evolution. This causes the maximum predicted
lifetime to drop to τ ∼ 100 Myr at R ∼ 3.5 kpc. Given that galactic
shear has a continuous effect on an object that is extended along
the galactocentric radial direction, while spiral arm crossings and
cloud–cloud collisions are discrete, stochastic events, such partial
balance is more likely to occur than the infinite lifetime produced by
exact balance between compressive and dispersive dynamical time-
scales. By this reasoning, the ∼104 Myr height of the sharp peak
in the cloud lifetime between 3 and 4 kpc should not be viewed as
a physically accurate prediction. However, we do predict that the
close balance between dynamically compressive and dynamically
dispersive mechanisms of cloud evolution results in elongated cloud
lifetimes between 3 and 4 kpc in M83.

Overall, we find that cloud lifetimes in M83 are controlled pri-
marily by the interplay between gravitational collapse and galactic
shear, with gravity dominating below R ≈ 3 kpc (τ ff, g is manifestly
the shortest time-scale for R � 3 in the top panel of Fig. 14) and
shear dominating above R ≈ 3 kpc (τβ is manifestly the shortest
time-scale for R � 3 in the top panel of Fig. 14). Correspondingly,
we expect a decrease of the SFE at R > 3 kpc, which in turn may
explain the drop of the cluster formation efficiency at these radii
(Adamo et al. 2015). Epicyclic perturbations are also relevant at
most galactocentric radii, as indicated by the regions of relevance
labelled with κ in the bottom panel of Fig. 14, however τ κ is never
dominant over τ ff, g or τβ . The predicted importance of gravity and
shear is consistent with the work of Freeman et al. (2017), who
have found that significant gravitational contraction and regulation
by galactic shear is implied by the cloud mass distribution. These
authors also show that both the maximum cloud mass and the av-
erage mass of the five most massive GMCs drop systematically
from the central regions of the galaxy out to 4.5 kpc. Our predic-
tions demonstrate a corresponding systematic increase in the cloud
lifetime between these galactocentric radii (ignoring the sharp peak
between 3 and 4 kpc), due primarily to the �−1 dependence of
all cloud evolutionary time-scales. Combining our theoretical pre-
dictions with the observational analysis of Freeman et al. (2017)
therefore suggests that the cloud mass may be anticorrelated with
the cloud lifetime. Such a result would also be consistent with the
view that the majority of star formation occurs in the most massive
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clouds (Murray 2011; Reina-Campos & Kruijssen 2017), which
collapse faster, have higher SFRs, and are shorter lived.

7 C O N C L U S I O N S

We have developed an analytic theory for the molecular cloud
lifetime that depends on the large-scale dynamics of the ISM,
independent of theoretical assumptions about the size, structure,
mode of gravitational collapse, and gravitational boundedness of
GMCs. This theory includes the mechanisms of gravitational free-
fall, galactic shear, epicyclic perturbations, spiral arm interactions,
and cloud–cloud collisions. We have made as few assumptions as
possible about the exact way in which clouds interact with each of
the proposed environmental mechanisms, instead characterizing the
influence of each by its time-scale and by describing its dynamical
relationship to the other evolutionary mechanisms in the context
of a hydrostatic equilibrium galaxy disc. Our approach represents
an advancement both in its systematic approach and in its expan-
siveness, by accounting simultaneously for multiple influences on
cloud evolution. Here, we briefly summarize the main results and
conclusions of our work.

7.1 Theoretical approach

To our knowledge, no theory prior to this work has produced a for-
malism for considering the interplay between environmental mech-
anisms of cloud evolution across parameter space. Our systematic
approach enables an overview of the influences on GMC evolution
to be obtained without having to make assumptions that may only
be relevant to a subset of GMCs. By comparing our simple analytic
expression for the cloud lifetime to observations that will soon be
available through currently ongoing efforts (see Section 7.4), the ac-
curacy of our predictions will be testable. The comparison between
observation and theory will shed light on the influence of ISM dy-
namics relative to the effects not considered in our theory, such as
the degree of non-linear interplay between the evolutionary mecha-
nisms and the details of stellar feedback. Our theory also provides a
broad brush strokes platform upon which physical complexity and
detail can be systematically built. We briefly discuss our ongoing
work in this direction in Section 7.4.

7.2 Significance of each cloud evolutionary mechanism

We find that the large-scale dynamical mechanisms affecting cloud
evolution can be described within a fundamental parameter space
(β, Q, �), with a secondary dependence on φP, a parameter that re-
flects the (inverse of the) local gas fraction. These are all observable
properties of the ISM that can be derived using the galactic rotation
curve, along with the gas and stellar surface densities and velocity
dispersions. In galaxies with spiral arms, the fundamental param-
eter space is extended to include the number of spiral arms m and
the pattern speed as a fraction of the ISM angular velocity, �P/�.
We have predicted the environmentally and dynamically dependent
cloud lifetimes throughout the region of parameter space that is
currently observable, considering the possibility of augmentation
and competition between cloud evolutionary mechanisms. For each
cloud evolutionary mechanism, we have systematically determined
the regions of dominance (i.e. the regions of parameter space for
which each mechanism occurs on a shorter time-scale than all other
mechanisms) and the regions of relevance (i.e. the regions of pa-
rameter space for which each mechanism occurs on a time-scale no
longer than twice the minimum time-scale, or no longer than twice

the cloud lifetime, if the cloud lifetime is elongated by competition
between different mechanisms). Via examination of the resulting
parameter space maps, we have reached the following main conclu-
sions.

(i) Throughout the currently observable region of parameter
space, chosen according to the ranges of physical parameters pre-
sented in Leroy et al. (2008), gravitational collapse on a time-scale
τ ff, g is by far the most prevalent and influential mechanism in set-
ting the cloud lifetime. Gravitational free-fall is relevant throughout
most of our parameter space, excluding the most gravitationally sta-
ble (high Toomre Q) regions of spiral galaxies. It is dominant for
levels of gravitational stability up to Q ∼ 4 in most spiral galaxies
and up to Q ∼ 8 in elliptical and flocculent galaxies.

(ii) In galactic environments for which the rotation curve is ap-
proximately flat and gravitational stability is high (β � 0.5 and
Q � 4), galactic shear provides a relevant degree of support against
the dynamically compressive mechanisms of gravitational free-fall,
epicyclic perturbations and cloud–cloud collisions. This causes the
cloud lifetime to be elongated. At the highest levels of shear (β ∼ 0),
shear support dominates cloud evolution down to Toomre Q values
as low as Q ∼ 4. With the introduction of spiral arms, the regions
of relevance and dominance for galactic shear are reduced, but still
occupy a significant region of parameter space in the cases of low
pattern speeds �P/� and few spiral arms m.

(iii) Spiral arm crossings on a time-scale τ�P are most relevant
at high values of gravitational stability (high Toomre Q), where in-
teractions between clouds and spiral arms may occur before clouds
are destroyed by gravitational collapse and the resulting stellar feed-
back. At high pattern speeds �P/� and high numbers of spiral arms
m, spiral arm crossings may be relevant at all values of Q, with re-
gions of dominance extending as low as Q ∼ 1. At lower numbers
of spiral arms and lower pattern speeds, the dominance of spiral
arm crossings is limited to values of Q � 6.

(iv) In non-spiral galaxies, the regions of relevance and domi-
nance for epicyclic perturbations on a time-scale τ κ are restricted
to high values of Toomre Q, where the resulting orbital eccentricity
of clouds and the ISM can influence the evolution of GMCs before
gravitational collapse sets in. They are also restricted to high values
of the shear parameter β, where clouds are not significantly dis-
persed before an epicycle is completed. Such conditions exist near
the centres of disc galaxies like the Milky Way. In galaxies with spi-
ral arms, epicyclic perturbations are only relevant close to the radius
of corotation, where spiral arms play no role in cloud evolution, or
in the case of a weak spiral pattern below the radius of corotation.
When present, the influence of spiral arms easily dominates over
the effect of epicycles.

(v) Cloud–cloud collisions on a time-scale τ cc are never domi-
nant. They are relevant only in the case of a pure gas disc φP = 1 or at
very high levels of stability and shear (β ∼ 0 and Q ∼ 15) in galaxies
without spiral arms, where all cloud evolutionary mechanisms be-
come relevant. This negligible influence of cloud–cloud collisions
throughout most of parameter space is primarily due to the similar
environmental scaling of the free-fall time and the cloud collision
time, such that the rate of gravitational collapse always outpaces
the rate of collisions, especially at low values of Toomre Q. The
gravitationally bound clouds needed to sustain regular cloud–cloud
collisions are typically destroyed by collapse and stellar feedback
before a collision can occur.

Combining the above considerations for individual cloud evo-
lutionary mechanisms, we can describe which mechanisms set the
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cloud lifetime in the specific parts of the parameter space that de-
scribes galaxies. Our conclusions in this area are as follows.

(i) In highly star-forming, gas-rich galaxies such as high-redshift
galaxies, with large reservoirs of gravitationally unstable gas
(Q � 4), the cloud lifetime is controlled almost exclusively by grav-
itational free-fall.

(ii) Far from the radius of corotation in grand-design spiral galax-
ies (|�P/� − 1| 
 1 with m = 2 or 4), spiral arm perturbations have
a dominant influence on the cloud lifetime for all Q � 1. Gravita-
tional collapse is still dominant up to the case of marginal stability
(Q � 1).

(iii) Close to galactic centres, where molecular gas may be highly
gravitationally stable with low levels of shear (β � 0.5 and Q ∼ 15),
the cloud lifetime is controlled by epicyclic perturbations (i.e. or-
bital eccentricity). If strong spiral arms are also present (e.g. in the
presence of a nuclear spiral), then the cloud lifetime is set by a
combination of epicycles and spiral arm perturbations.

(iv) For outer galaxy bulges, containing regions of highly sta-
ble, highly shearing gas (Q � 6 and β � 0.5), cloud lifetimes are
governed by the competition between gravitational collapse and
galactic shear, along with a lesser contribution from epicyclic per-
turbations. Clouds in this region of parameter space tend to have
longer lifetimes due to the high degree of shear support, allowing
dynamical mechanisms with longer time-scales to significantly in-
fluence cloud evolution. This region of parameter space is therefore
characterized by the coexistence of many different cloud evolution-
ary mechanisms. For very high levels of stability and shear (Q ∼ 15
and β ∼ 0), the influence of galactic shear dominates over the com-
bined influence of all the dynamically compressive mechanisms of
cloud evolution, such that clouds are more likely to be destroyed by
dispersal than by collapse.

The combination of all evolutionary mechanisms across param-
eter space gives rise to a number of implications for star formation
and cloud evolution as a function of the galactic environment. Our
conclusions in this area are as follows.

(i) Our results imply that typically, the cloud lifetime increases
with the degree of gravitational stability Q.

(ii) Many gravitationally stable environments with Q � 4 are
dominated by spiral arm crossings on a time-scale τ�P . Due to the
high degree of gravitational stability in these clouds, we expect
that they contain few gravitationally bound, star-forming regions
that are decoupled from the galactic-scale dynamics. By inducing
compression of previously unbound regions of the ISM, spiral arm
interactions may therefore increase the galactic-scale SFE per unit
mass, and decrease the cloud lifetime.

(iii) We expect a transition from star-forming clouds to quies-
cent clouds as the rotation curve flattens and the degree of grav-
itational stability increases. As β decreases and Q increases, the
relevance of shear support increases, leading to a suppression of
gravitational collapse, and consequently star formation. This may
contribute to the low SFR observed across much of the Galactic
Centre environment, which displays high values of gravitational
stability, Q ∼ 15, and a non-trivial degree of galactic shearing,
β = 0–0.7 (e.g. Krumholz & Kruijssen 2015).

(iv) Across our parameter space, comparison of cloud evolution-
ary time-scales suggests that cloud–cloud collisions are rarely an
important factor in setting the course of cloud evolution or the
cloud lifetime. Gravitational collapse of the ISM occurs on a much
shorter time-scale, suggesting that collisions between clouds do not

play an important role in setting either the cloud-scale SFR or the
galactic-scale SFR.

7.3 Cloud lifetimes

We have applied our theory to four galaxies and find that the pre-
dicted cloud lifetimes typically range between 10 and 100 Myr, with
the exception of a few extreme regimes in M83 and one extreme
regime in M31, where shear balances almost exactly with gravita-
tional collapse. In practice, this delicate balance of rates cannot ever
be maintained, due to the stochastic, quantized nature of several of
the considered mechanisms.

(i) Milky Way (R = 4–10 kpc): cloud lifetimes fall between 21
and 60 Myr with a median of 33 Myr. The dominant mechanisms of
cloud evolution are galactic shear and gravitational collapse of the
ISM, with minor contributions from the spiral arms and cloud–cloud
collisions.

(ii) M31 (R = 8–15 kpc): cloud lifetimes fall between 49 and
106 Myr with a median of 64 Myr, mainly due to relatively high
values of the orbital time-scale �−1 at these galactocentric radii.
The lifetimes are dominated by galactic shear and gravitational
collapse of the ISM.

(iii) M51 (R = 1–8 kpc): cloud lifetimes are the shortest of the
four galaxies, falling between 8 and 35 Myr with a median of
21 Myr. This is due mainly to the short values of the orbital time
�−1 at the radii considered. These predictions are in good agreement
with the lifetimes estimated by Meidt et al. (2015). Again, the dom-
inant mechanisms of evolution are galactic shear and gravitational
collapse.

(iv) M83 (R = 0.5–5 kpc): M83 hosts a transition between short
and long cloud lifetimes. Cloud lifetimes are short (10–30 Myr) for
R < 3 kpc and long (∼100 Myr) for R > 3 kpc, with a median of
∼25 Myr.

7.4 Future work

Our theory for molecular cloud lifetimes represents a first step to-
wards a more detailed understanding of cloud evolution. While this
theory provides a reasonably accurate description of the highly lim-
ited number of observed cloud lifetimes presently available and
is straightforward to interpret by virtue of its analytic approach,
we have also identified areas where its idealized nature may ob-
struct further insights. Our predicted cloud lifetimes do not consider
the constraints on observable molecular gas densities imposed by
the use of tracers such as CO, and will therefore overestimate the
cloud lifetime in regions of galaxies with low average H2 densities.
Additionally, in galactic environments where the time-scales of dif-
ferent mechanisms are expected to be very similar, our predicted
cloud lifetimes are highly sensitive to the assumption that individual
evolutionary mechanisms are not correlated and occur ergodically in
time, in the sense that the behaviour of a typical cloud corresponds
approximately to the average behaviour of an infinite succession of
clouds observed over an infinitely long time period. We are cur-
rently extending this work by exploring the presented parameter
space with hydrodynamical simulations of disc galaxies, allowing
us to consider the (plausibly non-linear) interaction between the
mechanisms introduced here. Such numerical simulations enable a
closer study of the detailed physics that have been absorbed into
the dynamical time-scales in the present work, such as stellar feed-
back. They will allow us to examine the relationship between cloud
lifetimes observable via CO emission, as well as the cloud lifetimes
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predicted by our analytic theory. Finally, they will provide insight
into how galaxy evolution drives changes of the cloud lifetime, and
possibly the SFE, as the host galaxy evolves through the parameter
space identified here.

In addition to these theoretical and numerical efforts, systematic
observational measurements of the cloud life cycle have now be-
come accessible with the ALMA. By applying the statistical method
of Kruijssen & Longmore (2014) and Kruijssen et al. (2018) to
high-resolution ALMA maps of galaxies in the local Universe and
potentially out to high redshift (e.g. Kruijssen et al., submitted; Hy-
gate et al., in preparation; Schruba et al., in preparation; Chevance
et al., in preparation; Ward et al., in preparation), it will be possible
to systematically test our theory and (inevitably) revise, extend, or
rule out its key physical ingredients. This will provide important
insight into the cloud life cycle and will contribute to the ongoing
progress towards a bottom-up, cloud-scale synthesis of galactic star
formation.”
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ApJ, 643, 245
Walter F., Brinks E., de Blok W. J. G., Bigiel F., Kennicutt R. C., Jr, Thornley

M. D., Leroy A., 2008, AJ, 136, 2563
Wegg C., Gerhard O., Portail M., 2015, MNRAS, 450, 4050
Zamora-Avilés M., Vázquez-Semadeni E., 2014, ApJ, 793, 84
Zamora-Avilés M., Vázquez-Semadeni E., Colı́n P., 2012, ApJ, 751, 77
Zimmer P., Rand R. J., McGraw J. T., 2004, ApJ, 607, 285

A P P E N D I X A : A N U P P E R BO U N D O N T H E
EP ICY CLIC A M P L I T UDE

We use the conservation of angular momentum to put an upper
bound on the relative magnitude of epicyclic oscillations X/Rg,
following the derivation of Binney & Tremaine (1987). Within a
locally harmonic minimum of the gravitational potential �(R), the
radial motion of a cloud is governed by the equation of motion

ẍ = −κ2x, (A1)

for epicyclic frequency κ . This is solved by the sinusoidal form

x(t) = X cos (κt + α), (A2)

where X is the epicyclic amplitude and α is its phase, both of which
are set by the initial conditions that perturb the cloud from a circular
orbit. Using the conservation of angular momentum, we then obtain

Figure A1. Schematic representation of a particle undergoing epicyclic
motion, in the reference frame of the host galaxy. Equations (A2) and (A5)
dictate that the maximum tangential velocity occurs at the pericentre of the
orbit, where the trajectory of the particle is parallel to the velocity of the
guiding centre.

the instantaneous angular velocity φ̇ of the cloud in the reference
frame of the host galaxy, given by

φ̇(R) = Lz

R2
= Lz

(Rg + x)2
= �g

(
1 − 2x

Rg

)
, (A3)

where Lz is the azimuthal angular velocity, �g is the angular veloc-
ity of the guiding centre �g = Lz/R

2
g , and x is defined by equation

(A2). Using the restriction X � R within the epicyclic approxima-
tion, We have expanded to first order in X/Rg. Equation (A3) can
be integrated to obtain

φ = �gt + φ0 − γ
X

Rg
sin (κt + α), (A4)

where γ = 2�/κ . Therefore, the tangential motion in the reference
frame of the guiding centre is given by

y(t) = −Y sin (κt + α), (A5)

with

γ = 2�

κ
≡ Y

X
. (A6)

Together, equations (A2) and (A5) define a set of axes with origin at
the guiding centre, x-axis pointing in the radial direction and y-axis
pointing in the direction of motion of the guiding centre. By the
conservation of angular momentum in the reference frame of the
host galaxy, it is obvious that the cloud’s trajectory at the orbital
pericentre must be parallel to the velocity of the guiding centre,
as depicted in Fig. A1. At the apocentre, the cloud’s trajectory is
antiparallel to the guiding centre velocity, and equation (A3) gives

φ̇ = �g

(
1 − 2X

Rg

)
. (A7)

In the reference frame of the host galaxy, the cloud must be moving
in the same direction as the guiding centre at its point of closest
approach, thus the conservation of angular momentum requires that
it always be travelling in this direction relative to the galactic centre,
such that

φ̇ > 0. (A8)
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This gives an upper bound on the amplitude of epicyclic oscilla-
tions,

X

Rg
<

1

2
. (A9)

A given perturbation from a circular orbit might therefore cause a
cloud to undergo epicyclic motion with amplitude X in the range
0 < X/Rg < 1/2, and since we make no assumption about these

initial conditions in our theory, we will assume for now a uni-
form distribution between the two extremes, such that the typical
epicyclic amplitude is given by

X

Rg
≈ 1

4
. (A10)

This paper has been typeset from a TEX/LATEX file prepared by the author.
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ABSTRACT
We apply an analytic theory for environmentally-dependent molecular cloud lifetimes to the
Central Molecular Zone of the Milky Way. Within this theory, the cloud lifetime in the Galac-
tic centre is obtained by combining the time-scales for gravitational instability, galactic shear,
epicyclic perturbations and cloud-cloud collisions. We find that at galactocentric radii ∼ 45-
120 pc, corresponding to the location of the ‘100-pc stream’, cloud evolution is primarily
dominated by gravitational collapse, with median cloud lifetimes between 1.4 and 3.9 Myr.
At all other galactocentric radii, galactic shear dominates the cloud lifecycle, and we predict
that molecular clouds are dispersed on time-scales between 3 and 9 Myr, without a significant
degree of star formation. Along the outer edge of the 100-pc stream, between radii of 100 and
120 pc, the time-scales for epicyclic perturbations and gravitational free-fall are similar. This
similarity of time-scales lends support to the hypothesis that, depending on the orbital geom-
etry and timing of the orbital phase, cloud collapse and star formation in the 100-pc stream
may be triggered by a tidal compression at pericentre. Based on the derived time-scales, this
should happen in approximately 20 per cent of all accretion events onto the 100-pc stream.

Key words: Galaxy: centre — stars: formation — ISM: clouds — ISM: evolution — ISM:
kinematics and dynamics — galaxies: ISM

1 INTRODUCTION

The Central Molecular Zone (CMZ) of the Milky Way contains
the largest concentration of high-density molecular gas in the
Galaxy (Ferrière et al. 2007). Despite this large gas reservoir, cou-
pled with high gas pressures and velocity dispersions (e.g. Oka
et al. 2001), the observed star formation rate (SFR) in the CMZ is
10-100 times lower than that predicted by standard star formation
relations (Yusef-Zadeh et al. 2009; Immer et al. 2012; Longmore
et al. 2013a; Kauffmann et al. 2013; Barnes et al. 2017). Galac-
tic dynamical processes appear to play a dominant role in driving
the evolution of the high-density clouds. This is supported by a
growing body of observational evidence that star formation in the
‘100-pc stream’ of gas at galactocentric radii of ∼ 100 pc may be
triggered by a tidal compression event, either at the pericentre of
an eccentric orbit (Longmore et al. 2013b; Rathborne et al. 2014;
Kruijssen et al. 2015; Henshaw et al. 2016b) or due to the change
of the gravitational potential during accretion onto the inner CMZ
(Kruijssen et al. 2018). The global gas properties of the CMZ can
be successfully reproduced by large-scale gas flows driven towards
the central supermassive black hole (SMBH) by a combination of
gravitational and acoustic instabilities, driving an episodic cycle of
large-scale star formation and quiescence (Kruijssen et al. 2014;
Krumholz & Kruijssen 2015; Krumholz et al. 2017). The CMZ

? s.jeffreson@uni-heidelberg.de

therefore presents a nearby example of the interplay between galac-
tic dynamics, large-scale gas flows, the feeding of a central SMBH,
star formation, and feedback. Its gas reservoir has similar proper-
ties to those observed in high-redshift galaxies (Kruijssen & Long-
more 2013), such that an understanding of the baryon cycle in our
Galactic centre may also shed light on extragalactic star formation.

Throughout the Galaxy, giant molecular clouds (GMCs) host
the majority of star formation (Kennicutt & Evans 2012). In order
to understand the baryon cycle in the CMZ, it is therefore neces-
sary to understand its cloud-scale physics. In Jeffreson & Kruijs-
sen (2018), we developed a theory for the cloud lifetime, depen-
dent upon the large-scale dynamics of the galactic environment.
Applied to the CMZ, our theory can be used to quantitatively pre-
dict the cloud lifetime and to understand the role played by galac-
tic dynamics in cloud evolution and subsequent star formation. In
this paper, we combine the analytic theory of Jeffreson & Kruijs-
sen (2018) with the model of Krumholz et al. (2017). We deter-
mine which large-scale dynamical processes are most important in
setting the course of cloud evolution, and consequently star forma-
tion, in the gas inflow from radii of ∼ 500 pc down to the 100-pc
stream. This not only gives a quantitative prediction for the vari-
ation in cloud lifetime with radius, but also divides the CMZ into
dynamical regimes, in which cloud evolution is dominated by dif-
ferent dynamical processes. The dynamically-driven gas flows de-
scribed in Krumholz et al. (2017) must pass through each of these
dynamical regimes on their way towards the central SMBH.

c© 2017 The Authors
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Table 1. The dynamical time-scales used in the cloud lifetime theory of Jeffreson & Kruijssen (2018) and their physical interpretations.

Time-scale Symbol Physical meaning Analytic form Physical variables

τκ κ Time-scale for the effect of epicyclic perturbations on GMCs.
4π

Ω
√

2(1+β)

1√
3+β Ω, β

τff,g f
Time-scale for the gravitational collapse of the ISM on approximately
sub-Toomre length scales, as in Krumholz et al. (2012).

√
3π2

32φP (1+β)
Q
Ω

Q, Ω, β, φP

τcc c Time-scale for collisions between GMCs (Tan 2000). 2πQ
9.4fGΩ(1+0.3β)(1−β) Q, Ω, β

τβ β

Time-scale on which galactic shear pulls a cloud apart in the azimuthal
direction. This is the only time-scale that has a fundamentally dispersive
effect on molecular clouds. As such, the rate of galactic shear τ−1

β is
subtracted from the other rates in Equation 1.

2
Ω(1−β) Ω, β

2 THEORY

In Jeffreson & Kruijssen (2018), we introduced a theory for the
molecular cloud lifetime, dependent upon the large-scale dynam-
ics of the interstellar medium (ISM). Here we develop the salient
points of this theory in relation to the central 500 pc of the Milky
Way. For a more detailed overview of the theory, we refer the reader
to Jeffreson & Kruijssen (2018).

Our theory of the molecular cloud lifetime is independent
of the size, structure and gravitational boundedness of molecular
clouds, in accordance with the diverse range of objects that can ob-
servationally be classified as GMCs. It calculates the cloud lifetime
as an environmentally-dependent quantity, consistent with the ob-
served environmental dependence of the star formation efficiency
per unit time in spiral and dwarf galaxies (Leroy et al. 2008). Us-
ing only the observable properties of the ISM, the cloud lifetime τ
in the CMZ can be quantified by adding the rates of the relevant
large-scale dynamical processes in parallel, such that

τ = |(τ−1
κ + τ−1

ff,g + τ−1
cc − τ−1

β )|−1. (1)

The different time-scales in this equation and their physical vari-
ables are summarised in Table 1, where Ω is the angular velocity of
the midplane ISM, β is the galactic shear parameter

β =
d ln vc
d lnR

, (2)

for circular velocity vc(R) at galactocentric radius R, and Q is the
Toomre (1964) Q parameter for the ISM midplane gas

Q =
κσg
πGΣg

, (3)

for an epicyclic frequency κ, midplane gas velocity dispersion σg ,
and midplane gas surface density Σg . The variable φP quantifies
the contribution of the stellar potential to the ISM pressure, as de-
fined in Elmegreen (1989),

φP = 1 +
Σs
Σg

σg
σs
, (4)

where σs and Σs refer to the stellar velocity dispersion and sur-
face density, respectively. The variable fG = 0.5 in τcc is a ‘colli-
sion probability’ parameter defined and fitted to observations in Tan
(2000). All time-scales depend inversely on the angular velocity Ω,
such that the normalised cloud lifetime τ/Ω−1 is described within
a parameter space spanned by the four physical variables β, Q, φP
and fG. Of these, we fix fG to its above fiducial value, and note that
only the time-scale τff,g for gravitational free-fall depends weakly
on φP . The cloud lifetime therefore varies within a fundamental
parameter space spanned by β, Q and Ω, with a secondary depen-
dence on φP . Values of these variables for the CMZ are accessi-
ble through measurements of its rotation curve, velocity dispersion
profile, and surface density profile. Since neither the Galactic bar

nor the Galactic spiral arms extend down to the maximum galacto-
centric radius of ∼ 500 pc considered here, we have excluded the
dynamical time-scale τΩP for spiral-arm crossings, although it is
discussed in Jeffreson & Kruijssen (2018).

3 APPLICATION TO THE CMZ

In order to use Equation 1 to calculate the cloud lifetime in the
CMZ, we require its rotation curve, velocity dispersion profile and
surface density profile. The accurate measurement of velocity dis-
persions in the CMZ is currently an active topic of research (Shetty
et al. 2012; Henshaw et al. 2016a,b), while the edge-on CMZ view-
ing angle prohibits the acquisition of an accurate face-on surface
density profile. As such, we use observational data for the rota-
tion curve of the CMZ from Launhardt et al. (2002), but use the
gas velocity dispersions and gas surface densities produced by sim-
ulation run m10r050f10 from the dynamical model of Krumholz
et al. (2017), which are consistent with the gas properties inferred
observationally for the CMZ (see e.g. their Figures 10 and 14 and
compare to Kruijssen et al. 2014; Henshaw et al. 2016a,b). This nu-
merical simulation successfully reproduces several of the observed
properties of the CMZ, in particular the large-scale gas distribution.

In Figure 1, we display the time-scales of each cloud evolu-
tionary mechanism (top panel) and the resulting cloud lifetimes
(bottom panel) as a function of galactocentric radius, at a simu-
lation time of 485 Myr in the model m10r050f10, corresponding
to the gas properties that best match those observed at the current
epoch. We also display the standard deviation in each quantity at
each radius over the whole range of model parameters during the
most recent 100 Myr in Krumholz et al. (2017), to provide an in-
dication of how much they vary.1 The value of φP has been calcu-
lated at each galactocentric radius using the stellar velocity disper-
sion of σs ≈ 100 kms−1 from de Zeeuw (1993), the rotation curve
from Launhardt et al. (2002), and the gas surface density and veloc-
ity dispersion profiles from Krumholz et al. (2017). As in Jeffreson
& Kruijssen (2018), we indicate regions of relevance, enclosed by
black dashed lines. The relevance of a single cloud evolutionary
mechanism depends on the ratio of its time-scale to the minimum
evolutionary time-scale τmin (where τ < τmin), or to the cloud life-
time τ (where τ > τmin due to shear support). If this ratio exceeds
a value of 2, i.e. the mechanism occurs at under half the rate of the
dominant evolutionary mechanism for τ < τmin, or at under half
the rate of cloud destruction for τ > τmin, then its effect on cloud
evolution is deemed irrelevant.

We find that the CMZ can be divided into two distinct regimes,

1 The standard deviation is computed by sampling the last 100 Myr of
evolution at 5 Myr intervals for the models m01r050f10, m03r025f10,
m03r050f05, m03r050f10, m03r050f20 and m10r050f10.
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corresponding to the grey- and white-shaded areas in the bot-
tom panel of Figure 1. The grey-shaded areas (R & 120 pc and
R . 45 pc) indicate the galactocentric radii that are dominated by
galactic shear, to the extent that the rate of shearing outpaces the
combined rates of all dynamically-compressive cloud evolution-
ary mechanisms (τ−1

β > τ−1
κ + τ−1

ff,g + τ−1
cc ). The white-shaded

area (45 . R/pc . 120) indicates the radii that are dominated
by dynamically-compressive mechanisms of cloud evolution. Due
to the extremely low gas column density at galactocentric radii
R . 45 pc, we will ignore the innermost grey-shaded area from
hereon. We will identify the shear-dominated regime with the outer
CMZ (labelled ‘A’) and will identify the dynamically-compressive
regime with the radii close to the 100-pc stream (labelled ‘B’).

In the vicinity of the 100-pc stream (‘B’, 45 . R . 120 pc in
Figure 1), the majority of GMCs are expected to collapse and form
stars, due to the dominance of dynamically-compressive cloud evo-
lutionary mechanisms. At radii from 50 to 110 pc, gravitational
free-fall ‘f ’ is the only relevant mechanism of cloud evolution,
leading to short cloud lifetimes between 0.3 and 5 Myr at the cur-
rent epoch. The only exception to the dominance of gravity arises
at the entrance to the 100-pc stream at∼ 120 pc, where the volume
density of gas entering the star-forming ring is still low enough
that epicyclic perturbations and galactic shear compete with grav-
itational free-fall (note the equality of all time-scales at ∼ 120 pc
in the top panel of Figure 1). The importance of epicyclic pertur-
bations at ∼ 120 pc is consistent with the hypothesis that star for-
mation in the ∼ 100 pc stream may be triggered by tidal compres-
sions due to pericentre passages of molecular clouds on epicyclic
orbits (Longmore et al. 2013b; Kruijssen et al. 2015; Henshaw
et al. 2016b). In the outer CMZ ‘A’, cloud lifetimes are consis-
tently longer, around 10 Myr, due to the increased degree of shear
support, which balances closely with the dynamically-compressive
mechanisms of cloud evolution. At these radii, self-gravity is irrel-
evant and thus cloud evolution is controlled by shear and epicyclic
perturbations, ‘βκ’. We expect the majority of GMCs in the outer
CMZ to have low star formation efficiencies per unit mass, and
eventually to be dispersed by galactic shear.

As indicated by the standard deviations in τff,g, τcc and the
cloud lifetime τ , the results do not vary much over the past 100 Myr
(despite considerable variations in the SFR), nor do they depend
strongly on the parameter choices of the Krumholz et al. (2017)
model. That is, gravitational free-fall always dominates in the vicin-
ity of the 100-pc stream, and a combination of galactic shear and
epicyclic perturbations dominate elsewhere. The cloud lifetimes
themselves vary by 3 per cent at ∼ 200 pc (region A) and by up
to 30 per cent at ∼ 100 pc (region B), which corresponds to a shift
from 0.3 to 0.2 Myr in the minimum cloud lifetime for region B.
The major downward uncertainty between 120–150 pc arises be-
cause region B extends to ∼ 150 pc in a small subset of the com-
plete range of models considered.

In the bottom panel of Figure 1, we also include the feedback-
adjusted cloud lifetime. In the model of Jeffreson & Kruijssen
(2018), we assume that the lifetime of a cloud is determined by
its evolution towards star formation, and that destruction by feed-
back occurs on a much shorter time-scale. This assumption is ap-
propriate for galactic discs, where the dynamical time-scales gener-
ally greatly exceed the time-scale for gas removal by feedback, but
breaks down in the 100-pc stream, where the dynamical time-scales
are short. We thus add a feedback time-scale of τfb = 1.1 Myr to
the calculated cloud lifetime, which corresponds to the time taken
to traverse the section of the 100-pc stream between Sgr B2, where
stellar feedback first sets in, and Sgr B1, where the most of the

R/pc
−2

−1

0

1

2

3

4

5

lo
g

1
0

(τ
/M

y
r)

τκ
τff,g

τβ
τcc

100 200 300 400
R/pc

−2

−1

0

1

2

3

lo
g

1
0

(τ
/M

y
r)

AB

β
κ

f β
κ τ τfb

Figure 1. Values of the cloud lifetime predicted by our model for the current
gas distribution in the best-matching simulation of Krumholz et al. (2017),
including the standard deviation in the model-dependent time-scales across
the last 100 Myr of all models (see the text). The upper panel gives each of
the time-scales of dynamical evolution. The blue solid line in the lower
panel gives the lifetime calculated using Equation 1, and the red dotted
line adds a feedback time-scale τfb ∼ 1.1 Myr to this lifetime (see the
text). The grey shaded areas indicate the galactocentric radii at which the
rate of galactic shear τ−1

β is higher than the combined rates of all other
mechanisms, while the black dashed vertical lines delineate the regions of
relevance, discussed in Section 3 and labelled according to Table 1. The
labels ‘A’ and ‘B’ refer to the outer CMZ and the vicinity of the 100-pc
stream, respectively.

molecular gas has been blown out (Kruijssen et al. 2015; Barnes
et al. 2017). With the addition of this feedback time-scale, the range
of cloud lifetimes predicted for the 100-pc stream is raised to 1.4–
3.9 Myr. We emphasise that the feedback time-scale is the only
result in this paper that depends on an evolutionary progression of
cloud evolution along the 100-pc stream, from Sgr B2 to Sgr B1.

In Figure 2, we show the CMZ model by Krumholz et al.
(2017) in the fundamental parameter space (β,Q), over which the
normalised cloud lifetime, τ/Ω−1, varies. Triangular points denote
the data at the current epoch, corresponding to the cloud lifetimes
in Figure 1. Circular points denote the data at all other epochs. The
values of β are taken from the observed rotation curve, which is
assumed to be constant in time, and the regions of relevance are
delineated by black dashed lines. The shear-dominated regime ‘s’,
corresponding to the grey-shaded regions in Figure 1, is separated
by a white solid line from the dynamically-compressive regime ‘c’.
We set φP ∼ 1, the value appropriate to the 100-pc stream (c.f.
de Zeeuw 1993; Launhardt et al. 2002; Krumholz et al. 2017), be-

MNRAS 000, 1–6 (2017)
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Figure 2. Values of the predicted cloud lifetime in units of angular veloc-
ity Ω (coloured contours) for a cross-section of (β, logQ) parameter space
with φP ∼ 1, overlaid with values of β and logQ (translucent circles) for
the CMZ, at 10 Myr intervals from 100 to 500 Myr in the best-matching
simulation of Krumholz et al. (2017). The data at 485 Myr (the current
epoch) are given by triangles. The data points are colour-coded on a grey
scale between black and white by galactocentric radius, where a lighter
colour corresponds to a larger radius. Their area is weighted on a linear
scale by the total gas mass in each radial interval, where the largest data
points represent the largest quantities of molecular gas. The dashed black
lines enclose the regions of relevance for each time-scale, labelled as in Fig-
ure 1. The dashed white lines divide the regimes ‘ii’ in which the cloud life-
time is longer than the minimum evolutionary time-scale from the regimes
‘i’ in which it is shorter. The solid white lines divide the shear-dominated
regime ‘s’ from the dynamically-compressive regime ‘c’ (grey- and white-
shaded regions, respectively, in Figure 1). The labels ‘A’ and ‘B’ denote
the regions of the CMZ shown in Figure 1 and discussed in Section 3.

cause it only affects τff,g and the effect of gravitational free-fall
is strongest in the 100-pc stream. We note that higher values of
12 . φP . 100, appropriate to radii of 120–500 pc, do not signif-
icantly alter the predicted cloud lifetime outside the 100-pc stream.

We find that the two distinct regimes ‘A’ and ‘B’, correspond-
ing to different galactocentric radii in Figure 1, are also distinct in
(β,Q,Ω) parameter space. The outer (‘A’, & 120 pc) region of
the CMZ, through which gas flows inwards with large scale heights
and low volume densities, is characterised by an approximately-
flat rotation curve and very high levels of gravitational stability
(β < 0.5 and Q & 60). According to the model of Krumholz

et al. (2017), ‘A’ can be interpreted as a body of gas spiralling
in towards the star-forming, ring-shaped stream ‘B’ at ∼ 100 pc,
propelled by shear-driven acoustic instabilities. Due to high lev-
els of shearing and gravitational stability, GMCs in the outer CMZ
fall exclusively in the dynamically-dispersive regime ‘s’ of pa-
rameter space, and are governed by a combination of galactic
shear and epicyclic perturbations ‘βκ’. The competition between
dynamically-compressive and dynamically-dispersive mechanisms
of cloud evolution in this regime elongates the cloud lifetime to be-
tween 2.3 and 3.3 orbital times 1/Ω. Note that we have excluded
> 3σ outliers for this and all subsequent ranges, in order to reflect
the typical cloud lifetime at each interval of galactocentric radii.

In the vicinity of the 100-pc stream ‘B’, between galacto-
centric radii of 45 and 120 pc, the gas inflow stalls due to a lo-
cal shear minimum in the rotation curve (Krumholz & Kruijssen
2015), where 0.5 . β . 0.75. It condenses to small scale heights
(∼ 3 pc) and high volume densities (∼ 500 M�pc−3), such that
the level of gravitational stability falls as low as Q ∼ 0.1. At
these radii, we expect that the majority of GMCs are governed by
gravity alone (in regime ‘f ’ of parameter space), and are there-
fore destroyed by gravitational collapse and the subsequent stel-
lar feedback. In particular, we expect cloud lifetimes on the out-
side of the 100-pc stream (between 100 and 120 pc, corresponding
to the lighter-coloured data points in region ‘B’) to be very short
(∼ 1 orbital time 1/Ω). On the inside of the stream (between 45
and 100 pc, corresponding to the darker-coloured points in region
‘B’), the molecular gas surface density is depleted by star forma-
tion (Krumholz et al. 2017), leading to gas masses as low as one
1000th of the mass on the outside of the stream (compare the areas
of the dark- and light-coloured data points in region ‘B’ of Fig-
ure 2). Due to its low gas fraction, this remaining material has a
high degree of gravitational stability, leading to longer cloud life-
times (between 1 and 3 orbital times).

The molecular gas that survives the star-forming ring exits the
local shear minimum and makes its way towards the nuclear clus-
ter and eventually the central SMBH (Krumholz et al. 2017). This
inner region of the CMZ is not shown in Figure 2, because the vast
majority of molecular gas in the Krumholz et al. (2017) model is
either consumed by star formation or blown out by feedback at ear-
lier times in the star-forming ring, producing unreliable values of
Q at . 45 pc. However, we do expect that the cloud lifecycle in
the inner CMZ (R . 45 pc) is controlled by similar mechanisms
as in the outer CMZ ‘A’ due to its flat (β < 0.5) rotation curve,
but with higher levels of gravitational stability due to its even lower
gas density.

Comparing the triangular (current, quiescent phase) and circu-
lar (all snapshots) data points in Figure 2, it is clear that there is lit-
tle time-variation of the parameters β and Q between the starburst
and quiescent phases of the Krumholz et al. (2017) model, result-
ing in CMZ cloud lifetimes that are also relatively time-invariant.
Over a period of ∼ 500 Myr in simulation time, the radial extent
of the gravity-dominated regime ‘c’ and the radial extents of each
region of relevance are constant to within 10 per cent. This is a
direct result of the shape of the gravitational potential and, hence,
the rotation curve. As the CMZ evolves, the time-scales on which
gravity-dominated clouds are destroyed by collapse and feedback
in the 100-pc stream ‘B’, and on which shear-dominated clouds are
dispersed by galactic shear outside the 100-pc stream ‘A’, is rela-
tively constant. The most notable exception to time-invariance oc-
curs in the vicinity of the 100-pc stream ‘B’, where a sharp drop in
the cloud lifetime occurs during each starburst phase, correspond-
ing to the scatter of points down to Q ∼ 0.1 in regime ‘f ’ of Fig-
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ure 2. This is due to the simultaneous drop in the turbulent velocity
dispersion and the rise in the molecular gas surface density that
accompanies a starburst, producing a sudden drop in Toomre Q.

Although gravitational free-fall is the only relevant cloud evo-
lutionary mechanism throughout the majority of the 100-pc stream
(see regime ‘f ’ of Figure 2) a number of data points are also lo-
cated in regimes ‘κf ’ and ‘βκf ’, where we expect epicyclic per-
turbations to have a significant influence on cloud evolution. This
is consistent with the hypothesis that tidal compressions may trig-
ger cloud collapse and star formation in the 100-pc stream, due to
pericentre passages of molecular clouds on eccentric orbits, or by
accretion onto the stream (Longmore et al. 2013b; Kruijssen et al.
2018).

We may estimate the fraction of clouds whose collapse is trig-
gered by epicycles, by first calculating the fraction of cloudsN(R)
that survive until they reach galactocentric radius R in the gravity-
dominated regime ‘c’ (i.e. in the vicinity of the 100-pc stream).
This is given by the differential equation

vR
dN(R)

dR
= −τ−1(R)N(R), (5)

where vR is the radial inflow velocity, calculated self-consistently
at each radius in the model of Krumholz et al. (2017), and τ−1(R)
is the rate of cloud destruction, as calculated in Equation (1). Solv-
ing this equation numerically for N(R), we find that at the current
epoch, 100 per cent of clouds are destroyed between R = 120 pc
and R = 115 pc, at the very outer edge of the gravity-dominated
regime. That is, the inflow velocity of the clouds drops significantly
as they spiral inwards towards the local shear minimum, so that
all are destroyed before their apocentric radii shrink from 120 to
115 pc. This demonstrates that the groups of darker-coloured points
(indicating smaller radii) in regimes ‘κf ’ and ‘βκf ’ of Figure 2 do
not give meaningful information about the course of cloud evolu-
tion: for radii close to 45 pc, very few molecular clouds remain.

Of the clouds that are destroyed in each interval of galactocen-
tric radius, we may estimate the statistical fraction F (R) of cloud
destruction through star formation and feedback that is driven by
epicycles, i.e. the fraction of star formation events that is driven by
pericentre passages. This is defined to exclude cloud dispersal by
shear and (in regime ‘c’ of parameter space) is given by

F (R) =
τ−1
κ

τ−1
κ + τ−1

ff,g + τ−1
cc

, (6)

The overall fraction of clouds F that are destroyed by epicycles
is then given by the product of F (R) and the fraction of clouds
destroyed between R and R+ ∆R, summed over all radii, so that

F =
∑
R

[N(R+ ∆R)−N(R)]F (R) ≈ 0.2, (7)

at the current epoch. That is, 20 per cent of cloud destruction, upon
accretion onto the 100-pc stream, is caused by epicyclic perturba-
tions (i.e. pericentre passages). Across the full duty cycle at times
close to the current epoch, the fraction of cloud destruction caused
by epicyclic perturbations does not vary significantly and remains
(with mostly downward variations) in the range 10–30 per cent.

4 CONCLUSIONS

Using the theoretical output of Krumholz et al. (2017), along with
the observed rotation curve in the CMZ of the Milky Way, we
have applied the theory of cloud lifetimes presented in Jeffreson
& Kruijssen (2018) to the Galactic centre.

From a cloud evolutionary perspective, we find that the CMZ
is divisible into two dynamical regimes. At galactocentric radii
from ∼ 120-500 pc, the cloud lifecycle is primarily dominated by
galactic shear, to the extent that the rate of shearing is faster than
the combined rates of all other cloud evolutionary mechanisms.
At these galactocentric radii we expect clouds to be sheared apart
on time-scales between 3 and 9 Myr, before collapse and star for-
mation can occur, leading to low star formation efficiencies. Con-
versely, at galactocentric radii from∼ 45-120 pc, we expect to find
clouds that collapse and form stars on much shorter time-scales,
with median lifetimes between ∼ 0.3 and 2.8 Myr. If we lift the
assumption of instantaneous stellar feedback and include a gas re-
moval time-scale of τfb = 1.1 Myr, motivated by observations,
this range of cloud lifetimes becomes 1.4–3.9 Myr.

At the outer edge of the 100-pc stream, the time-scale for
epicyclic perturbations, which quantifies the influence of orbital
eccentricity on the cloud lifecycle, obtains equality with the free-
fall time-scale. This result is consistent with the hypothesis of
tidally-triggered collapse in the 100-pc stream, as initially proposed
by Longmore et al. (2013b) and later expanded by Kruijssen et al.
(2015) and Henshaw et al. (2016b). While the similarity of the
free-fall and epicyclic time-scales implies that some accreting gas
streams may collapse due to a tidal compression at pericentre (in
approximately 20 per cent of cases), it also means that some gas
streams may undergo free-fall collapse due to their arrival on the
100-pc stream, before pericentre is reached (in around 80 per cent
of cases). This simple time-scale argument corroborates the numer-
ical simulations presented by Kruijssen et al. (2018), who show that
the compressive tidal field at the radii of the 100-pc stream may
have an equal, if not stronger effect on cloud evolution than the
pericentre passage. Since the gas is flowing in from larger radii,
both collapse mechanisms lead to an evolutionary progression of
star formation, either post-pericentre, or after their moment of ac-
cretion onto the 100-pc stream. In combination with the known or-
bits of the CMZ gas streams, this provides an absolute evolutionary
timeline that allows the cloud lifetimes predicted here to be directly
tested with currently available observations.
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ABSTRACT
We examine the role of the large-scale galactic-dynamical environment in setting the proper-
ties of giant molecular clouds in Milky Way-like galaxies. We perform three high-resolution
simulations of Milky Way-like discs with the moving-mesh hydrodynamics code AREPO,
yielding a statistical sample of ∼ 80, 000 giant molecular clouds and ∼ 55, 000 HI clouds.
We account for the self-gravity of the gas, momentum and thermal energy injection from su-
pernovae and HII regions, mass injection from stellar winds, and the non-equilibrium chem-
istry of hydrogen, carbon and oxygen. By varying the external gravitational potential, we
probe galactic-dynamical environments spanning an order of magnitude in the orbital angular
velocity, gravitational stability, mid-plane pressure and the gradient of the galactic rotation
curve. The simulated molecular clouds are highly overdense (∼ 100×) and over-pressured
(∼ 25×) relative to the ambient interstellar medium. Their gravo-turbulent and star-forming
properties are decoupled from the dynamics of the galactic mid-plane, so that the kpc-scale
star formation rate surface density is related only to the number of molecular clouds per unit
area of the galactic mid-plane. Despite this, the clouds display clear, statistically-significant
correlations of their rotational properties with the rates of galactic shearing and gravitational
free-fall. We find that galactic rotation and gravitational instability can influence their elonga-
tion, angular momenta, and tangential velocity dispersions. The lower pressures and densities
of the HI clouds allow for a greater range of significant dynamical correlations, mirroring
the rotational properties of the molecular clouds, while also displaying a coupling of their
gravitational and turbulent properties to the galactic-dynamical environment.

Key words: stars: formation — ISM: clouds — ISM: evolution — ISM: kinematics and
dynamics — galaxies: evolution — galaxies: ISM

1 INTRODUCTION

Within the hierarchical structure of the interstellar medium, gi-
ant molecular clouds (GMCs) correspond to the spatial scales and
densities at which the vast majority of star formation occurs (e.g.
Kennicutt & Evans 2012). The physics that drive the formation,
evolution and destruction of molecular clouds are therefore the
physics that control galaxy-scale observables such as the star for-
mation relation of Kennicutt (1998). In particular, the large scatter
in the observed gas depletion times of nearby galaxies on sub-kpc
scales (Bigiel et al. 2008; Leroy et al. 2008; Blanc et al. 2009; Liu
et al. 2011; Rahman et al. 2011; Schruba et al. 2010, 2011; Rahman
et al. 2012; Leroy et al. 2013) indicates that star formation is not

? s.jeffreson@uni-heidelberg.de

controlled exclusively by the quantity of molecular gas available on
kpc-scales, but is governed to a great extent by cloud-scale (∼ 5-
200 pc) processes (e.g. Feldmann et al. 2011; Calzetti et al. 2012;
Kruijssen & Longmore 2014; Kruijssen et al. 2018).

The set of possible physical mechanisms governing the prop-
erties of GMCs is wide and varied (e.g. Chevance et al. 2020a).
Large-scale dynamical processes such as galactic shear (Luna et al.
2006; Leroy et al. 2008; Suwannajak et al. 2014; Colombo et al.
2018), interactions with spiral arms (Koda et al. 2009; Meidt et al.
2013), and gravitational instability on the Toomre scale (Freeman
et al. 2017; Marchuk 2018) are observed to vary the star-forming
properties of the ISM on cloud scales. Epicyclic motions driven
by the galactic rotation curve (Meidt et al. 2018, 2020; Kruijssen
et al. 2019b; Utreras et al. 2020), accretion flows from galactic
scales down to GMC scales (Klessen & Hennebelle 2010), and
collisions between clouds (Tan 2000; Tasker & Tan 2009; Tasker

c© 2020 The Authors
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2011) can drive turbulence in GMCs and so explain their large
non-thermal line-widths (Fukui et al. 2001; Engargiola et al. 2003;
Rosolowsky & Blitz 2005). Stellar feedback processes such as su-
pernovae (de Avillez & Breitschwerdt 2005; Joung et al. 2009;
Walch & Naab 2015; Martizzi et al. 2015; Iffrig & Hennebelle
2015; Kim & Ostriker 2015a,b; Padoan et al. 2016, 2017), pho-
toionisation by massive stars (e.g. Matzner 2002; Krumholz &
Matzner 2009; Gritschneder et al. 2009; Walch et al. 2012; Kim
et al. 2018), and stellar winds (Haid et al. 2016, 2018; Rahner
et al. 2017) are seen to destroy GMCs in simulations, and to in-
ject turbulence into the wider ISM, providing support against grav-
itational collapse on large scales (Ostriker et al. 2010; Ostriker
& Shetty 2011). These theoretical results are borne out in obser-
vations, which show a correlation between the mid-plane hydro-
static pressures of galaxies and their star formation rates (Sun et al.
2020), and which host clouds that are typically destroyed within
a dynamical time, by the feedback from massive stars (Kruijssen
et al. 2019b; Chevance et al. 2020b,a). Cloud collapse can also be
slowed (Tassis & Mouschovias 2004; Mouschovias et al. 2006) or
its onset delayed (Girichidis et al. 2018; Hennebelle & Inutsuka
2019) by the presence of magnetic fields, which are observed to
penetrate into star-forming regions and can provide pressure sup-
port (see the review by Crutcher 2012). While simulations by Su
et al. (2017) show that magnetic fields have a much smaller effect
on the galactic-averaged SFR than does stellar feedback, Nixon &
Pringle (2018) argue against the implication that magnetic fields
are irrelevant in GMC evolution, instead explaining this result in
terms of local magnetic dissipation in the highly star-forming re-
gions within clouds.

With the recent advent of large interferometric instru-
ments such as the Atacama Large Millimeter/Submillimeter Array
(ALMA), it has become possible to resolve cloud-scale observables
outside the Milky Way. These signatures of cloud-scale physics can
now be retrieved across the local galaxy population (Schinnerer
et al. 2013; Elmegreen et al. 2017; Faesi et al. 2018), permitting a
statistical sample of GMC properties across a wide range of galac-
tic environments. Measurements of the star formation efficiency per
free-fall time (Utomo et al. 2018), as well as the GMC turbulent ve-
locity dispersion, turbulent pressure, surface density and spatial ex-
tent (Leroy et al. 2017; Sun et al. 2018, 2020) have already revealed
a strong correlation with the galaxy-scale properties. A systematic
variation in the dense gas fraction across galaxy discs has similarly
been observed by Usero et al. (2015); Bigiel et al. (2016), and is
correlated with the molecular gas surface density, the stellar surface
density, and the dynamical equilibrium pressure (Gallagher et al.
2018). Within the Milky Way, a large scatter in the ‘size-linewidth’
relation of Larson (1981) is observed between the Central Molecu-
lar Zone (Oka et al. 2001; Shetty et al. 2012; Kruijssen & Longmore
2013; Kauffmann et al. 2017), the outer disc (Heyer et al. 2001),
and the collective GMC population of the entire Galaxy (Heyer
et al. 2009; Roman-Duval et al. 2010; Rice et al. 2016; Miville-
Deschênes et al. 2017; Colombo et al. 2019).

Combined with these observations, a systematic theoretical
study of observable cloud properties across different galactic en-
vironments is necessary to discern the dominant physical mech-
anisms controlling the GMC lifecycle. Given that each distinct
galactic environment hosts a unique set of galactic-dynamical pro-
cesses (e.g. Jeffreson & Kruijssen 2018), we conduct in this work
a systematic examination of the correlations between the aver-
age physical properties of GMCs and the galactic-dynamical time-
scales of their host galaxies. We use a spatially-resolved, statistical
sample of ∼ 80, 000 GMCs, drawn from three numerical simula-

tions of Milky Way-pressured disc galaxies that we perform using
the moving-mesh hydrodynamics code AREPO (Springel 2010). In
this context, ‘Milky Way-pressured’ refers to the fact that our simu-
lated galaxies have a Milky Way-like division of mass between the
galactic disc, bulge and halo, as well as between stars and atomic
and molecular gas, leading to Milky Way-like values of the mid-
plane pressure. To obtain further insight into the origin of each
dynamical correlation, we also examine the sample of ∼ 55, 000
HI clouds across the three galaxies, in addition to the GMCs. The
HI clouds represent a level up in the hierarchical structure of the
ISM, i.e. they comprise the atomic gas out of which GMCs con-
dense on time-scales of around 30 Myr in Milky Way-like environ-
ments (Larson 1994; Goldsmith et al. 2007; Ward et al. 2020).

The remainder of the paper is structured as follows. In Sec-
tion 2, we describe the three isolated galaxy simulations used in this
work to explore the properties of GMCs across different galactic-
dynamical environments. We explain the set of numerical meth-
ods that we have employed and the basic analysis methods that we
have used to identify GMCs and HI clouds. In Section 3 we com-
pare our simulations to key observable properties of Milky Way-
like galaxies and their GMCs from the literature, demonstrating an
acceptable level of agreement. Section 4 reviews the analytic the-
ory of Jeffreson & Kruijssen (2018) for GMC evolution under the
influence of galactic dynamics, and maps the simulation data into
the environmental parameter space spanned by the theory to reveal
galactic-dynamical trends in the properties of our simulated GMCs.
Our results and their implications are explored in Section 5. In Sec-
tion 6, we discuss our results in the context of existing ISM models
and simulations of GMCs, and additionally examine the caveats of
our simulations. Finally, we present a summary of our conclusions
in Section 7.

2 SIMULATIONS

We consider three simulated galaxy discs, spanning a range of
galactic-dynamical environments at Milky Way ISM mid-plane
pressures. The simulations are set up as isolated gaseous discs in
an external gravitational potential that models the dark matter halo,
the stellar disc, and the stellar bulge. Subsequent star formation
produces live stellar particles.

2.1 Initial conditions

The initial conditions for each galaxy are generated using MAKE-
NEWDISK (Springel et al. 2005) with 9 × 106 gas cells each. The
velocity of each cell centroid is determined by its acceleration due
to the external potential described in Section 2.2, with all parame-
ters given in Table 1. The density distribution of the gas disc follows
an exponential profile of the form

ρgas(R, z) =
Mgas

4πRgaszgas
exp

(
− R

Rgas

)
exp

(
− |z|
zgas

)
, (1)

whereR is the galactocentric radius, z is the height above the galac-
tic mid-plane, and Mgas is the total gas mass of the disc. The disc
scale-length Rgas is fully-determined by the external potential and
the disc scale-height zgas is set by the condition of hydrostatic equi-
librium.

To each initial condition, we add a background grid of side-
length 500 kpc, composed of 32 cells per side. The large size of
this box ensures no interaction between the simulation boundaries
and the gas cells in the isolated disc galaxy. We set an upper limit
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Table 1. Physical parameters for the disc galaxies modelled in this work, including the values of the analytic constants for the background potentials in
Section 2.2. Properties of the gas disc (Mgas, Rgas and zgas) are quoted at the fiducial simulation time of ∼ 600 Myr, at which point molecular cloud
properties are measured. All masses are given in units of 1010M�, while all length-scales are given in units of kpc. The columns report: (1) Halo mass, (2)
halo scale-radius, (3) core cut-off radius, (4) bulge mass, (5) bulge turnover radius, (6) stellar disc mass, (7) stellar disc scale-radius, (8) stellar disc scale-height,
(9) final gas disc mass, (10) gas disc scale-radius, (11) gas disc scale-height.

Sim. Mh ah ac Mb ab Md ad bd Mgas Rgas zgas

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

FLAT 116 47 - 1.5 0.4 3.5 2.6 0.4 5.8 7.4 0.38
SLOPED 130 49 - 0.5 2 3.5 5.4 0.3 5.9 7.7 0.28
CORED 150 51.5 5 - - 3.5 6 1 6 7.4 0.25

of 1.25 × 105 kpc3 on the gas cell volume for each simulation,
limiting the size of the background grid cells under the adaptive
mesh refinement scheme described in Section 2.3.

Finally, we ‘warm up’ the initial condition for 500 Myr by
injecting kinetic and thermal energy into all cells above a hydro-
gen number density threshold of 100 cm−3. We use the supernova
feedback prescription outlined in Section 2.6, but circumvent the
creation of star particles to inject this feedback instantaneously into
the relevant gas cells. This period of evolution allows for the dis-
persal of resonant rings formed within the galactic mid-plane, as
the gas cells refine and re-distribute within the potential well. It
produces a flocculent spiral-arm structure, and so significantly re-
duces the run-time required for the simulation to settle into a state
of dynamical equilibrium.

2.2 External potential

We consider two different classes of external potential, which span
values of the galactic shear parameter β from the high-shear case
of β = 0 for a flat rotation curve up to β = 1 for solid-body rota-
tion. The FLAT (β ∼ 0) and SLOPED (β . 0.5) initial conditions
follow a Milky Way-like external potential consisting of a stellar
bulge, a (thick) stellar disc and a cusped dark matter halo (e.g.
Bland-Hawthorn & Gerhard 2016). In this initial study we do not
consider the influence of the Galactic bar, which is likely to cre-
ate a higher-pressure environment with higher levels of star for-
mation than the Galactic disc (e.g. Sun et al. 2020). The CORED
(0 . β . 1) initial condition follows an M33-like potential pro-
file with a stellar disc, a cored dark matter halo, and no stellar
bulge (e.g. Corbelli 2003). All analytic parameters are presented
in Table 1, and have been chosen to achieve a maximum rotational
velocity within the gas disc of ∼ 220 kms−1. The contribution of
the halo, bulge and disc components to the galactic circular veloc-
ity of each simulation is shown as a function of the galactocentric
radius in Figure 1.

2.2.1 Stellar disc

The stellar disc component is modelled using a Miyamoto & Nagai
(1975) potential of the form

Φd =
GMd√

R2 + [ad + (z2 + b2d)1/2]2
, (2)

whereG is the gravitational constant,R is the galactocentric radius
within the galactic mid-plane and z is the perpendicular distance
from this plane, such that r =

√
R2 + z2 for any distance r away

from the disc centre. The parameters Md, ad and bd are the mass,
scale-length and scale-height, respectively, of the stellar disc. The

5 10 15

R/kpc
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100

200

v c
/k

m
s−

1

FLAT SLOPED CORED

Figure 1. Contribution of the disc (dashed lines, Equation 3), the bulge
(dash-dotted lines, Equation 5) and the halo (dotted lines, Equation 7) com-
ponents of the analytic external gravitational potential to the galactic circu-
lar velocity (bold lines) of each simulated galaxy.

corresponding rotation curve is given by

vc,d(R) =

√
GMdR

([ad + bd]2 +R2)3/4
. (3)

Since ad and bd both fall within the gas disc, the stellar disc poten-
tial contributes a solid-body (vc ∝ R) component to the rotation
curve for very small galactocentric radiiR� ad +bd, which turns
over at large radii to follow the Hernquist profile (vc ∝

√
R) for

R � ad + bd. For each disc, this rotation profile is given by the
dashed lines in Figure 1.

2.2.2 Stellar bulge

We model the stellar bulge component in the FLAT and SLOPED
simulations using a Plummer (1911) potential of the form

Φb(r) = − GMb√
r2 + a2

b

, (4)

where Mb is the mass of the bulge and ab is the turnover radius of
the density core. This potential gives a rotation curve of

vc,b =

√
GMbR

(R2 + a2
b)3/4

(5)

in the galactic plane, which is identical in form to the stellar disc
rotation curve, but with its peak at the bulge turnover radius ab.
These profiles correspond to the dash-dotted lines in Figure 1.
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2.2.3 Spherical dark matter halo

The cuspy dark matter halo for the FLAT and SLOPED simulations
follows a Hernquist (1990) potential of the form

Φh(r) = − GMh

r + ah
, (6)

where Mh is the halo mass and ah is the halo scale radius. The
corresponding rotation profile in the galactic plane is given by

vc,h(R) =

√
R

dΦh

dR
=

√
GMhR

R+ ah
, (7)

which peaks at R ∼ ah, far outside the star-forming disc. The
dark matter halo therefore contributes a component vc ∝

√
R to

the rotation curve within the star-forming disc, corresponding to a
shear parameter of β = 1/2. These profiles are given by the purple
(FLAT) and blue (SLOPED) dotted lines in Figure 1.

The dark matter potential for the CORED simulation com-
bines the above Hernquist profile with a uniform-density core in
a piece-wise fashion, such that

Φh,core(r) =

{
GMhR

2

2ac(ac+ah)2
0 6 r 6 ac

Φh(r) ac 6 r
, (8)

where ac is the cut-off radius of the core. The resulting rotation
curve is solid-body for R < ac and follows Equation (7) for R >
ac. It is shown as the green dotted line in Figure 1.

2.3 Adaptive mesh refinement

The adaptive refinement and de-refinement of gas cells in AREPO

is determined according to the mass and density aggregated at each
grid point. In contrast to Eulerian codes, the mesh moves along
with the gas flow, reducing the number of gas cells that must be
refined and de-refined during each time-step (Springel 2010). As
such, we need only to set a ‘target’ mass resolution for the Voronoi
cells, corresponding to the mode of the distribution of cell masses.
We use a value of 900 M�, so that the spatial resolution of each
simulation extends down to cell diameters of ∼ 3 pc at our star
formation threshold of nthresh = 2000 cm−3 (see Section 2.4).
The distribution of cell masses and sizes is shown in Figure 2. We
do not impose the non-thermal pressure floor that is often used to
prevent gravitational fragmentation in regions for which the Jeans
length λJ = (πc2s/Gρ)1/2 is unresolved. According to the cri-
terion of Truelove et al. (1997), such fragmentation is a numeri-
cal artefact that can be avoided if λJ is sampled by four or more
gas cells at all times. However, this would require us to inflate the
Jeans length inside our simulated molecular clouds to an unphysi-
cal value of λJ ∼ 10 pc, preventing the physical (but unresolved)
gravitational fragmentation required to attain densities close to our
star formation threshold, as discussed by Teyssier (2015); Hop-
kins et al. (2018b). Instead, we fulfil the three requirements tested
by Nelson (2006) for thin isolated discs using Lagrangian meth-
ods: namely that (1) the Toomre mass is resolved, (2) the scale-
height of the disc is resolved, and (3) fully-adaptive gravitational
softening is used up to density threshold for star formation. The
first requirement can be formulated as a maximum resolvable sur-
face density Σmax, given in Equation (11) of Nelson (2006) as
Σmax = (π/G) · (c4s/mHNreso), where cs is the sound speed, mH

is the proton mass andNreso is the SPH neighbour number. For use
with AREPO, we set Nreso = 9 for the linear stencil used to re-
construct the hydrodynamical gradients (the central cell plus eight
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Figure 2. Distribution of gas cell radii rcell (top) and gas cell masses
Mcell (bottom) as a function of mass density for the FLAT simulation
after 600 Myr of evolution. The cells are not perfectly-spherical, so rcell

corresponds to the radius of a sphere with the same volume. The colours
are logarithmically-related to the total number of gas cells, at a spacing of
0.3 dex.

adjacent cells). Using the average sound speed in our simulations1

(cs ∼ 7 kms−1), we obtain Σmax ∼ 3000 M� pc−2: larger than
the maximum surface density of ∼ 1000 M� pc−2 attained in our
galaxies. The second requirement is manifestly fulfilled for our gas
disc scale-heights of several hundreds of parsec (see Table 1). To
fulfil the third requirement, we employ the adaptive gravitational
softening scheme in AREPO with a softening length of 1.5 times
the cell diameter and a minimum value of 3 pc to match the spatial
resolution at nthresh = 2000 cm−3.

2.4 Star formation prescription

We follow a simple prescription for the star formation rate volume
density that reproduces the observed relationship between the star
formation rate surface density and the gas surface density (Ken-
nicutt 1998). For a gas cell i with volume density ρi, the volume

1 Both the sound speed and the turbulent velocity dispersion in the highest-
density (molecular) gas are much lower than is the average ISM sound
speed. However, the Toomre length in this cold gas is also much longer,
ballooning out to kpc-scales for nH ∼ 100 cm−3. Even in the densest gas,
the average ISM sound speed is therefore the appropriate quantity to use in
our calculation of Σmax.

MNRAS 000, 1–36 (2020)

4.2. Simulations 69



Galactic dynamics and GMC properties 5

density of the star formation rate is computed as

dρ∗,i
dt

=

{
ερi
tff,i

, ni > nthresh

0, ni < nthresh

, (9)

where tff,i =
√

3π/(32Gρi) is the local free-fall time, ni is the
local hydrogen number density, and nthresh = 2000 cm−3 is the
threshold above which star formation is allowed to occur. The star
formation threshold is chosen to ensure that the star-forming gas
in our simulations is Jeans-unstable, provided that the gas temper-
ature does not exceed 100 K, a constraint that is satisfied by all of
the dense gas in our simulation (see Section 3). We assign a star for-
mation efficiency per free-fall time of ε = 0.01 in accordance with
observations of the gas depletion time in nearby galaxies (Leroy
et al. 2017; Krumholz & Tan 2007; Utomo et al. 2018; Krumholz
et al. 2018). In practice, Equation (9) is fulfilled on average for
a large number of gas cells by stochastically generating star par-
ticles from the set of cells with n > nthresh, at a probability of
Pi = 1 − exp (−dρ∗,i/dt ·∆t/ρi). Gas cells with masses larger
than twice the simulation mass resolution (900 M� here) ‘spawn’
a star particle of mass equal to the mass resolution, and the gas cell
mass is reduced by the corresponding amount. Smaller gas cells
are deleted entirely and replaced by star particles of an equal mass.
In both cases, the velocity of the new star particle is equal to the
velocity of the parent gas cell. As for the gas particles, we use a
gravitational force softening of 3 pc for the star particles in our
simulations.

One significant concern with the prescription outlined above,
which relies solely on a gas density threshold to determine where
stars form, is that it may lead to star formation in gas that is not
gravitationally-bound. This may occur in gas flows with a high
Mach numbers, in which the gas is Jeans unstable with |Ugrav| >
Utherm but the ram pressure is high, such that |Ugrav| < Ukin =
1/2mv2. This is a common occurrence in radiative shocks, where
the material is cool and at high density, but still has sufficient
kinetic energy to prevent it from undergoing gravitational col-
lapse (see e.g. the discussion in Federrath et al. 2010; Gensior et al.
2020). To check whether this is a problem for the gas in our simula-
tions, we have computed the total energy Ugrav +Utherm +Ukin <
0 for the gas cells in our simulations that fall above the star for-
mation threshold, n > nthresh. The gravitational potential for each
gas cell of mass Mcell and size rcell is defined at its edge, such
that Ugrav = −GM2

cell/rcell. We find that only . 0.04 per cent of
these cells are not self-gravitating at a simulation time of 600 Myr.

2.5 Stochastic stellar population synthesis

We synthesise a stellar population for every star particle in our sim-
ulations using the Stochastically Lighting Up Galaxies (SLUG)
model (da Silva et al. 2012, 2014; Krumholz et al. 2015). Here we
briefly describe the methods used within SLUG to track the evolu-
tion of each stellar population, but refer to the reader to the cited
works for a complete and detailed explanation. The stellar popula-
tion for a star particle of birth massMbirth is formed via the Monte-
Carlo sampling of N stars from a Chabrier (2003) initial stellar
mass function (IMF). The integer N is chosen by drawing from
the Poisson distribution with an expectation value of Mbirth/M ,
where M is the expectation value for the mass of a single star. Av-
eraged over a large number of assignments, this procedure ensures
that the assigned masses of the stellar populations converge to the
birth masses of the star particles. Each stellar population evolves as
a function of the simulation time according to Padova solar metal-

licity tracks (Fagotto et al. 1994a,b; Vázquez & Leitherer 2005)
with Starburst99-like spectral synthesis (Leitherer et al. 1999). As
such, SLUG provides the number of supernovae NSN, the ejected
mass ∆m and the ionising luminosity S for each star particle at
every time-step, all of which are used in our numerical prescrip-
tion for stellar feedback. By basing our feedback on the stochastic
sampling of the IMF, we avoid arbitrary (but important) choices
regarding the time interval over and delay with which stellar feed-
back acts, which have a qualitative effect on the structure of the
ISM (Keller & Kruijssen 2020).

2.6 Stellar feedback

Here we describe in detail the numerical methods used to inject
stellar feedback from supernovae, stellar winds and HII regions into
the simulated ISM. We provide convergence tests for each of the
components of our stellar feedback model in a separate paper, Jef-
freson et al. (prep).

2.6.1 Supernovae and stellar winds

For each star particle i in our simulations, we use SLUG to calcu-
late the mass ∆mi lost during each numerical time-step, along with
the number of supernovae Ni,SN that have occurred. If Ni,SN = 0,
then we assume that the mass loss results from stellar winds, and
deposit the mass into the star’s nearest-neighbour (NN) gas cell.
We do not account for the thermal energy and momentum injected
by stellar winds, and we discuss the possible consequences of this
in Section 6.2. If Ni,SN > 0, then we assume that all mass loss
results from Type II supernovae, and we inject mass, energy and
momentum according to the prescription described in Keller et al.
(prep). We give a brief overview of this algorithm below.

(i) For each star particle i, find the NN gas particle j.
(ii) Determine the total mass ∆mj , momentum ∆pj,SN and en-

ergy ∆Ej,SN delivered by all of the star particles for which j is the
NN, such that

∆mj =
∑
i

∆mi (10)

∆pj,SN =
∑
i

∆pi,SN (11)

∆Ej,SN =
∑
i

∆Ei,SN +
∑
i

|∆pi,SN|2

2∆mi

−
|
∑
i ∆pi,SN|2

2
∑
i ∆mi

(12)

where ∆pi,SN = ∆mivi and ∆Ei,SN = Ni,SN × 1051erg. The
total energy ∆Ej,SN received by gas cell j via Equation (12) is a
combination of the blast-wave energies of the individual SN ejecta
(first term on the LHS) and the energy dissipated in the inelas-
tic collisions between these ejecta (second and third terms on the
LHS).

(iii) For each gas cell j that has received feedback mass, mo-
mentum and energy, find the set of neighbouring gas cells k with
which it shares a Voronoi face. Compute the radial terminal mo-
mentum pt,k for the blast-wave as it passes through each cell k,
using the (unclustered) parametrization of Gentry et al. (2017), as

pt,k

M�kms−1 = 4.249× 105
(wk∆Ej,SN

1051erg

)( nk
cm−3

)−0.06

, (13)
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where the weight factor wk is the fractional Voronoi face area
shared between cells j and k, such that

wk =
Aj→k∑
k Aj→k

, (14)

ensuring isotropic energy injection. In the above, nk is the gas num-
ber density in cell k, and solar metallicity is assumed. Equation (13)
approximates the mechanical (PdV ) work done by the blast-
wave on the surrounding gas during the Sedov-Taylor (energy-
conserving, momentum-generating) phase of its expansion. As we
do not resolve this phase of the blast-wave expansion, the momen-
tum given by Equation (13) would not be retrieved by simply dump-
ing the energywk∆Ej,SN into cell k as thermal energy (Katz 1992;
Slyz et al. 2005; Smith et al. 2018).

(iv) Using the terminal momentum pt,k, calculate the final mo-
mentum pk,new of cell k following the energy-conserving proce-
dure of Hopkins et al. (2018a), as

pk,new = pk + ∆pk,SN

∆pk,SN = pfb,kr̂j→k + wk∆pj,SN,
(15)

where pfb,k is the smallest of the terminal and energy-conserving
momenta in cell k, such that

pfb,k = min {wkpt,k,
√

2(mk + wk∆mj)wk∆Ej,SN}. (16)

(v) Calculate the final mass mk,new and final energy Ek,new of
the cell k, as

mk,new = mk + ∆mk

∆mk = wk∆mj ,
(17)

and

Ek,new = Ek + ∆Ek

∆Ek =
|pk + ∆pk,SN|2

2(mk + ∆mk)
− |pk|

2

2mk
.

(18)

(vi) Finally, ensuring linear momentum conservation to machine
precision requires that the new momentum pj,new of the central cell
j is given by

pj,new = pj −
∑
k

∆pk,SN. (19)

Similarly, to ensure energy conservation to machine precision re-
quires that the updated total energy Ej,new of the central cell j be
given by

Ej,new = Ej + Ej,SN −
∑
k

(
∆Ek,SN −

wk|∆pj,SN|2

2∆mj

)
,

(20)

where the final term accounts for the frame-change from the SN
frame to the frame of gas cell j.

In the above, we do not adjust the chemical state of the cells into
which SN mass, momentum and thermal energy is injected. The
evolution of chemistry, heating and cooling via SGCHEM (see Sec-
tion 2.7) occurs immediately after the injection of feedback, and
deals with the change in the ionisation state of the gas cells caused
by the injection of thermal energy. Aside from this, we do not
evolve metal abundances in our simulations.

2.6.2 HII region momentum

We inject thermal and kinetic energy from HII region feedback ac-
cording to the model of Jeffreson et al. (prep). The momentum pro-

vided by a hemispherical ‘blister-type’ HII region to the surround-
ing ISM is given by the momentum of the thin bounding shell at
the ionisation front, swept up in its initial rapid expansion to the
Strömgren radius (Matzner 2002; Krumholz & Matzner 2009). The
momentum equation for the shell of an HII region with ionising lu-
minosity S and age t can be solved to give a momentum per unit
time of

dp

dt
∼ 1.2× 103M� kms−1Myr−1×

S49

{
1 +

[3

2

t2

t2ch
+
(25

28

t2

t2ch

)6/5]1/6}
,

(21)

where S49 = S/1049s−1. The characteristic time tch at which ra-
diation pressure and gas pressure make equal contributions to the
momentum delivered is given approximately by

tch ∼ 45 n
1/6
H,2S

7/6
49 yr, (22)

where nH,2 = nH/100cm−2 with nH the birth number density
of the star particle. The full derivations of Equations (21) and (22)
are given in Jeffreson et al. (prep). Following Krumholz & Matzner
(2009), the enhancement of the radiation pressure made by photon
trapping (via stellar winds, infrared photons and Lyman-α photons)
contributes a factor of ftrap ∼ 2 to the first term on the right-
hand side of Equation (21), relative to the case of direct radiation
pressure. We calculate the physical momentum delivered by each
AREPO star particle i by grouping together all star particles that
have overlapping ionisation front radii, given by

rII,i(t) ∼ 0.5×−2 S49,i pc
{3

2

( ti
tch,i

)2

+
[25

28

( ti
tch,i

)2]6/5}1/3

.

(23)
This ensures that the amount of momentum injected varies with the
size of the physical HII regions in our simulations, and not with
the masses of the individual star particles, which in turn depend on
the simulation resolution. In practice, we form Friends-of-Friends
(FoF) groups of star particles, where two particles are linked to-
gether if either falls within the ionisation front of the other. The
FoF linking length is then given by max (rII,1, rII,2) for star par-
ticles with ionisation fronts rII,1 and rII,2. The entire FoF group
injects a momentum per unit time that is given by the sum over the
group members, as(dp

dt

)
FoF

= 1.2× 103 M� km s−1Myr−1×

N∑
i=1

S49,i

{
1 +

[3

2

( 〈t〉S
tch,FoF

)2

+
(25

28

〈t〉S
tch,FoF

)6/5]1/6}
,

(24)

where 〈...〉S denotes the luminosity-weighted average over the star
particles i = 1...N in the group, and the characteristic time is given
by

tch,FoF =

√√√√0.6 s2
( N∑
i=1

S49,i

)7/3

〈nH,2〉1/3S pc. (25)

The group injects the momentum ∆pFoF = (dp/dt)FoF∆t at its
luminosity-weighted centre, given by

〈x〉S =

∑N
i=1 S49,ixi∑N
i=1 S49,i

. (26)

We ensure that the values of (dp/dt)FoF and 〈x〉S are consistent
across all FoF group members at every time, by updating the FoF
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Figure 3. Distribution of cell masses (left), ionising luminosities (centre) and Strömgren radii (right) for individual star particles (bold lines) and for FoF
groups with overlapping Strömgren spheres (thin lines). The vertical dashed line in the left-hand panel represents the target gas cell resolution of 900 M�.
The grey shaded region in the right-hand panel represents the range rst,0 > 1.5 pc of Strömgren radii that would be resolved in our simulations. It is clear
that all Strömgren spheres are unresolved, even at the peak gas cell resolution.

groups on global time-steps only. In Jeffreson et al. (prep), we ar-
gue that this procedure incurs a maximum positional error of 1 pc
on the star particle members that are included in a group: one third
the size of the smallest Voronoi cell in our simulations. The numer-
ical time-step ∆t of momentum injection between updates is set
to the numerical time-step of an arbitrary group member. All star
particles in each FoF group have comparable time-steps, which are
determined according to their instantaneous accelerations.

The injection procedure for the HII region momentum is iden-
tical to that employed for supernovae, as described in Section 2.6.1.
The nearest-neighbour gas cell j to the centre 〈x〉S of the FoF
group accumulates the net radial momenta of all the FoF groups
that it hosts, then distributes the momentum to its facing neighbour
cells k according to

∆pk,HII = wk(θk, Ak)r̂j→k∆pj,HII, (27)

where r̂j→k is the unit vector connecting the centroid of cell j to
that of cell k, and the weight factor wk(θk, Ak) is the fractional
Voronoi face area shared between these cells, rescaled to account
for the directionality of momentum injection from a blister-type HII
region, such that

w(θk, Ak) =
Aj→kf(θk)∑
k Aj→kf(θk)

f(θk) =
[

log
( 2

Θ

)
(1 + Θ2 − cos2 θk)

]−1

.

(28)

Here, Θ = π/12 controls the width of the directed momentum
‘beam’ and θk is the angle between the beam-axis and the unit vec-
tor r̂j→k connecting cells j and k, defined by

cos θk =
r̂j→k · ẑFoF

|ẑFoF|
. (29)

For each star particle, the vector ẑi defining the beam-axis is drawn
randomly from a uniform distribution over the spherical polar an-
gles about the star’s position at birth, φi and θi. This value is fixed
throughout the lifetime of the HII region, and the beam-axis ẑFoF

of each FoF group is calculated as a luminosity-weighted average
of ẑi across the constituent star particles.

2.6.3 HII region heating

We inject enough thermal energy from each HII region to heat the
gas inside the Strömgren radius of each FoF group to a tempera-
ture of 7000 K, in accordance with Ho et al. (2019). We do this
via an approximate photon-counting procedure that assumes all
Strömgren radii are either completely unresolved (smaller than the
radius of a single Voronoi gas cell) or marginally-resolved (extend-
ing into the first layer of neighbouring gas cells). We demonstrate
in Figure 3 that this approximation holds for the Strömgren radii in
all three simulations. As such, we need only inject photons into the
Voronoi gas cells that share a face with the nearest-neighbour cell
of the FoF group, and so we use the same injection procedure as
for the HII region momentum. We count the photons to be injected
via a technique similar to that of Hopkins et al. (2018b), described
below, and explained fully in Jeffreson et al. (prep).

(i) For each FoF group, find the NN (host) gas particle j for the
luminosity-weighted centre of mass.

(ii) Increment the total number of photons Sin per unit time de-
livered to this gas cell by its enclosed set of N group centres, so
that the final value is given by Sj,in =

∑N
FoF=1 SFoF, where SFoF

is the total ionising luminosity of all stars in the FoF group.
(iii) Calculate the number of photons that can be consumed

per unit time by ionising the material inside gas cell j, given by
Sj,cons = αBNj,Hnj,e, with Nj,H the number of hydrogen atoms
in the cell and nj,e the number density of electrons.

(iv) If Sj,in < Sj,cons, flag cell j as ‘ionised’ with a probability
of Sj,in/Sj,cons. Over a large number of gas cells, the number of
injected photons converges to Sj,in.

(v) If Sj,in > Sj,cons, flag cell j as ‘ionised’ and calculate the
residual ionisation rate Sj,res = Sj,in − Sj,cons that will now be
spread over its set of facing Voronoi cells k.

If the Strömgren radius is completely unresolved, i.e. Sj,in <
Sj,cons, then the algorithm ends here. If it is marginally-resolved,
then we continue as follows.

(vii) For each gas cell j with Sj,res > 0, find the set of neigh-
bouring cells k with which it shares a Voronoi face, which have
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already been identified for the purpose of injecting feedback from
supernovae and momentum from HII regions (see Sections 2.6.1
and 2.6.2). Compute the fraction of momentum received by each of
these cells k according to

Sk,in = wkSj,res, (30)

where the weight factor wk is identical to the weight factor used
for the injection of HII region momentum.

(viii) Ionise each facing cell k with a probability of
Sk,in/Sk,cons. Summed over the set of facing cells for many HII
regions, this ensures that the expectation value for the rate of ioni-
sation converges to Sj,res.

The injection of thermal energy via the procedure outlined above is
immediately followed by the computation of chemistry and cooling
for each gas cell using SGCHEM, as described in Section 2.7. As
such, we do not explicitly adjust the chemical state of the gas cells,
relying instead on the chemical network to ionise the gas in accor-
dance with the injection of heating. We set a temperature floor of
7000 K during this computation.

2.6.4 HII region stalling

The momentum and thermal energy injected by each HII region
in Sections 2.6.2 and 2.6.3 is shut off when the rate of HII region
expansion drops below the velocity dispersion of the host cloud,
such that the ionised and neutral gas are able to mix and the ex-
panding shell loses its coherence (Matzner 2002). Once this tran-
sition has occurred, the shell ceases to expand, and its radius and
internal energy are no longer well-defined, such that it no longer
transfers momentum to the surrounding gas. Equation (23) is no
longer valid, and we ensure that such ‘stalled’ HII regions are re-
moved from the computation of FoF groups, so that they do not
link together two active HII regions and distort the position of
their centre of luminosity. In practice, the value of the ionising
luminosity S also falls steeply at this time, so that it is safe to
ignore the thermal energy that is deposited after stalling has oc-
curred. Prior to FoF group computation, we therefore calculate the
numerical rate of HII region expansion ṙII,i = ∆rII,i/∆ti for
each star particle i, where ∆rII,i is the increment in the ionisa-
tion front radius during the particle’s time-step ∆ti. We compare
this value to the cloud velocity dispersion σcl, approximated ac-
cording to Krumholz & Matzner (2009) for a blister-type HII re-
gion centred at the origin of a cloud with an average density of
ρ(r) = 3/(3 − kρ)ρ0(r/r0)−kρ . Assuming that the cloud is in
approximate virial balance with αvir = 1 on the scale of the HII
region, this gives

σcl(rII) =

√
αvirGM(< rII)

5rII

=

√
2π

15
αvirGρ(rst,0)r

2−kρ
ch r

kρ
st,0x

2−kρ
II ,

(31)

where we again take kρ = 1. If we find that ṙII,i < σcl, then we
flag the star particle as ‘stalled’ and shut off its HII region feedback.

2.7 ISM Chemistry, heating and cooling

The chemical evolution of the gas in our simulations is tracked via a
simplified set of reactions involving hydrogen, carbon and oxygen,
according to the chemical network of Glover & Mac Low (2007a,b)
and Nelson & Langer (1997). This chemical network is interfaced
with AREPO via the package called SGCHEM, and will be referred

to as such throughout this paper. The network follows the fractional
abundances of H,H2,H

+,He,C+,CO,O and e−, which are re-
lated by the equalities

xH = 1− xH+ − 2xH2

xe− = xH+ + xC+ + xSi+

xC+ = max(0, xC,tot − xCO)

xO = max(0, xO,tot − xCO),

(32)

with the abundance of helium set to its standard cosmic value of
xHe = 0.1, and the abundances of silicon, carbon and oxygen
set in accordance with Sembach et al. (2000), to values consis-
tent with the local warm neutral medium: xSi,tot = 1.5 × 10−5,
xC,tot = 1.4 × 10−4 and xO,tot = 3.2 × 10−4. Silicon is as-
sumed to be singly-ionised throughout the simulation, as is any
carbon that is not locked up in CO molecules. The evolution of all
chemical species is coupled to the heating, cooling, and dynamical
evolution of the gas, via the atomic and molecular cooling func-
tion presented in Glover et al. (2010). This includes chemical cool-
ing due to fine structure-emission from C+, O and Si+, Lyman α
emission from atomic hydrogen, H2 line emission, gas-grain cool-
ing, and electron recombination on grain surfaces and in reaction
with polycyclic aromatic hydrocarbons (PAHs). In hot gas, cool-
ing may also occur via the collisional processes of H2 dissocia-
tion, Bremsstrahlung, the ionisation of atomic hydrogen, as well
as via permitted and semi-forbidden transitions of metal atoms and
ions. To treat the contribution from metals, we assume collisional
ionization equilibrium and use the cooling rates tabulated by Gnat
& Ferland (2012). The dominant heating mechanism is photoelec-
tric emission from dust grains and PAHs, with lesser contributions
from cosmic ray ionisation and H2 photodissociation. We assign a
value of 1.7 Habing (1968) units for the interstellar radiation field
(ISRF) strength according to Mathis et al. (1983), and a value of
2 × 10−16 s−1 to the cosmic ray ionisation rate (e.g. Indriolo &
McCall 2012). The dust grain number density is computed by as-
suming the solar value for the dust-to-gas ratio, and the dust tem-
perature is obtained according to the procedure described in Ap-
pendix A of Glover & Clark (2012). The full list of heating and
cooling processes is given in Table 1 of Glover et al. (2010).

2.8 Thermal and chemical post-processing

To calculate the mass fractions of H and H2 for each Voronoi cell
in our simulations, we post-process each snapshot using the as-
trochemistry and radiative transfer model DESPOTIC (Krumholz
2013).2 We follow the method used in Fujimoto et al. (2019) and
treat each Voronoi gas cell as a separate one-zone, spherical ‘cloud’
model, characterised by its hydrogen number density nH, column
density NH, and its virial parameter αvir. Within DESPOTIC, the
line emission from each cloud is computed via the escape probabil-
ity formalism, which is coupled self-consistently to the chemical

2 We use the non-equilibrium molecular fraction from the on-the-fly chem-
istry for cooling, but due to the limitations of our resolution, we cannot
accurately compute the self-shielding of molecular hydrogen from the UV
radiation field during run-time. In addition, because we do not resolve all
of the dense substructures in the clouds that are created by the turbulent
velocity field, we tend to underestimate the H2 formation rate within the
clouds. This means that the on-the-fly H2 fractions are always too low by a
factor of around 2, and so we re-calculate an equilibrium molecular fraction
in post-processing.
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Figure 4. Distributions of the molecular hydrogen column density ΣH2

for six different ray-tracing maps of the FLAT simulation at resolutions of
6 pc, 10 pc, 30 pc, 45 pc, 80 pc and 120 pc. When normalised by the total
number of pixels, all six histograms are identical. The snapshot is taken at a
simulation time of 600 Myr. The vertical dashed line shows the cutoff used
for cloud identification.

and thermal evolution of the gas. The carbon and oxygen chem-
istry follows the chemical network of Gong et al. (2017), modified
by the addition of cosmic rays and the grain photoelectric effect,
subject to dust- and self-shielding for each component, line cool-
ing due to C+, C+, O and CO, as well as thermal exchange be-
tween dust and gas. The ISRF strength and the cosmic ionisation
rate are matched to the values used by the live chemistry during
our simulations, and the rate of photoelectric heating is held fixed,
both spatially and temporally. For each one-zone model, this sys-
tem of coupled rate equations is converged to a state of chemical
and thermal equilibrium.

It would be prohibitively computationally-expensive to per-
form the above convergence calculation for every gas cell in our
simulations, so we instead interpolate over a table of pre-calculated
cloud models, spaced at regular logarithmic intervals in nH, NH

and αvir. The hydrogen volume density can be straight-forwardly
calculated for each Voronoi cell as nH = ρ/µmH, where ρ is
the mass volume density field for the gas and µ ∼ 1.4. Follow-
ing Fujimoto et al. (2019), the hydrogen column density is com-
puted according to the local approximation of Safranek-Shrader
et al. (2017), given as

NH = λJnH, (33)

where λJ = (πc2s/Gρ)1/2 is the Jeans length, computed using an
upper limit of T = 40 K on the gas cell temperature. We define the
virial parameter as in MacLaren et al. (1988a); Bertoldi & McKee
(1992), such that

αvir =
5σ2

g

πGρL2
, (34)

where σg is the turbulent gas velocity dispersion as calculated
in Gensior et al. (2020) and L is the smoothing length over which
this velocity dispersion is calculated (see Appendix A6). Together
with the assumption of equilibrium and the rates of heating and
cooling listed above, these three parameters constrain the abun-
dance of atomic hydrogen fHI and the 12CO line luminosity LCO

for the the 1→ 0 transition. To mimic observations, we use the lat-
ter to compute the molecular hydrogen surface density, as described
in Section 2.9.1.

We have also tested an alternative approach to that described
above, by applying the TREECOL algorithm (Clark et al. 2012) to
attenuate the ISRF in the immediate vicinity of each Voronoi gas
cell. This would allow us to account for the dust- and self-shielding
of molecular hydrogen during run-time, and to self-consistently
couple the resulting abundances to the live, non-equilibrium chem-
ical network described in Section 2.7. However, we have found that
at the spatial resolution of our simulations, the resulting molecular
hydrogen surface density has a maximum value of 2 M� pc−2: half
of the observed value for the Milky Way (Wolfire et al. 2003; Ken-
nicutt & Evans 2012). By contrast, the molecular hydrogen abun-
dances obtained in post-processing fall between values of 1 and
4 M� pc−2, in agreement with observations (see Section 3.3). This
behaviour is in keeping with the resolution requirements reported
by Seifried et al. (2017) and Joshi et al. (2019), who show that the
spatial resolution should reach 0.1 pc in the densest gas, in order to
accurately model the H2 and CO fractions there. We therefore opt
to use the DESPOTIC model instead, as we expect that the resolu-
tion requirements of this method are less severe than for the compu-
tation of abundances via on-the-fly chemistry. That is, at our mass
resolution of 900 M�, the lack of sub-structure at high gas densities
will have a large impact on the time-scale required for the chem-
ical abundances to reach equilibrium during the non-equilibrium
SGCHEM chemistry computation. It will have a lesser impact on
the equilibrium abundances themselves, as calculated during post-
processing.

2.9 Cloud identification

2.9.1 Molecular clouds

We identify GMCs in our simulations as peaks in the molecular
hydrogen column density that are traced by CO, in order to provide
the best possible comparison to the properties of observed clouds.
We convert the 12CO 1 → 0 line luminosity (LCO[erg s−1] per
hydrogen atom) from our DESPOTIC calculation in Section 2.8 to a
CO-bright molecular hydrogen surface density using

ΣH2 [M�pc−2] =
2.3× 10−29[M�(erg s−1)−1]

mH[M�]

× Σg[M�pc−2]

×
∫∞
−∞ dz′ρg(z′) LCO[erg s−1]∫∞

−∞ dz′ρg(z′)
,

(35)

where ρg(z) is the total gas volume density as a function of
distance z away from the galactic mid-plane, Σg is the total
gas surface density, and mH is the proton mass. The factor
2.3 × 10−29 (erg s−1)−1 combines the mass-to-luminosity con-
version factor αCO = 4.3 M�(K kms−1 pc−2)−1 from Bo-
latto et al. (2013) and the line-luminosity unit conversion factor
5.31 × 10−30 (K kms−1 pc2)/(erg s−1) from Solomon & Van-
den Bout (2005), using the observed frequency of 115.3 GHz for
the CO J = 1 → 0 transition at a redshift of z = 0. The integral
ratio is the 2D density-weighted projection map of the CO line-
luminosity per hydrogen atom, computed via the method described
in Appendix A. In Section 3.4, we show that the mass of molec-
ular hydrogen identified in this way makes up approximately one
third of the combined mass of the warm and neutral media, in ac-
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Figure 5. Molecular cloud identification in the FLAT simulation at a time of 600 Myr. Left: Column density of the combined HI and H2 gas distribution.
Centre: Zoomed 2-kpc section of the disc (white box in the left-hand panel), viewed in total cold gas (top), HI gas only (centre) and H2 gas only (bottom).
Right: Zoomed 300-pc section of the disc, viewed in total cold gas (top), HI gas only (centre) and H2 gas only (bottom). The contours in the right-hand panels
indicate the boundaries of GMCs identified via the method described in Section 2.9.

cordance with observed galaxies of a similar mass (e.g. Saintonge
et al. 2011).

For each simulation snapshot, we use Equation (35) to com-
pute a 2D projection map of ΣH2 with a side-length of 30 kpc
and a resolution of 6 pc per pixel, equal to the radius of a typ-
ical Voronoi gas cell at our mass resolution of 900 M� and
at the minimum molecular cloud hydrogen number density of
& 30 cm−3. We therefore ensure that inside GMCs, each pixel
contains at least one Voronoi cell centroid. Using the ASTRO-
DENDRO package for Python, we identify all closed contours at
log10 (ΣH2/M� pc−2) = −3.5, as indicated by the dashed line in
Figure 4.3 We discard contours that enclose fewer than nine pix-
els in total, allowing us to identify clouds of diameter ∼ 3 × 6 pc
= 18 pc, oversampled by a factor of three. In the right-hand pan-
els of Figure 5, we show a zoom-in of the total gas column density
(top), the HI column density (centre) and the H2 column density
(bottom) for a 250-pc patch of the ISM, overlaid with the corre-
sponding set of contours. These correspond to the regions outlined

3 This very conservative lower limit makes use of the range of molecular
hydrogen surface densties calculated within the DESPOTIC model (spanning
over 15 orders of magnitude, as shown in Figure 4). We save computation
time by ignoring the bulk of the pixels in each map (left-hand side of the
dashed line), but avoid taking an arbitrary cut on the value of ΣH2 . The
lowest-density gas on the right-hand side of the dashed line will have little
influence on the GMC properties computed in Section 5, as the contribution
made by each Voronoi cell is weighted by its H2 mass. The assumptions
associated with our GMC identification procedure are therefore limited to
the assumptions made within the DESPOTIC model itself.

by squares in the central panels, which in turn correspond to the
outlined region in the left-most panel, showing the total gas col-
umn density of the entire galaxy.

To obtain the gas cell population of each molecular cloud, we
apply the two-dimensional pixel mask for each ASTRODENDRO

contour to the field of gas cell positions in each snapshot. Any gas
cell with a temperature T < 104 K whose centroid falls inside the
contour is considered to be a member of the molecular cloud. We
accept only those identified structures with 20 Voronoi gas cells
or more, to ensure that the properties of the clouds (e.g. velocity
dispersions, angular momenta) are resolved. On top of the 18 pc
minimum cloud diameter, this imposes a minimum cloud mass of
18, 000 M�. The temperature threshold ensures that we do not in-
clude gas cells that fall far from the galactic mid-plane, but we still
expect to include many gas cells along the line of sight that have
small molecular gas fractions. This is not a concern, as the proper-
ties of each molecular cloud are computed as LCO-weighted aver-
ages.

2.9.2 HI clouds

The HI clouds in our simulations are identified similarly to the
GMCs. The only difference is that we consider the HI gas column
density derived from the HI abundance fHI, such that

ΣHI[M�pc−2] = Σg[M�pc−2]

∫∞
−∞ dz′ρg(z′)fHI∫∞
−∞ dz′ρg(z′)

, (36)

where the fraction on the right-hand side is obtained via the ray-
tracing procedure described in Appendix A. We do not distin-
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Figure 6. Face-on and edge-on column density maps of the total gas (top two rows) and the live stellar component (bottom two rows) for each galactic disc,
at a simulation time of 600 Myr.

guish between atomic and ionised gas during post-processing, in
the sense that we take 1 = fHI + 2fH2 , where fHI and fH2 are the
abundances of atomic and molecular hydrogen, respectively. The
lowest-density gas in our simulations is assigned an atomic hydro-
gen abundance of fHI ∼ 1. We therefore simply choose a lower
limit of ΣHI = 10 M� pc−2 on the HI cloud surface density.

3 PROPERTIES OF SIMULATED GALAXIES

The initial conditions for our galaxies are Milky Way-like in their
masses, sizes and geometries, so it is a necessary (but not sufficient)
test of the input physics that they also reproduce the observable
properties of the Milky Way on sub-galactic scales.4 In this section,
we compare the properties of our simulated discs to observations

4 We do not expect to reproduce the properties of the central few kpc of the
Milky Way, as we do not model the Galactic bar in our simulations. That

of Milky Way-like galaxies from the literature, and demonstrate an
acceptable level of agreement.

3.1 Disc morphology

3.1.1 Disc structure on kpc-scales

The face-on and edge-on total gas and stellar column densities for
each simulated galaxy are displayed in Figure 6. As reported in Ta-
ble 1, stellar feedback inflates the HI gas disc to a scale-height of
∼ 250-380 pc, in agreement with the value observed by Savage &
Wakker (2009). In Figure 7 we show the stellar velocity dispersion
as a function of the height above the galactic mid-plane. The thin
stellar disc has a vertical velocity dispersion of 5-6 kms−1 and a

is, differences between the simulations and observations in this region are
expected, and do not raise concerns about the general validity of our model.
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Figure 8. The gas-to-SFR flux ratio relative to the galactic average value
as a function of the aperture size, for each of our simulated galaxies at t =

600 Myr. The upper branch represents apertures focused on molecular gas
peaks, while the lower branch represents apertures focused on young stellar
surface density (stars with ages 0-5 Myr). The errorbars on each data point
represent the 1σ uncertainty on the value of the gas-to-SFR flux ratio. the
dotted lines show the best-fitting models constraining the separation length,
GMC lifetime and stellar feedback time-scale (Kruijssen et al. 2018).

scale-height of 400-500 pc, while the thick stellar disc has a veloc-
ity dispersion of 20-30 kms−1 and a scale-height of ∼ 1000 pc.
Each of these measured parameters is in approximate agreement
with the values observed in the Milky Way (Rix & Bovy 2013).

High-resolution studies of the nearby Milky Way-like floccu-
lent spiral galaxies NGC 628 and NGC 4254 provide a qualitative
point of comparison for the morphology of our HI gas (see Walter
et al. 2008), molecular gas (see Sun et al. 2018) and young stars (see
Kreckel et al. 2018). In particular, we find that our maps of the
molecular gas surface density (top row of Figure 6) are similar in
structure to the sub kpc-scale observations of the CO emission in
both NGC 628 and NGC 4254. Our maps of the young stellar sur-

face density (central row of Figure 6) may likewise be compared
to to the sub kpc-scale structure of the H-α emission in NGC 628,
while its observed HI gas profile resembles the structure of the HI
gas disc for the FLAT simulation in particular (top left-hand panel
of Figure 6).

3.1.2 Spatial decorrelation between molecular gas and stars

By contrast with the tight correlation observed between molecu-
lar gas and tracers of star formation on galaxy scales (e.g. Ken-
nicutt 1998), a spatial decorrelation between CO clouds and HII
regions is observed in nearby galaxies (e.g. Schruba et al. 2010;
Kreckel et al. 2018; Kruijssen et al. 2019b; Schinnerer et al. 2019;
Chevance et al. 2020b). This spatial decorrelation has been ex-
plained by the fact that individual regions in galaxies follow evolu-
tionary lifecycles independent from those of their neighbours, dur-
ing which clouds assemble, collapse, form stars, and are disrupted
by stellar feedback (e.g. Feldmann et al. 2011; Calzetti et al. 2012;
Kruijssen & Longmore 2014; Kruijssen et al. 2018). Although in
Section 3.1.1 we have found qualitative similarities between our
simulations and observations, we note that Fujimoto et al. (2019)
also reproduce the observed morphologies of the H2, HI and stellar
components in galaxies like the Milky Way and NGC 628, but fail
to correctly capture the spatial decorrelation between young stel-
lar regions and dense molecular gas on small scales. We apply the
same analysis as Fujimoto et al. (2019) to the maps of ΣH2 and
ΣSFR for our galaxies, degraded in spatial resolution via convo-
lution with a Gaussian kernel of FWHM = 50 pc. The result is
illustrated in Figure 8. In summary, we measure the gas-to-stellar
flux ratio enclosed in apertures centred on H2 peaks (top branch)
and SFR peaks (bottom branch), for aperture sizes ranging between
the native resolution of the convolved maps (50 pc) and large scales
(4000 pc). More details about the method can be found in Kruijs-
sen & Longmore (2014) and Kruijssen et al. (2018). Figure 8 shows
that our galaxies span approximately a factor 2 in the gas-to-SFR
flux ratio. Therefore, by contrast with Fujimoto et al. (2019), we
find a similar gas-to-stellar decorrelation as is observed in several
nearby disc galaxies by Chevance et al. (2020b), which show gas-
to-SFR flux ratios in the range [0.3, 0.5] for cloud-scale apertures
(∼ 30− 150 pc) centred on stellar peaks and in the range [1.3, 5.5]
for cloud-scale apertures centred on gas peaks. Following the for-
malism of Kruijssen et al. (2018), this spatial decorrelation can be
used to probe the evolutionary timeline of GMCs and star-forming
regions. This will be investigated in more detail in Jeffreson et al.
(prep).

3.2 Star formation

In Figure 10, we show the total galactic star formation rate as a
function of simulation time t for each isolated disc galaxy. Fol-
lowing the initial vertical collapse of the disc and the subsequent
star formation ‘burst’ from t ∼ 30 Myr to t ∼ 250 Myr, the SFR
settles down to a rate of ∼ 2-4 M� yr−1. We make absolutely
sure to consider each isolated disc in its equilibrium state by ex-
amining the cloud population during a later time interval, between
t = 600 Myr and t = 1 Gyr (grey-shaded region). Over this period,
the SFR declines only gradually, by a total of around 0.5 M� yr−1.
These values are consistent with the current observed SFR in the
Milky Way (Murray & Rahman 2010; Robitaille & Whitney 2010;
Chomiuk & Povich 2011; Licquia & Newman 2015). We may also
consider the resolved star-forming behaviour on scales of 750 pc,
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Figure 9. Top row: CO-bright molecular gas surface density ΣH2
for each galactic disc, degraded to a spatial resolution of 750 pc. Middle row: Star formation

rate surface density ΣSFR for each galactic disc, degraded to a spatial resolution of 750 pc. Bottom row: Pixel density as a function of ΣH2
and ΣSFR for

each disc, corresponding to the resolved molecular star-formation relation of Kennicutt (1998). Gas depletion times of 108, 109 and 1010 Myr are given by
the black solid, dashed and dotted lines respectively. The orange contours encircle 90 per cent (dotted), 50 per cent (dashed) and 10 per cent (solid) of the
observational data for nearby galaxies from Bigiel et al. (2008). All maps are computed at a simulation time of 600 Myr.

as studied in nearby galaxies by Bigiel et al. (2008). In Figure 9, we
display the star formation rate surface density as a function of gas
surface density for each of our simulated galaxies, at a simulation
time of 600 Myr. The top row shows the 2D projection maps of the
CO-bright molecular gas column density ΣH2 . These are computed
via the total gas column density in Equation (35) and degraded us-
ing a Gaussian filter of FWHM = 750 pc. The corresponding
projections of the star formation rate surface densities ΣSFR are
displayed in the central row. Details for the production of all maps
are given in Appendix A. In the bottom row, the values of ΣH2

and ΣSFR in each pixel of the spatially-degraded projection maps
are compiled to produce a single histogram. The loci of our simula-

tion data fall close to the observed star formation relations obtained
by Bigiel et al. (2008), denoted by the orange contours, though with
a population of points at lower densities and star formation rates
than are reached by the observations. These points arise because we
consider all CO-emitting gas down to a molecular hydrogen surface
density of ΣH2 = 10−3.5 M�pc−2 (see Figure 4). This avoids tak-
ing an arbitrary cut on ΣH2 , but also captures much lower levels of
CO emission than could be detected by current observatories.
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Figure 10. Global galactic star formation rate as a function of simulation
time for each galactic disc. The grey shaded region indicates the simulation
times 600 Myr-1 Gyr at which we sample the cloud population.

3.3 Resolved disc stability

Our simulated discs have approximately-uniform values of the line-
of-sight velocity dispersion σlos,g and the surface density Σg for
atomic and molecular gas. The radial profiles for σlos,g and Σg in
each galaxy are displayed in the upper two panels Figure 11, com-
puted in 50 overlapping bins of width 1 kpc. Only the gas compo-
nent with temperature 6 104 K is considered, and the line-of-sight
turbulent velocity dispersion is calculated according to

σ2
los,g =

〈|vi − 〈vi〉|2〉
3

, (37)

where {vi} are the velocity vectors of the gas cells in each ra-
dial bin, and angled brackets denote mass-weighted averages over
these cells. The gas sound speed cs =

√
kBT/µmH ∼ 6 kms−1

for our galaxies (dashed lines in the upper panel) is consistent
with the observed temperature of the neutral ISM phases in the
Milky Way (e.g. Kalberla & Kerp 2009). Similarly, our combined
turbulent/thermal velocity dispersion

√
c2s + σlos,g (solid lines in

the upper panel) also falls squarely within the observed range of
∼ 10 ± 2 kms−1 (Tamburro et al. 2009). Our total gas surface
densities (solid lines in the central panel) are inside the observed
range of 7 to 11 M� pc−2 for galactocentric radii between 3 and
16 kpc in the Milky Way (Yin et al. 2009). Our molecular hydro-
gen surface densities (dashed lines in the central panel) fall be-
tween values of 1 and 4 M� pc−2 for galactocentric radii from
2 to 10 kpc, in agreement with the Milky Way values from Figure 1
of Wolfire et al. (2003) and Figure 7 of Kennicutt & Evans (2012).
Finally, the lower panel of Figure 11 demonstrates that our values
for the Toomre Q parameter agree with the observed values in the
discs of spiral galaxies, which are seen to vary across the range of
Q ∼ [1, 10] (Leroy et al. 2008).

3.4 ISM phase structure

The top panel of Figure 12 displays the mass-weighted distribu-
tion of the gas temperature as a function of the gas volume den-
sity (phase diagram) for the FLAT simulation. The distribution is
peaked along the ‘thermal equilibrium curve’: the state of ther-
mal equilibrium in which the rate of cooling (dominated by line
emission from C+, O and Si+) balances the heating rate due to
photoelectric emission from dust grains and PAHs. The position
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Figure 11. Azimuthally- and temporally-averaged cold-gas (6 104 K) ve-
locity dispersion (upper panel), column density (centre panel) and Toomre
Q parameter (lower panel) as a function of the galactocentric radius for
each simulated galaxy, across the simulation time interval from 600 Myr
to 1 Gyr. The thermal cs and total (thermal plus turbulent) velocity disper-
sions are denoted by the dashed and solid lines, respectively. The vertical
lines denote the minimum radii for cloud identification for the FLAT and
CORED simulations (see Section 4.3).

of our thermal equilibrium curve matches the analysis of Wolfire
et al. (2003), who studied the thermal structure of the ISM in
the Milky Way. It also agrees with the thermal evolution expected
from SGCHEM live chemistry, according to Glover & Mac Low
(2007a,b). Along the curve, the gas can be divided into four ma-
jor components: the warm neutral medium (WNM), the thermally-
unstable phase (Unstable), the cold neutral medium (CNM) and the
star-forming gas (SF). The non-equilibrium components of the gas,
heated by stellar feedback from supernovae (SN) and HII regions
(HII), fall above the thermal equilibrium curve. In particular, the
horizontal line at T ∼ 7000 K is formed from gas cells heated
by HII region feedback, as described in Section 2.6.3. The phase
structure of the gas in our simulations agrees closely with the iso-
lated galaxy simulations of Goldbaum et al. (2016), as well as those
of Hopkins et al. (2012); Agertz et al. (2013); Keller et al. (2014);
Fujimoto et al. (2018), all of which use similar feedback models to
ours. In the lower panel of Figure 12, we display the partitioning
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Figure 12. Upper panel: Density-temperature phase diagram for the FLAT
simulation run at a simulation time of 600 Myr. Dashed lines delineate the
regions of phase-space corresponding to the warm neutral medium (WNM),
the thermally-unstable phase (Unstable), the cold neutral medium (CNM),
gas heated by supernovae (SN), gas heated by HII regions (HII) and star-
forming gas (SF). Lower panel: Partitioning of the gas mass in each galaxy
simulation into four ISM phases from warmest to coolest: hot gas that has
received thermal energy from stellar feedback (MSN+HII), the warm neu-
tral medium (MWNM), the cold neutral medium (MCNM), and the star-
forming gas in the molecular phase (MH2 ).

of gas mass between the phase components in the upper panel. The
mass of CO-traced molecular gas (MH2 ) is calculated using the
DESPOTIC model described in Section 2.8, and approximately
equals the mass of star-forming gas (SF) in the upper panel. For
all simulated discs, around half of the total gas mass is partitioned
approximately-equally between the molecular, CNM and WNM
components, such thatMH2/(MCNM +MWNM) ∈ {0.3, 0.4, 0.3}
for the FLAT, SLOPED and CORED simulations, in agreement
with Saintonge et al. (2011).

Although the mass reservoirs for each of the phases de-

scribed above are relatively static over the simulation times from
600 to 1000 Myr examined here, there exists an ISM baryon cy-
cle that continually shifts gas between star-forming and non-star-
forming phases, as explored in Semenov et al. (2017, 2018, 2019);
Chevance et al. (2020a). The time spent in each of these reser-
voirs sets the global star-forming properties of the ISM (e.g. gas
depletion times and SFEs). In this work, we examine the time-
independent properties of GMCs and their relation to the large-
scale galactic-dynamical environment. In a follow-up paper (Jef-
freson et al. subm), we explore the influence of galactic dynamics
on the time-evolving GMC lifecycle, and relate these findings to
the environmental variation in the ISM baryon cycle.

4 THEORY

In Jeffreson & Kruijssen (2018), we introduced an analytic the-
ory that quantifies the influence of galactic dynamics on molecular
cloud evolution. Here we provide an overview of the theory, and
explain how the environmental parameter space spanned by its vari-
ables is used to reveal the presence of galactic-dynamical trends in
the physical properties of our simulated GMCs.

4.1 Dynamical time-scales for GMC evolution

In Jeffreson & Kruijssen (2018), the time-averaged influence of
galactic dynamics on the evolution and destruction of GMCs is de-
termined by the five dynamical time-scales for gravitational free-
fall in the galactic mid-plane (τff,g), galactic shear (τβ), spiral-
arm interactions (τΩP ), cloud-cloud collisions (τcc) and orbital
epicyclic perturbations (τκ). With the exception of the time-scale
for spiral arm perturbations, which is not relevant for the flocculent
discs simulated in this work, each time-scale is defined in terms of
its physical variables in Table 2. Here, Ω is the angular velocity
of the mid-plane ISM around the galactic centre, and the galactic
shear parameter is defined by

β =
d ln vc
d lnR

, (38)

for a circular velocity vc(R) at galactocentric radius R. The
Toomre (1964) Q parameter for the gravitational stability of the
mid-plane gas is given by

Q =
κ
√
σ2

g + c2s
πGΣg

, (39)

with an epicyclic frequency κ, a mid-plane gas velocity disper-
sion σg, a mid-plane sound speed cs, and a mid-plane gas sur-
face density Σg. The variable φP quantifies the relative gas and
stellar contributions to the mid-plane hydrostatic pressure Pmp =
πGφPΣ2

g/2, defined in Elmegreen (1989) as

φP = 1 +
Σs

Σg

σg

σs

≈ 1 +
σg

Σg

√
2ρs

πG
.

(40)

Here, σs, Σs and ρs denote the stellar velocity dispersion, sur-
face density, and volume density, respectively. The second approx-
imate equality is obtained by assuming that the scale-height of
the stellar disc is much larger than the gas disc scale-height, so
that the stellar disc maintains its own state of collisionless equilib-
rium, Σs = σs

√
2ρs/πG (c.f. Blitz & Rosolowsky 2004). The
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Table 2. The dynamical time-scales used in the cloud lifetime theory of Jeffreson & Kruijssen (2018) and their physical interpretations.

Time-scale Physical meaning Analytic form Physical variables

τκ

Time-scale for a molecular cloud to make a ‘maximal’ orbital excursion
along the galactic radial direction (defined as one quarter of the average
orbital radius).

4π

Ω
√

2(1+β)

1√
3+β Ω, β

τff,g
Time-scale for the gravitational collapse of the ISM on sub-Toomre
length scales, as in Krumholz et al. (2012).

√
3π2

32φP (1+β)
Q
Ω

Q, Ω, β, φP

τcc Average time-scale between cloud collisions (Tan 2000). 2πQ
9.4fGΩ(1+0.3β)(1−β) Q, Ω, β

τβ

Time-scale for a spherical GMC to become ellipsoidal under the in-
fluence of galactic differential rotation (shear-induced azimuthal offset
across the cloud becomes equal to its radial extent).

2
Ω(1−β) Ω, β

Figure 13. The minimum of the four galactic-dynamical time-scales for
gravitational free-fall (τff,g), galactic shear (τβ ), cloud-cloud collisions
(τcc), and orbital epicyclic perturbations (τκ), normalised by the orbital pe-
riod of the galaxy Ω−1, as a function of the galactic-dynamical parameters
β and Q. The solid black contours delineate the regions of parameter space
in which each of the time-scales is shortest, and so has the greatest potential
to influence molecular cloud evolution. The dashed grey contours delineate
the regions for which each time-scale is shorter than twice the minimum
dynamical time-scale (τ > 2τmin), or else shorter than twice the cloud
lifetime (τ > 2τlife), if τlife > τmin. They provide a rough indication of
the parameter space regions in which multiple dynamical mechanisms are
likely to influence molecular cloud evolution. The positions of all contours
are determined for the fiducial value of φP = 3.

cloud-cloud ‘collision probability’ parameter fG is defined and
constrained by comparison to observations in Tan (2000).

All of the time-scales in Table 2 depend inversely on the an-
gular velocity Ω. As such, they can be compared within a pa-
rameter space spanned by the four physical variables β, Q, φP

and fG. Of these, we fix fG = 0.5 to its fiducial value. Jeffre-
son & Kruijssen (2018) therefore describes the influence of galac-
tic dynamics on GMC evolution within a fundamental parameter
space spanned by β, Q and φP. This parameter space is displayed
in Figure 13 for Milky Way-like environments, with β ∈ [0, 1],
logQ ∈ [0, 10], and φP = 3. The minimum galactic-dynamical
time-scale τmin = min (τff,g, τβ , τκ, τcc) is shown in colour, and
we indicate the regions of parameter space in which each time-
scale is shorter than all others, such that its corresponding dynam-
ical process has the dominant influence on cloud evolution (solid
black lines). With the grey dashed contours, we also indicate the
regions of parameter space over which the galactic-dynamical time-

scales have comparable values, to within a factor of two. Formally,
these contours appear for a time-scale τ where τ = 2τmin, or
where τ = 2τlife, if the cloud lifetime τlife is shorter than the
minimum dynamical time-scale τmin, where the cloud lifetime is
defined in Jeffreson & Kruijssen (2018) as the linear combination
of dynamical Poisson rates, τlife = |τ−1

ff,g − τ
−1
β + τ−1

cc + τ−1
κ |−1.

In this expression, we assume a simple form for the support pro-
vided by galactic shear against gravitational collapse, so that τ−1

β

is subtracted from τ−1
ff,g.

4.2 Choice of Toomre Q parameter

In this work, we use the Toomre Q stability parameter associ-
ated with the gaseous component of the interstellar medium, and
do not include the influence of the stellar component as described
in Elmegreen (1995). We do this for two reasons. Practically, we
use an external background potential in our simulations to model
the gravitational force due to the stellar disc and stellar bulge (see
Section 2.2). The live stellar particles formed during the simula-
tion make up only 6 per cent of the stellar mass, at maximum. We
are therefore unable to obtain an accurate estimate of the stellar
velocity dispersion from our simulations. Physically, the use of a
background potential also means that the stellar component can-
not respond dynamically to the growth of gravitational instabilities,
such that the gas-only Toomre Q parameter is the best quantifica-
tion of dynamical instability in our simulations. Both of the above
considerations make the gas-only Toomre Q the natural choice to
compare the analytic theory presented here to the numerical results
presented in Section 5.

4.3 Simulated galaxies in galactic-dynamical parameter
space

Our galaxies resemble the Milky Way in their total masses (∼
1012 M�), gas masses (∼ 6 × 109 M�), and total gas disc scale-
lengths (∼ 7 kpc), but cover a range of different galactic-dynamical
environments. Galactic-dynamical variation is induced via differ-
ences in the external gravitational potential (see Table 1), lead-
ing to variations in the circular velocities and scale-heights of the
gas discs. Figure 14 presents the span of our simulations within
the galactic-dynamical parameter space of Jeffreson & Kruijs-
sen (2018). The two left-hand panels show the azimuthally- and
temporally-averaged values of the circular velocity (top) and of the
cold-gas scale-height (bottom) for each simulation, as a function
of the galactocentric radius R. These profiles are computed in 50
overlapping environmental bins of width 1 kpc, between galacto-
centric radii of R = 1 kpc and R = 13 kpc. The temporal stan-
dard deviation is indicated by the translucent shaded regions. In the
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Figure 14. Left: Circular velocity vc (upper panel) and cold-gas (6 104 K) scale-height hg (lower panel) for each simulated galaxy as a function of the
galactocentric radius, averaged over the time interval from 600 Myr to 1 Gyr (solid lines). The temporal standard deviation at each radius is given by the
translucent shaded regions, and the vertical lines denote the radial cuts for cloud identification (see Section 4.3). Centre: Median value of the φP parameter in
each simulation as a function of the shear β and ToomreQ parameters. The black arrows mark the direction in which the galactocentric radius increases. Right:
Median value of the galactic angular velocity Ω in each simulation as a function of β and Q. The temporally-averaged radial trajectories of each disc through
the parameter space are denoted by the solid lines, and all values are compiled on the time interval from 600 Myr to 1 Gyr. The black solid lines enclose the
regions of parameter space for which the minimum dynamical time-scale is τκ (orbital epicyclic perturbations), τβ (galactic shear) and τff,g (gravitational
free-fall).
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Figure 15. Mid-plane pressure (Pmp, centre) and dynamical time-scales for galactic shear (τβ , upper left), gravitational free-fall (τff,g, lower left), orbital
excursions (τκ, upper right) and cloud-cloud collisions (τcc, lower right), as a function of the shear parameter β and the Toomre Q stability parameter,
i.e. across the galactic-dynamical parameter space of Jeffreson & Kruijssen (2018). The black arrows mark the direction in which the galactocentric radius
increases. All quantities are compiled over the time interval from 600 Myr to 1 Gyr, and the time-scales are defined quantitatively in Table 2. The central panel
additionally shows a schematic for the direction in which each dynamical rate increases (time-scale decreases), so becomes more likely to influence GMC
evolution, along with solid lines denoting the positions of the FLAT, SLOPED and CORED galaxies.
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two right-hand panels, we show the azimuthally- and temporally-
averaged values of the parameters β and Q for each galaxy as solid
lines of matching colour. We achieve the mapping R→ (β,Q) by
constructing the azimuthally-averaged profiles of β and Q for each
galaxy, using the same 50 overlapping bins. We then plot Q as a
function of β, where the black arrows in the central panel denote
the direction in which R increases. Further details on the computa-
tion of each radial profile are given in Appendix A.

The locus of the simulated GMC population on the time inter-
val from 600 Myr to 1 Gyr is indicated by the spread of (β,Q)
bins behind each solid line. We sample both the cloud popula-
tion and the radial profiles of β, Q, Ω and φP at time intervals of
50 Myr, treating each snapshot as a distinct population of clouds.5

We calculate the position of each cloud in the parameter space by
interpolating the smooth radial profiles of the four environmental
variables β, Q, Ω and φP at the galactocentric radius of the cloud
centre of mass. Via this method, we retrieve a cumulative total
of ∼ 80, 000 molecular clouds and ∼ 55, 000 HI clouds across
the three simulations. The spread of the environmental bins be-
hind each temporally-averaged solid line arises due to the small
but significant temporal variation in the Toomre Q profile (recall
Figure 11). On the scale of 1 kpc used to compute the environmen-
tal variables, the azimuthal variation in the value of the Toomre
Q parameter is negligible relative to its temporal variation, owing
to the approximate axisymmetry of our simulated discs. In Fig-
ure 14 and in every following appearance of the parameter space,
we show only those bins that contain > 100 GMCs, ensuring that a
sufficiently-large distribution of clouds is present in each galactic-
dynamical environment to reliably compute a mean and a standard
deviation for each cloud property. We note that for the FLAT and
CORED simulations, we take stricter minimum radii of R = 2 kpc
and R = 3 kpc for cloud identification, respectively, indicated by
the vertical lines that cut through the radial profiles in Figures 11
and 14. We do this to exclude the ring of zero star-formation at
R ∼ 1 kpc in the FLAT simulation, and to exclude the very low
inner surface densities for the CORED simulation.

The colours of the pixels in the two right-hand panels of Fig-
ure 14 correspond to the mean values of the φP parameter (blue
pixels) and the orbital angular velocity Ω (pink pixels). Together,
we see that the simulated galaxies span approximately an order of
magnitude in the Toomre Q stability parameter (logQ ∈ [0.2, 1]),
the angular velocity (log (Ω/Myr) ∈ [−1.75,−0.75]), and the pa-
rameter φP ∈ [1, 9], and cover the full range of galactic shear pa-
rameters from β ∼ 0 (flat rotation curve) to β = 1 (solid-body
rotation). We note that the parameter φP appears only in the time-
scale for gravitational free-fall, to the power 1/2. In determining
the regions of parameter space for which each dynamical time-scale
is minimum (enclosed by the solid black lines), we therefore set
φP ∼ 3, corresponding to its environment-averaged mean value.

Figure 14 shows that both Ω and φP increase monotonically
with the Toomre Q parameter. The relation between Q and Ω is
almost linear, because the kpc-scale velocity dispersion and sur-
face density of the gas disc are roughly constant with galactocentric
radius (see Section 3.3), leaving the gravitational stability to vary
with the degree of centrifugal support (Toomre 1964), which is pro-
portional to Ω. This degeneracy between Ω andQ has the important

5 In a companion paper Jeffreson et al. (subm), we study the time evolution
of GMCs and find that their lifetimes have a maximum value of ∼ 40-
50 Myr. As such, we can be confident that there are very few duplicate
clouds in our sample.

consequence that the ratio Q/Ω is roughly constant across all sim-
ulated environments, such that the time-scale τff,g varies only by
a factor of two from 25 up to 50 Myr across galactic-dynamical
parameter space.

4.4 Simulated galaxies and their galactic-dynamical
time-scales

In Figure 15 we show the variation in the galactic-dynamical time-
scales for galactic shear (τβ , top left panel), gravitational free-
fall (τff,g, bottom left panel), epicyclic perturbations (τκ, top right
panel) and cloud-cloud collisions (τcc, bottom right panel) across
the environments spanned by our three simulations. The direction
in which each time-scale decreases in value (and so the rate of the
associated dynamical process increases) is indicated by the arrows
in the central panel. We can make the following key observations.

(i) The galactic-dynamical environments spanned by our simu-
lations are partitioned between two regimes: a ‘gravity-dominated
regime’ for which the gravitational free-fall time-scale τff,g is the
shortest dynamical time-scale, and a ‘shear-dominated regime’ for
which the time-scale τβ for galactic shearing is the shortest.

(ii) τff,g is always close in value to the shortest dynamical time-
scale, even in environments for which τβ is the shortest time-scale.

(iii) τff,g varies over a small dynamic range of just ∼ 0.4 dex
across our Milky Way-pressured environments.

(iv) τκ and τcc are around an order of magnitude longer than
the free-fall time-scale across all simulated environments, and so
epicyclic perturbations and cloud-cloud collisions are not likely to
be significant drivers of cloud properties, relative to gravitational
free-fall and galactic shearing.

The time-scale for gravitational free-fall is short across our simu-
lated environments, but has a small dynamic range. In the follow-
ing, we also consider the mid-plane hydrostatic pressure Pmp =
πG/2φPΣ2

g (see Elmegreen 1989) and Blitz & Rosolowsky (2004),
which is closely related to the free-fall time, as

τff,g = σg

√
3π

32GPmp
, (41)

but has a greater dynamic range across our sample of galactic envi-
ronments. The variation in Pmp across the galactic-dynamical pa-
rameter space of Jeffreson & Kruijssen (2018) is shown in the cen-
tral panel of Figure 15.

5 GALACTIC-DYNAMICAL TRENDS IN CLOUD
PROPERTIES

In this section, we analyse the physical properties of the GMC
and HI cloud populations across the FLAT, SLOPED and CORED
galaxies at simulation times from 600 Myr to 1 Gyr. We consider
the variation of the mean for each property as a function of its
galactic-dynamical environment in the parameters β,Q, Ω and φP,
demonstrating the interplay between stabilising dynamical influ-
ences (galactic rotation and pressure) and de-stabilising dynamical
influences (gravity) in driving the evolution of clouds. We find that
the variation of GMC and HI cloud properties across this parame-
ter space indicates the presence of statistically-significant correla-
tions between these properties and the key galactic-dynamical time-
scales τβ and τff,g, as well as with the mid-plane pressure Pmp.

MNRAS 000, 1–36 (2020)

4.5. Galactic-dynamical trends in cloud properties 83



Galactic dynamics and GMC properties 19

ΣNcl Pturb αvir σ Lz ε Bσ Σ `eff D M

−1.5

−1.0

−0.5

0.0

0.5

1.0

lo
g

[s
lo

p
e/

3σ
]

HI clouds

slope = 3σ

gravo-turbulent rotational

τβ < 2τmin τβ > 2τmin τff,g Pmp

ΣNcl Lz ε Bσ Σ Pturb σ αvir `eff D M ΣSFR fSF

GMCs

gravo-turbulentrotational

τβ < 2τmin τβ > 2τmin τff,g Pmp

Figure 16. Summary of the correlations investigated in this work between galactic-dynamical quantities (top legend) and the properties (x-axis) of HI clouds
(left) and GMCs (right). The y-axis gives the slope of each correlation, divided by its 3σ variation. The dashed line divides the trends that are significant on
the 3σ level (above) from those that are not (below). The clouds are ordered so that the net significance of the dynamical correlations decreases towards the
right. For both types of clouds, the green shaded region highlights the cloud properties that display galactic-dynamical correlations with τβ , τff,g and Pmp at
the 3σ significance level. The red shaded region highlights the cloud properties that display significant correlations with at most one of these time-scales. The
yellow-shaded region highlights cloud properties that display significant correlations, but over a very small dynamic range (< 0.05 dex for the HI cloud and
GMC surface densities). Correlations with the time-scale τβ for galactic shearing are divided into two distinct regimes: one in which the shear time-scale is
less than twice the minimum evolutionary time-scale (filled points), and one in which it is greater than twice the minimum evolutionary time-scale (unfilled
points). We note that for cloud properties with significant galactic-dynamical trends in τβ , τff,g and Pmp, there exists a clear break between the two regimes.

Table 3. Summary of the environmental trends in GMC properties that are discussed in Section 5. For each cloud property, we give the global mean value, the
span (lowest-highest) of mean values across the (β,Q,Ω, φP) parameter space, and the environmental trends followed by each property, when the correlation
is significant at the 3σ confidence level. In the two right-most columns we give the Section in which each GMC property is discussed, along with the Figure
showing its galactic-dynamical trend.

Cloud property/unit Symbol Mean Span of mean values 3σ correlation Sec. Fig.
H2 HI H2 HI H2 HI

Mass/105M� M 1.3 0.65 1.0→ 1.7 0.49→ 1.3 None None 5.2 −
Size/pc `eff 24 65 22→ 26 51→ 80 None None 5.2 −
Surface density/M�pc−2 Σ 226 16 202→ 254 14→ 18 Marginal 5.3 18
Velocity dispersion/kms−1 σ 3.3 6.7 2.8→ 3.8 5.0→ 8.1 None τβ , τff,g, Pmp 5.3 18
Virial parameter αvir 1.2 22 0.9→ 1.5 12→ 32 None τβ , τff,g, Pmp 5.3 18
Turbulent pressure/105kB Kcm−3 Pturb 2.3 0.21 1.9→ 3.6 0.14→ 0.36 None τβ , τff,g, Pmp 5.3 18
Velocity divergence/kms−1 D −1.0 −0.2 −1.3→ −0.6 −1.6→ 0.6 None σmp 5.4 −
Aspect ratio ε 2.3 2.3 1.9→ 3.2 1.7→ 3.1 τβ , τff,g, Pmp 5.5 21
Angular momentum/pc kms−1 Lz 4.2 34 3→ 9 17→ 101 τβ , τff,g, Pmp 5.5 22
Velocity anisotropy Bσ −0.5 −0.2 −0.9→ −0.3 −0.4→ 0.1 τβ , τff,g, Pmp 5.5 23
No. clouds per unit area/kpc−2 ΣNcl

7.4 5 2.9→ 19 2.4→ 18 τβ , τff,g, Pmp 5.6 24
SFR surface density/M�kpc−2yr−1 ΣSFR,cl 0.63 − 0.36→ 0.89 − None − 5.6 25
Fraction star-forming clouds fSF 32% − 24%→ 43% − None − 5.6 25

5.1 Overview of galactic-dynamical correlations

In Figure 16 and Table 3, we summarise the galactic-dynamical
correlations between all physical cloud properties analysed in this
work and the dynamical variables τβ , τff,g and Pmp. The corre-
lations themselves are presented in Appendix B, where we also
describe in detail the procedures used for constraining the slope
of each relationship. We find that at the 3σ confidence level,
statistically-significant correlations are present in all three vari-
ables for 7/11 HI cloud properties, and for 4/13 GMC proper-
ties, shaded green in Figure 16. The y-axis in both panels gives the

slope of the best-fit relationship between variables, divided by the
3σ variation on this slope. The statistically-significant correlations
are therefore given by the points that fall above the dashed line.
The red-shaded regions highlight the cloud properties that display
statistically-significant correlations with fewer than three of the dy-
namical variables (none, in most cases). The yellow-shaded region
highlights the cloud surface density Σ, which displays a significant
correlation in all three variables for HI clouds, but over a very small
dynamic range (< 0.05 dex). Figure 16 demonstrates the following
three general results for our simulated cloud population.
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(i) HI clouds display galactic-dynamical correlations in their
gravo-turbulent cloud properties (internal turbulent pressures
Pturb, virial parameters αvir and velocity dispersions σ), but
GMCs do not.

(ii) Both HI clouds and GMCs display statistically-significant
galactic-dynamical correlations in their rotational cloud proper-
ties (aspect ratios ε, specific angular momenta Lz and velocity
anisotropies Bσ).

(iii) There exist two distinct regimes for the time-scale τβ for
galactic shearing. The unfilled points in both panels represent the
statistical significance of correlations between each physical cloud
property and the shear time-scale, in galactic environments for
which the shear time-scale is long (more than twice the length
of the minimum dynamical time-scale, τβ > 2τmin). For the
dynamically-correlated cloud properties (green shaded regions in
Figure 16) the break in the slope of the correlation between the two
regimes manifests itself as a division of filled points (τβ < 2τmin)
and unfilled points (τβ > 2τmin) across the dashed line. By con-
trast, the time-scale for gravitational free-fall τff,g has a very small
dynamic range and so always remains close in value to the mini-
mum dynamical time-scale. No such break is seen for dynamical
correlations with τff,g.

In the following sections we examine each cloud property in detail,
and so shed light on the galactic-dynamical trends in the gravo-
turbulent and rotational properties of GMCs and HI clouds.

5.2 Mass and size

The masses and sizes of GMCs and HI clouds in our simulations
are not significantly correlated with the galactic dynamical environ-
ment. Their mean values are approximately invariant under changes
in the galactic-dynamical time-scales τβ and τff,g, and in the mid-
plane pressure Pmp. On average, the molecular clouds are around
three times smaller but two times more massive than the HI clouds
in each environment, with a global mean diameter of 24 pc (relative
to 65 pc for HI clouds) and a global mean mass of 1.3 × 105 M�
(relative to 0.65 × 105 M� for HI clouds). In fact, it is plausi-
ble that the mean GMC diameter would appear even smaller at a
higher simulation resolution, given that its average value is close
to the minimum value of 18 pc enforced by our GMC identifica-
tion criterion (see Section 2.9). The small mean size and high mean
volume density of the identified GMCs relative to the HI clouds
is consistent with the idea that in Milky Way-pressure galaxies like
ours, the GMCs are high-density ‘iceberg tips’ poking up above the
CO emissivity threshold.

In the upper panel of Figure 17, we demonstrate that the mass
distribution of GMCs in each galaxy reproduces the upper limit
of ∼ 3 to 8 × 106 M� observed by Rosolowsky et al. (2003) in
M33, by Freeman et al. (2017) in M83 and by Miville-Deschênes
et al. (2017) and Colombo et al. (2019) in the Milky Way. This
upper limit has been predicted to arise due to a combination of
centrifugal forces and stellar feedback (Reina-Campos & Kruijs-
sen 2017). We also find a turnover in the mass spectrum between
104.8 and 105 M�, consistent with the behaviour of the GMC mass
distribution in the Milky Way (Miville-Deschênes et al. 2017), al-
though we cannot rule out the possibility that the turnover we see
in the simulations is influenced by their limited mass resolution.
Above the turnover, the GMC mass function has a power-law form
with β ∼ 1.9, close to the observed range of β ∈ [1.6, 1.8] for
clouds in the Milky Way (Solomon et al. 1987; Williams & Mc-
Kee 1997; Heyer et al. 2009; Roman-Duval et al. 2010; Miville-
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Figure 17. Upper panel: Mass distribution of the GMCs identified in each
simulated galaxy at t = 600 Myr. The solid black and dashed black lines
denote the range of power-law slopes for the observed cloud mass distribu-
tion in the Milky Way, given by dN/dM ∝ M−β with β ∈ [1.6, 1.8].
The purple line gives the power-law fit to mass spectrum of the FLAT
simulation, corresponding to β = 1.94 ± 0.05. The grey shaded region
indicates the range of observed values for the turnover of the mass spec-
trum at M ∼ 104.8-105 M�. Lower panel: Size distribution of GMCs at
t = 600 Myr. The black line denotes the power-law slope of the observed
cloud size distribution in the Milky Way, given by dN/dM ∝M−β` with
β` ∼ 2.8. The purple line gives the power-law fit to the size spectrum of
the FLAT simulation, corresponding to β` = 2.43± 0.06.

Deschênes et al. 2017; Colombo et al. 2019) over the same mass
range (logM ∈ [4.8, 6.5]). In the lower panel of Figure 17, we dis-
play the spectrum of GMC sizes for each simulated galactic disc,
given by the effective cloud radius `eff , such that

`eff = 1.91
√

∆`2maj + ∆`2min, (42)

where ∆`maj and ∆`min are the second moments of an ellipse fit-
ted to the footprint of each cloud in the galactic mid-plane, using
ASTRODENDRO. We adopt this definition of the cloud size in or-
der to make a direct comparison to works in the existing obser-
vational literature (e.g. Solomon et al. 1987; Bertoldi & McKee
1992; Rosolowsky & Leroy 2006; Colombo et al. 2019). The fac-
tor of 1.91 is the correction first defined by Solomon et al. (1987)
for converting the RMS cloud extent to an estimate of the spher-
ical cloud size. The smallest resolved cloud has a diameter of
18 pc, so we do not capture the observed turnover of the distri-
bution at ∼ 30 pc (Miville-Deschênes et al. 2017). Likewise, our
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Figure 18. Mean surface density Σ (left), line-of-sight velocity dispersion σlos (centre-left), virial parameter αvir (centre-right), and turbulent pressure Pturb

(right) of the GMCs (upper panels) and HI clouds (lower panels) in our simulations, as a function of the shear parameter β and the Toomre Q stability
parameter. Each distinct set of connected pixels corresponds to the total cloud population of one isolated disc galaxy, compiled across the simulation time
interval from 600 Myr to 1 Gyr, at a sampling interval of 50 Myr. The color of each pixel represents the mean value of the relevant cloud property at the
indicated value of (β,Q). The black arrows in the upper left panel mark the direction in which the galactocentric radius increases. The black solid lines enclose
the regions of parameter space for which the minimum dynamical time-scale is τκ (orbital epicyclic perturbations), τβ (galactic shear) and τff,g (gravitational
free-fall).

largest clouds slightly exceed the truncation size of 70 pc observed
by Colombo et al. (2019), with a maximum diameter of ∼ 200 pc.
Importantly, we do approximately reproduce the observed power-
law slope of dN/dR ∼ R−β` with β` ∼ 2.8 (Colombo et al.
2019). This is given by the black line in Figure 17, while our best
fit to the simulation data over the observed range of cloud sizes
`eff ∈ [18, 70] pc is given by the purple line, with a slightly shal-
lower slope of β` = 2.43± 0.06.

5.3 Cloud self-gravity and turbulence

Observationally, giant molecular clouds living in similar galac-
tic environments exhibit a tight correlation between their surface
densities Σ and their line-of-sight turbulent velocity dispersions
σlos (e.g. Larson 1981; Heyer et al. 2009; Longmore et al. 2013;
Leroy et al. 2017; Sun et al. 2018; Colombo et al. 2019). For each
GMC or HI cloud in our simulations, we define these quantities as

Σx =

∑N
i mi,x

Ax
, (43)

and

σlos,x =
σx√

3
=

√
〈|vi − 〈vi〉x|2〉i,x

3
, (44)

where x = {H2,HI}. That is, {mi,x} are the masses of H2 or
HI in the gas cells i = 1...N of each cloud, {vi} are the veloc-
ities of the gas cell centroids, Ax is the pixel-by-pixel area of the
cloud’s footprint on the galactic mid-plane, and 〈...〉x denotes a
mass-weighted average. The exact position of each cloud in the Σ-
σlos plane probes its virial parameter

αvir =
5σ2

los

G
√
πMΣ

, (45)

and turbulent pressure

Pturb ≈ ρσ2
los ≈

Σσ2
los

L
, (46)

which provide insight into the cloud’s state of self-gravitational
and external confinement, respectively (see also Sun et al. 2018).
We have adopted the standard definition of the virial parameter
from MacLaren et al. (1988b); Bertoldi & McKee (1992), and
have assumed a spherical cloud6 of radius L to arrive at the

6 We use the standard definition of the virial parameter to allow for direct
comparison to the existing literature, but our GMCs and HI clouds are el-
lipsoidal rather than spherical, with an average aspect ratio of ε ∼ 2.3 (see
Table 3). According to Figure 2 and Equation (21) of Bertoldi & McKee
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Figure 19. Relationship between the molecular gas surface density Σ and
the line-of-sight velocity dispersion σlos for the combined GMC popula-
tions of our three simulations between simulation times of 600 Myr and
1 Gyr, sampled at 50 Myr intervals. The dark purple contour encloses
90 per cent of data points for GMCs identified using ASTRODENDRO, as
described in Section 2.9. The remaining contours enclose 90 per cent of the
data points for molecular gas ‘sight-lines’ at fixed spatial scales of 30, 45,
80 and 120 pc, following the cloud-identification method described in Sun
et al. (2018). The grey-shaded histogram in the central panel contains the
observational data at 120 pc-scale from Sun et al. (2018), combining the
results from the flocculent Milky Way-mass galaxies NGC 628, NGC 2835,
NGC 5068, NGC 4254 and NGC 6744. In the lower- and side-panels, the
distributions of Σ and σlos are shown on a logarithmic y-axis scale, where
the median values at each beam resolution are given by the dashed lines.

right-hand side of Equation (46). A collapsing molecular cloud
that is over-pressured relative to its ambient environment must be
gravitationally-bound, with αvir . 2, though we emphasise that
this threshold is approximate, as the virial parameter is an approxi-
mate measure of gravitational boundedness (e.g. Mao et al. 2019).
Conversely, a super-virial cloud with αvir & 2 may still be con-
fined if its internal turbulent pressure Pturb is exceeded by that of
the surrounding medium. To discern whether or not a cloud is con-
fined, measurements both of αvir and of Pturb are required.

5.3.1 The dynamical decoupling of GMCs relative to HI clouds

Figure 18 demonstrates that the molecular clouds (top row) in our
simulations display a much lesser degree of environmental varia-
tion in their gravo-turbulent properties than do the HI clouds (bot-
tom row). On average, they have surface densities that are ten
times smaller than those of the GMCs (ΣHI ∼ 16 M� pc−2 vs.
ΣH2 ∼ 226 M� pc−2), and velocity dispersions that are two times
higher (σlos,HI ∼ 6.7 km s−1 vs. σlos,H2 ∼ 3.7 km s−1). This
means that the turbulent pressures of the GMCs in our simula-
tions are ten times larger than those of the HI clouds (Pturb,H2 ∼
2.3 × 105 kB K cm−3 vs. Pturb,HI ∼ 2.1 × 104 kB K cm−3),
and while the GMCs are gravitationally-bound across all galactic-
dynamical environments (αvir,H2 ∼ 1.2), the HI clouds are far

(1992), the virial parameter is reduced by a factor of 0.8 for an aspect ratio
of ε ∼ 2.3. Each cloud is slightly more tightly-bound than the presented
values would indicate

from gravitational equilibrium, with an average virial parameter of
αvir,HI ∼ 22. The large difference in the mean pressures and den-
sities of the GMCs relative to the HI clouds points to an explana-
tion for the dichotomy in their degree of environmental variation:
the molecular clouds in our Milky Way-pressured galaxies are too
over-dense and over-pressured to be turbulently-coupled to the am-
bient medium.

The dynamical decoupling of our GMCs is best examined in
the Σ-σlos plane, and in the plane comparing the mid-plane hydro-
static pressure to the cloud turbulent pressure Pmp-Pturb, as stud-
ied in observations by Sun et al. (2020). In Figure 19, we com-
pare the combined population of GMCs from all three simulations
(coloured contours) to the observed molecular Σ-σlos distribution
of Sun et al. (2018) for five flocculent, bar-less Milky Way-mass
galaxies, at 120 pc-resolution (grey-shaded histogram). The GMCs
identified by these authors are independent of any clump-finding al-
gorithm; instead they are assumed to fill a ‘sight-line’ of size equal
to the observational resolution. Only those sight-lines with signal-
to-noise ratios of S/N > 5 in two consecutive channels of CO
emission are considered. We therefore produce ray-tracing maps
of ΣH2 at resolutions of ∆x = 120 pc, 80 pc, 45 pc and 30 pc,
and identify all pixels with log (ΣH2/M�)pc−2 > −3.5 as ‘GMC
sight-lines’. This removes the low-level CO emission as depicted
in Figure 4, and we calculate the properties of each sight-line us-
ing the gas cells masked by each pixel, in the same way as for the
‘beam-filling’ clouds of variable scale (i.e. the clouds that we iden-
tify as isodensity contours in ASTRODENDRO). Figure 19 demon-
strates good agreement between simulations and observations for
GMC sight-lines at a resolution of 120 pc (light-green contour),
but shows a systematic decrease in the median virial parameter as
the resolution is increased, combined with a systematic increase in
the turbulent pressure. The black arrows denote the direction of in-
creasing value for each of these quantities in the Σ-σlos plane. The
virial parameter is lowest, and the turbulent pressure highest, for
the beam-filling clouds (purple contour). The reason for this is re-
vealed in the lower- and left-hand side panels: the molecular gas
velocity dispersion is approximately independent of the resolution
∆x, but the molecular gas surface density depends on the beam
filling-factor, which scales as (∆x)−2. This leads to an increase
in the virial parameter and a decrease in the turbulent pressure, in
proportion to (∆x)2. While the sight-lines at 120 pc have an aver-
age overdensity of just ∼ 10× relative to the ambient medium, the
beam-filling GMCs have an overdensity of ∼ 100×.

In Figure 20, we demonstrate the impact of this over-
density on the over-pressure of beam-filling GMCs. The horizon-
tal axis gives the kpc-scale mid-plane hydrostatic pressure Pmp =
πG/2 φPΣ2

g, combining the ISM and stellar-gravity contribu-
tions. We calculate this using 2D ray-tracing projections at 120
pc-resolution, as described in Appendix A, and perform the kpc-
average by resampling the array into larger bins. The vertical axis
of Figure 20 gives the cloud-scale turbulent pressure according to
Equation (46). Again, the coloured contours enclose 90 per cent
of the combined simulation data at resolutions of ∆x = 120 pc
(light-green contour), 80 pc, 45 pc and 30 pc, along with the beam-
filling clouds (purple contour). The grey-shaded histogram shows
the combined data from the sample of 28 nearby galaxies studied
by Sun et al. (2020). As seen in the Σ-σlos distribution, the overlap
between observations and simulations is greatest for molecular gas
sight-lines at 120 pc-resolution. We find an average over-pressure
of ∼ 4× for these sight-lines: very close to the observed value
of ∼ 2.8×. The GMC turbulent pressure increases with resolu-
tion, reaching a peak over-pressure of ∼ 25× for the beam-filling
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GMCs. By contrast, 90 per cent of the data for the HI clouds is
enclosed by the thin black line. We see that their internal turbu-
lent pressures are much closer to the mid-plane hydrostatic pressure
than are the internal turbulent pressures of the beam-filling GMCs.

Given the information contained in Figures 19 and 20, the
dichotomy in the degree of dynamical variation for GMC and
HI cloud gravo-turbulent properties is likely caused by the dif-
ference in their internal turbulent pressures. Comparing the pur-
ple and black contours in Figure 20, this offset spans around two
orders of magnitude. The HI clouds are close to the pressure of
the galactic mid-plane, and so are dynamically-coupled to it. The
GMCs sit high above the pressure of the galactic mid-plane, and
so are dynamically-decoupled. At mid-plane pressures higher than
those in Milky Way-like galaxies (right-hand side of the grey-
shaded histogram in Figure 20), we hypothesise that the dynamical-
coupling of GMCs will increase substantially. A higher fraction of
the mid-plane gas will be molecular, and so the beam filling-factor
at 120 pc resolution will be much higher. That is, the purple contour
(beam-filling clouds) and the green contour (clouds identified at a
fixed resolution of 120 pc) will overlap at high 〈Pmp〉1kpc, lead-
ing to galactic-dynamical trends in σlos,H2 , αvir,H2 and Pturb,H2

for beam-filling GMCs. In galaxies with significantly-higher mid-
plane pressures than the Milky Way, we expect to find substan-
tial variation in these properties as a function of (β,Q,Ω, φP).
A first observational indication for a this trend has been identi-
fied by Chevance et al. (2020b), who find that GMC lifetimes in
galaxies with kpc-scale molecular gas surface densities ΣH2 >
8 M� pc−2 correlate with galactic dynamical time-scales rather
than internal dynamical ones, contrary to those at lower surface
densities.

5.3.2 Self-gravity and turbulence in HI clouds

The velocity dispersions σHI, virial parameters αvir,HI and turbu-
lent pressures Pturb,HI of the HI clouds in our simulations dis-
play a clear environmental variation across the galactic-dynamical
parameter space (β,Q,Ω, φP). In the bottom right-hand panel of
Figure 18, we show that the HI cloud turbulent pressure increases
towards high-shear, high gravitational-stability environments with
β → 0 and Q → 10. The trend comes predominantly from an
increase in the cloud velocity dispersion, while the cloud surface
density varies over a much smaller dynamic range (lower-left and
centre-left panels of Figure 18). As such, the HI cloud virial pa-
rameter (centre-right panel of Figure 18) also increases with the
degree of shearing and gravitational stability. This environmental
variation in each HI cloud gravo-turbulent property corresponds to
a statistically-significant correlation with the two shortest galactic-
dynamical time-scales for shearing (τβ) and gravitational free-fall
(τff,g), as well as with the mid-plane pressure Pmp, as summarised
in Figure 16. The HI cloud pressures therefore trace the ambient
pressure, density and dynamical state of the galactic mid-plane,
while the GMCs are dynamically-decoupled and gravitationally-
collapsing (discussed further in Section 5.4).

5.4 Cloud collapse

The degree to which a cloud is collapsing globally towards its cen-
tre of mass can be quantified by the magnitude of its internal radial
velocity streaming, as

Dx = 〈vr,i〉x, x ∈ {H2,HI} (47)
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Figure 20. The kpc-scale averaged turbulent pressure 〈Pturb, θpc〉1kpc

at varied spatial resolution θ for the combined GMC population across
our three simulations at times between 600 Myr and 1 Gyr, as a func-
tion of the kpc-averaged mid-plane hydrostatic pressure, 〈Pmp〉1kpc. The
dark purple contour encloses 90 per cent of data points for molecular
clouds identified using ASTRODENDRO, as described in Section 2.9. The
remaining contours enclose 90 per cent of data points for molecular gas
‘sight-lines’ at fixed spatial scales of 30, 45, 80 and 120 pc, following
the cloud-identification method described in Sun et al. (2018). The grey-
shaded histogram in the upper panel contains the observational data at
θ = 120 pc from Sun et al. (2020), across their sample of 28 nearby star-
forming galaxies. The solid, dashed and dot-dashed lines denote overpres-
sures 〈Pturb,θpc〉1kpc/〈Pmp〉1kpc of 1, 5 and 10 times, respectively. In
the lower panel, the cloud populations of the FLAT, SLOPED and CORED
runs are separated to show the similarity in their mid-plane turbulent pres-
sure distributions, on kpc scales.

where {vr,i} are the radial velocities of the gas cells in the cloud,
with respect to the velocity of its centre of mass. We find that
the GMC velocity divergence is negative and invariant across all
galactic-dynamical environments, with a mean value of DH2 ∼
(−0.99± 0.08) km s−1, where the error indicates the standard de-
viation of the measurements. That is, averaged across dynamical
environments, the simulated molecular clouds are collapsing at a
uniform rate towards their centres of mass, consistent with the high
degree of gravitational boundedness indicated by their virial param-
eters, αvir,H2 ∼ 1.2. The parent HI clouds display a much weaker
level of collapse (mean value DHI ∼ (−0.2± 0.4) kms−1), which
follows a statistically-significant correlation with the mid-plane ve-
locity dispersion of the galaxy, shown in Appendix B. At the high-
est mid-plane velocity dispersions of σmp ∼ 10 kms−1, HI clouds
are not collapsing, reaching near-zero velocity divergences. At the
lowest velocity dispersions (σmp ∼ 6 kms−1), HI clouds are col-
lapsing at their maximum average rate of DHI ∼ −1 kms−1. This
trend is consistent with HI clouds that are coupled to the galac-
tic mid-plane, so are more-effectively supported against collapse at
higher mid-plane velocity dispersions.
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Figure 21. The mean aspect ratio ε of the GMCs (upper panel) and HI
clouds (lower panel) in our simulations, as a function of the shear parame-
ter β and the Toomre Q stability parameter. Each distinct set of connected
pixels corresponds to the total cloud population of one isolated disc galaxy,
compiled across the simulation time interval from 600 Myr to 1 Gyr, at a
sampling interval of 50 Myr. The color of each pixel represents the mean
value of ε at the indicated value of (β,Q). The black arrows in the top panel
mark the direction in which the galactocentric radius increases. The black
solid lines enclose the regions of parameter space for which the minimum
dynamical time-scale is τκ (orbital epicyclic perturbations), τβ (galactic
shear) and τff,g (gravitational free-fall).

5.5 Cloud rotational properties

The GMC population in our simulations is highly over-dense and
over-pressured relative to the ambient ISM, leading to its turbu-
lent and gravitational decoupling from the properties of the galactic
mid-plane. Nevertheless, we find statistically-significant galactic-
dynamical trends in the rotational properties of our clouds (aspect
ratios, angular momenta and velocity anisotropies). As shown in
Figure 16, each of these properties correlates with the time-scales
τβ and τff,g for galactic shear and gravitational free-fall, as well as
with the mid-plane pressure Pmp. In the environmental parameter
space (β,Q,Ω, φP), this manifests itself as a monotonic gradient
towards the top left-hand corner of the (β,Q) plane, as seen in the
top left-hand panel of Figure 15. The rotational trends observed for
GMCs are mirrored by the parent HI clouds, indicating either that
(1) both GMCs and HI clouds are affected in the same way by the
interplay between galactic rotation and gravitational free-fall, or (2)

that GMCs retain the rotational properties of their parent HI clouds
as they collapse.

5.5.1 Aspect ratio

The elongation of each GMC and HI cloud within the galactic mid-
plane can be quantified by the aspect ratio, εx, as

εx =
∆`maj,x

∆`min,x
, x ∈ {H2,HI} (48)

where ∆`maj and ∆`min are the major and minor axes, respec-
tively, of an ellipse fitted to the footprint of each cloud in the
galactic mid-plane. Both the GMC and HI cloud populations in
our galaxies have the same mean aspect ratio (εH2 , εHI ∼ 2.3),
and both increase monotonically with the degree of differential ro-
tation in the galactic mid-plane (β → 0) and with the degree of
gravitational stability (Q → 10). This qualitative trend is shown
in Figure 21. The particular role of galactic shearing in stretching
HI clouds and molecular clouds is indicated by the following two
results.

(i) The direction of elongation points along the direction of
galactic rotation in every dynamical environment, with mean po-
sition angles of −1.7◦ ± 9◦ and −2.3◦ ± 9◦ for GMCs and HI
clouds, respectively.

(ii) In environments for which clouds are controlled primarily
by gravity (region τff,g of the dynamical parameter space), the HI
clouds and GMCs have approximately-constant and equal aspect
ratios of εH2 , εHI ∼ 2.2, but in environments for which galactic
shear dominates (region τβ), the GMC aspect ratio anticorrelates
with the shear time-scale as

εH2 ∝ (−0.39± 0.03) log τβ , (49)

and the HI cloud aspect ratio anticorrelates as

εHI ∝ (−0.81± 0.04) log τβ , (50)

as demonstrated in Appendix B.

The HI clouds in our simulations are significantly more suceptible
to elongation than are the GMCs, which is not surprising given their
lower over-densities and over-pressures, and their correspondingly
larger degree of dynamical coupling.

5.5.2 Specific angular momentum

The specific angular momentum of GMCs and HI clouds provides
a measure of their internal rotation about the cloud centre of mass.
The specific angular momentum vector for a given cloud is defined
as

Lx = Lz,xẑ + Lθ,xθ̂ + LR,xR̂

= 〈ri × vi〉x, x ∈ {H2,HI}
(51)

where {ri} are the positions of the gas cell centroids relative to the
cloud centre of mass, and {R̂, θ̂, ẑ} are the galactic unit vectors in
cylindrical polar coordinates. The component Lz is therefore the
magnitude of the angular momentum within the galactic mid-plane
and about an axis perpendicular to it, while Lθ θ̂ and LRR̂ are the
components of the vector within the galactic mid-plane.

In the parameter space of Figure 22, the cloud angular mo-
mentum displays a clear variation with the galactic-dynamical en-
vironment. This environmental variation leads to clear, statistically-
significant correlations with the galactic-dynamical time-scales τβ

MNRAS 000, 1–36 (2020)

4.5. Galactic-dynamical trends in cloud properties 89



Galactic dynamics and GMC properties 25

0.2

0.4

0.6

0.8

lo
g
Q

τff,g

τβ
τκ

LR

τff,g

τβ
τκ

Lθ

−1

0

1

L
H

2
,R
,θ
/p

c
km

s−
1

τff,g

τβ
τκ

Lz

0.5

0.6

0.7

0.8

0.9

lo
g

(L
H

2
,z
/p

c
km

s−
1
)

0 0.5 1

β

0.0

0.2

0.4

0.6

0.8

1.0

lo
g
Q

τff,g

τβ
τκ

0 0.5 1

β

τff,g

τβ
τκ

−20

−10

0

10

20

L
H

I,
R
,θ
/p

c
km

s−
1

0 0.5 1

β

τff,g

τβ
τκ

1.4

1.6

1.8

lo
g

(L
H

I,
z
/p

c
km

s−
1
)

Figure 22. The mean angular velocity L of the GMCs (upper panel) and HI clouds (lower panel) in our simulations, as a function of the shear parameter
β and the Toomre Q stability parameter. The three columns display the three orthogonal components of the angular momentum vector L = (LR, Lθ, Lz).
Each distinct set of connected pixels corresponds to the total cloud population of one isolated disc galaxy, compiled across the simulation time interval from
600 Myr to 1 Gyr, at a sampling interval of 50 Myr. The color of each pixel represents the mean value of the LR, Lθ or LR at the indicated value of (β,Q).
The black arrows in the upper left panel mark the direction in which the galactocentric radius increases. The black solid lines enclose the regions of parameter
space for which the minimum dynamical time-scale is τκ (orbital epicyclic perturbations), τβ (galactic shear) and τff,g (gravitational free-fall).

and τff,g, presented in Figure 16 and in Table 3. However, given the
preferentially prograde sense of rotation for our simulated cloud
population, these trends are likely to be driven by the variation of
Lz with the orbital angular velocity Ω, which dictates the strength
of the fictitious Coriolis force in the galactic rest-frame, rather than
the strength of shearing. For our simulated galaxies, all of which
have shear parameters in the range 0 < β < 1, we would expect
shear-driven rotation to be exclusively retrograde. Only for a rising
rotation curve with β > 1 would we expect clouds to be spun up
in a prograde direction by galactic shear. Therefore, while the de-
gree of internal rotation for our GMCs and HI clouds is determined
by the galactic rotation curve, it is not due to differential rotation
across a cloud. We also find that the GMCs in our sample display
a factor of ten reduction in angular momentum relative to the HI
clouds across all galactic-dynamical environments, which is a fac-
tor of three greater than can be accounted for by their smaller sizes.
It is therefore unlikely that the GMCs themselves are torqued by
galactic rotation, but rather inherit their angular momentum from
their parent HI clouds. On average, some of the inherited angular
momentum is then partially converted into turbulent motion of the
surrounding gas during gravitational collapse.

5.5.3 Velocity anisotropy

In addition to the line-of-sight velocity dispersion presented in Sec-
tion 5.3, we can compute the radial σr and tangential σt compo-
nents of the cloud velocity dispersion with respect to the cloud cen-
tre of mass, such that

σ2
r = 〈|vi · r̂i − 〈vi · r̂i〉i,x|2〉i,x (52)

and

σ2
t = σ2

θ + σ2
φ

σ2
θ = 〈|vi · θ̂i − 〈vi · θ̂i〉i,x|2〉i,x
σ2
φ = 〈|vi · φ̂i − 〈vi · φ̂i〉i,x|2〉i,x.

(53)

providing the velocity anisotropy as

Bσ,x = 1− σt,x
2σr,x

, (54)

with x ∈ {H2,HI}. In the above equations, {θ̂i} are the lon-
gitudinal unit vectors of the gas cells in each cloud with respect
to the cloud centre of mass, and {φ̂i} are the corresponding az-
imuthal unit vectors. If all motions within a cloud are radial, then
σt = 0 and Bσ = 1. Conversely, if all motions are circular, then
σr = 0 and Bσ → −∞ (Binney & Tremaine 1987). The ve-
locity anisotropy of the internal turbulent motion in a GMC or HI
cloud therefore tells us about the origin of turbulence in this cloud
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(e.g. Ossenkopf & Mac Low 2002; Lazarian et al. 2002; Esquivel
& Lazarian 2011; Burkhart et al. 2014; Otto et al. 2017). Signif-
icant radial bias (Bσ > 0) indicates that turbulence is primarily
driven by spherically-symmetric processes such as global gravita-
tional collapse. Significant tangential bias (Bσ < 0) indicates that
turbulence is driven either by non-spherically symmetric processes
in the cloud’s environment (e.g. galactic shearing or compression
driven by external feedback) or by processes that occur inside the
cloud but that may be far from its centre of mass (e.g. hierarchical
collapse and internal feedback). We note that magnetic fields in par-
ticular (not included in our simulations) may significantly alter the
velocity anisotropy by directing the bulk gas flow within the ambi-
ent ISM (e.g. Kim & Ostriker 2017; Seifried et al. 2017, 2020). We
discuss this further in Section 6.2.

Figure 23 shows that in all galactic-dynamical environments,
our simulated GMCs and HI clouds are tangentially-biased, with
mean anisotropy parameters ranging from−0.9 to−0.3 for Bσ,H2

and from−0.4 to 0.1 forBσ,HI. For the GMCs, this means that the
tangential velocity dispersions are 30 to 90 per cent higher than the
radial velocity dispersions, displaying a monotonic increase in the
degree of tangential bias with the rate of galactic shearing, as

Bσ,H2 ∝ (0.35± 0.04) log τβ . (55)

This monotonic increase is consistent with the presence of shear-
induced internal circular motions, although given the prograde ori-
entation of the specific angular momentum, we cannot rule out the
contribution of the fictitious Coriolis force in the rotating galactic
frame. The slope is shallower for the HI clouds in our sample, with
a value of

Bσ,HI ∝ (0.18± 0.03) log τβ . (56)

That is, both the degree of anisotropy, and its dependence on the
shear rate, is reduced. In fact, in the gravity-dominated regime τff,g
of the galactic-dynamical parameter space, the tangential veloc-
ity dispersion of the HI clouds approaches equality with the radial
component (Bσ → 0). The disparity between the shear-correlated
degree of anisotropy in GMCs and HI clouds is likely to arise from
the conservation of angular momentum during the collapse of the
GMCs, which enhances the shear-driven tangential velocity dis-
persion present in their parent HI clouds (see also Kruijssen et al.
2019a).

5.6 Molecular cloud star formation rate

Across the galactic-dynamical environments (β,Q,Ω, φP)
spanned by our simulations, we find a quantitative correlation
between the kpc-scale star formation rate 〈ΣSFR〉1kpc and the
kpc-scale mid-plane hydrostatic pressure 〈Pmp〉1kpc. The relation-
ship between the azimuthally-averaged values of 〈Pmp〉1kpc and
〈ΣSFR〉1kpc for our simulations shows a large degree of overlap
with the observed relationship presented by Sun et al. (2020)
(also originally by Blitz & Rosolowsky (2004)) for 28 nearby
galaxies, as shown in the left-hand panel of Figure 24. In turn, this
is consistent with a state of approximate dynamical equilibrium
between feedback and gravitational collapse (see Ostriker et al.
2010; Ostriker & Shetty 2011; Benincasa et al. 2016). As for
the relationship between the cloud-scale turbulent pressure and
the mid-plane hydrostatic pressure (Section 5.3) our simulated
discs fall at the low-pressure end of the observed relationship,
corresponding to the discs of Milky Way-pressure, flocculent
galaxies.

Within our sample, we find that the rise in star formation rate
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Figure 23. The mean velocity anisotropy Bσ of the GMCs (upper panel)
and HI clouds (lower panel) in our simulations, as a function of the shear
parameter β and the Toomre Q stability parameter. Each distinct set of
connected pixels corresponds to the total cloud population of one isolated
disc galaxy, compiled across the simulation time interval from 600 Myr
to 1 Gyr, at a sampling interval of 50 Myr. The color of each pixel rep-
resents the mean value of the anisotropy at the indicated value of (β,Q).
The black arrows mark the direction in which the galactocentric radius in-
creases. The black solid lines enclose the regions of parameter space for
which the minimum dynamical time-scale is τκ (orbital epicyclic perturba-
tions), τβ (galactic shear) and τff,g (gravitational free-fall).

surface density with mid-plane pressure is primarily due to a rise in
the number of GMCs per unit area of the galactic mid-plane, and
not due to environmental variations in the properties of the GMCs
themselves. In the central and right-hand panels of Figure 24, we
show the environmental trends in 〈ΣSFR〉1kpc and 〈Pmp〉1kpc, and
compare these to the environmental trend in the number of GMCs
per unit area of the galactic mid-plane on kpc-scales, 〈ΣNcl〉1kpc.
Qualitatively, the trends match across all galactic environments. In
Figure 16 and in Appendix B, we show that the correlation between
〈ΣNcl〉1kpc and 〈Pmp〉1kpc is statistically-significant at the 3σ con-
fidence level.

By comparison to the dynamic ranges of the environmental
trends in 〈ΣSFR〉1kpc, 〈Pmp〉1kpc and 〈ΣNcl〉1kpc, the qualitative
variation in the internal star-forming properties of GMCs is much
smaller. On the right-hand side of Figure 25, we show the mean tur-
bulent pressure Pturb of GMCs in our simulations as a function of
the galactic-dynamical parameters (β,Q), as well as their mean in-
ternal star formation rate surface densities ΣSFR,cl and the fraction
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fSF of identified GMCs that are currently star-forming. We have
expanded the colorbars of each plot to match the dynamic range of
the global kpc-scale star formation rate of the host galaxy, empha-
sising the small contribution to the overall trend in star formation
that is made by each cloud-scale property. On the left-hand side of
Figure 25, we demonstrate the reason for the environmental inde-
pendence of the star-forming properties of our GMCs: as discussed
in Section 5.3, they are decoupled from the galactic-midplane, with
much higher pressures (∼ 25×), densities (∼ 100×) and star for-
mation rates (∼ 100×) than the surrounding medium. The dark
purple contour encloses 90 per cent of the beam-filling GMCs anal-
ysed in this work, while the lighter-coloured contours represent
molecular gas sight-lines corresponding to those analysed in Sun
et al. (2020) across 28 nearby galaxies. These observational data are
given by the grey-shaded histogram. At the observational 120 pc-
resolution (light-green contour), a good level of overlap between
simulations and observations is recovered. At higher resolutions,
the measured cloud-scale turbulent pressures increase relative to
the galactic mid-plane pressure, pushing their values above the
SFR-pressure correlation that is observed on larger scales. This de-
coupling of GMCs from the mid-plane, which we also discussed in
Section 5.3, is responsible for the lack of a correlation between the
internal star-forming properties of GMCs and the properties of the
mid-plane. In order to observe GMCs for which the star-forming
properties are significantly influenced by the ambient environment
and by its galactic dynamics, we would need to additionally sim-
ulate high-pressure, high-star formation rate environments towards
the upper end of the observed pressure-SFR relation. These envi-
ronments can be found in the spiral arms and bars of massive galax-
ies, and in galaxy discs with higher masses and gas fractions.

6 DISCUSSION

6.1 Comparison to previous work

This work addresses the statistical variation in GMC properties
as a function of the galactic-dynamical environment. To this end,
we have produced a large sample of ∼ 80, 000 molecular clouds
that spans the dynamical parameter space of Jeffreson & Kruijs-
sen (2018), encompassing the full range of shear parameters β, and
spanning around an order of magnitude in the Toomre Q param-
eter, the angular velocity Ω and the stellar contribution φP to the
mid-plane pressure. Although the analysis and coverage of dynam-
ical environments is unique, a number of other works have simu-
lated and studied large samples of GMCs in isolated disc galaxies.
The single-isothermal-phase simulations of Dobbs et al. (2006),
and the two-isothermal-phase simulations of Dobbs & Bonnell
(2007); Dobbs (2008) studied the role of spiral shocks, agglom-
eration and self-gravity in forming populations of GMCs in spiral
galaxies. Dobbs et al. (2011a) additionally include magnetic fields
and thermal SNe feedback, finding that the low degree of gravita-
tional binding in GMCs can be attributed to a combination of feed-
back and cloud-cloud collisions, producing virial parameters in the
range 0.1 . αvir . 10. In the current work, we find the same
range of GMC virial parameters, despite the fact that our feed-
back prescription is physically-motivated and significantly more
sophisticated (we include momentum and thermal energy injection
due to SNe and HII-region feedback, and mass injection from stel-
lar winds). At the typical hydrogen number densities of molecu-
lar clouds (nH & 30 cm−3), this suggests that the self-regulation
of turbulence does not depend on the mode of energy injection.

The GMC virial parameter also appears to be independent of the
method used for identifying clouds (we use contours in projected
CO luminosity, rather than clump-finding in total 3D gas density).
In this work, we find that the mean virial parameter of GMCs is
independent of the galactic-dynamical environment, with a global
mean value of αvir ∼ 1.6. Our GMCs are therefore marginally
gravitationally-bound on average. Our virial parameters are inde-
pendent of the time-scale for cloud-cloud collisions, which is up to
ten times longer than the time-scale for gravitational free-fall.

More similar to our discs are the spiral galaxies of Dobbs
et al. (2011b, 2012); Dobbs & Pringle (2013), and the simulated
M33-analogues of Dobbs et al. (2018, 2019), which include ther-
mal feedback from supernovae, ISM heating and cooling with H2

and CO formation, and live stellar and gas particles at a mass res-
olution of 400 M�. As in our simulations, the M33-like galaxies
reproduce the observed cloud virial relation and the observed range
of cloud velocity dispersions. They also reproduce the observed
distribution of cloud angular momenta in M33, spanning a range of
−100pc kms−1 . Lz . 100pc kms−1. The authors find that the
GMC angular momentum correlates with the GMC mass, which we
confirm for our simulated GMCs and HI clouds in the central-left
panel of Figure 26. This correlation persists when the clouds are
binned by galactic-dynamical environment. The significance of the
trend between these two observables is demonstrated in the central-
right and right-hand panels of Figure 26, where we find a non-zero
slope at the 3σ signficance level. Finally, in the left-hand panel of
Figure 26, we show the spectrum of angular momenta for our sam-
ple of GMCs and HI clouds. We find that the span and skew in
angular momentum space is comparable to that shown in Dobbs
et al. (2019) (see also Braine et al. 2020).

The angular momenta of our simulated GMCs and HI clouds
can also be compared to the recent study of cloud-scale circulat-
ing velocities in isolated disc simulations, conducted by Utreras
et al. (2020). These authors quantify the degree of coupling be-
tween cloud-scale circulation and large-scale galactic rotation by
modelling the galactic velocity field as a linear superposition of two
components: the contribution from rotation plus a Gaussian ran-
dom velocity field. Applying this analytic theory to three simulated
discs with flat rotation curves, the authors find that cloud-scale spin
is coupled to large-scale rotation only in the very centres of galax-
ies (. 3-5 kpc). By contrast, we have found that, in galaxies with
flat rotation curves, the radial gradient of the galactic rotation curve
(i.e. the rate of galactic shearing) correlates significantly with the
cloud angular momentum out to galactocentric radii of & 10 kpc. A
possible explanation for the additional rotational decoupling seen
in Utreras et al. (2020) is evident in the surface density profiles
of their galaxies. Their disc morphologies are highly-filamentary
relative to ours, with surface densities reaching up to ten times
higher in the densest clumps, despite their lower spatial resolu-
tion of ∼ 30 pc, and their comparable gas, stellar and halo masses.
This may be due to ineffective stellar feedback in their simulations,
which is unable to disrupt the densest gas. The only source of mo-
mentum injection in their simulations is from photo-ionisation and
stellar winds, both of which inject hundreds of times less energy
than SNe explosions, which they treat thermally. The importance
of momentum injection from unresolved SNe blast-waves has been
confirmed by Kimm & Cen (2014); Slyz et al. (2005); Smith et al.
(2018), among others. In the absence of effective disruption, the
cloud-scale gas in the simulations of Utreras et al. (2020) may be
dominated to a greater extent by self-gravity than the GMCs and
HI clouds in our simulations, explaining the lower degree of cou-
pling between cloud rotation and galactic rotation. This effect may
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Figure 26. Analysis of GMC and HI cloud rotation, compiled across the FLAT, SLOPED and CORED discs at simulation times between 600 Myr and
1 Gyr. Left: Distribution of molecular cloud angular momenta (purple line) and HI cloud angular momenta (green line). The vertical lines give the means of
the distributions. The black dashed vertical line denotes the state of zero angular momentum. We note that both distributions are skewed towards retrograde
rotation (positive values of Lz . Centre left: Distribution of GMC (purple) and HI cloud (green) angular momenta, as functions of their respective masses. We
note a clear correlation between the cloud mass and angular momentum in both cases. Centre right: Mean angular momentum of GMCs (purple) and of HI
clouds (green) as a function of mean cloud mass, when the clouds are binned according to their galactic-dynamical environments, (β,Q,Ω, φP). The error
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data. Right: The 1σ (filled) and 3σ (dashed lines) confidence ellipses for each fit. The error-bars correspond to the projection of the 1σ confidence ellipse onto
each of the parameter axes. Neither trend is significant at the 3σ level.

also be enhanced by the additional numerical viscosity in Eulerian
codes such as ENZO, relative to the moving-mesh of AREPO (see
Benincasa et al. 2013).

The Milky Way-mass galaxies with different rotation pro-
files studied by Nguyen et al. (2018) have similarly-high densities
and filamentary morphologies to the simulations of (Utreras et al.
2020), due to the total absence of stellar feedback. They therefore
contain no hot ISM phase, and the resulting GMCs are systemati-
cally larger and more massive than ours. The authors focus on the
formation of GMCs via dynamics and cooling, but also conclude
that the properties of GMCs (including the virial parameter, angu-
lar momentum, mass and size) are largely unaffected by the galac-
tic rotation curve. The difference in stellar feedback prescription
makes little difference to the distribution of virial parameters and
turbulent velocity dispersions, which we find to be similar between
this work, Nguyen et al. (2018) and Dobbs et al. (2011a), as men-
tioned earlier. It therefore appears that stellar feedback does not
play a major role in the self-regulation of gravity and turbulence
at molecular cloud scales and densities, in Milky Way-pressured
galaxies: a finding that is consistent with the results of the smaller-
scale simulations by Seifried et al. (2018) and Ibáñez-Mejı́a et al.
(2016). We also concur that GMC masses and sizes are unaffected
by galactic rotation, and in fact are largely unaffected by any dy-
namical process in Milky Way-pressured galaxies. However, we
again note that for our simulations, a statistically-significant cou-
pling between galactic shearing and cloud rotation is retrieved, in
contrast to the conclusion of Nguyen et al. (2018) that cloud ro-
tation is largely invariant of galactic rotation, in all but the largest
clouds. This may be attributed to a smaller number of highly self-
gravitating, high-density clumps in our simulations, owing to the
efficacy of stellar feedback in disrupting such dense regions, con-
sistent with observations (see below).

In terms of physics and resolution, the simulations most sim-
ilar to ours are presented by Fujimoto et al. (2018, 2019), which
include thermal energy and momentum from SNe, thermal energy
from HII regions, mass injection from stellar winds, stochastic stel-
lar population synthesis, and ISM heating and cooling. For a sam-

ple of GMCs in an isolated Milky Way-like disc galaxy, reach-
ing ∼ 7 pc resolution in the densest gas, these authors are able
to reproduce all of the galaxy-scale, kpc-scale and cloud-scale ob-
servables that we show in this work, with the exception of the ob-
served decorrelation between stellar and gas peaks on small spa-
tial scales (Kruijssen et al. 2018, 2019b; Chevance et al. 2020b).
Given that the major difference between the two sets of simulations
is the momentum-injection model for unresolved and marginally-
resolved HII regions presented in Section 2, we tentatively attribute
the adequate (rapid) disruption of gas peaks in our galaxies to this
component of our models. This finding will be discussed further in
an upcoming paper, Jeffreson et al. (prep).

Moving beyond isolated disc galaxies to galactic encounters
and mergers, Tress et al. (2020) have compared the ISM on cloud
scales in an isolated M51-analogue to the ISM in a simulation of
the interaction between M51 and its companion. The authors find
that although the interaction produces spiral structure and gener-
ates galaxy-scale gas flows, it does not have a significant influ-
ence on the global star formation rate or on the fraction of gas
that is dense and molecular. Although the influence of galaxy in-
teractions is beyond the scope of this work, the finding of Tress
et al. (2020) is broadly consistent with star-forming dense gas that
is over-pressured and over-dense, therefore decoupled from the am-
bient medium in its gravo-turbulent and star-forming properties, as
seen for our GMCs. Such gas would be moved around by large-
scale gas flows, but its internal properties would not be significantly
altered.

Finally, on cosmological scales and at lower resolutions, Ben-
incasa et al. (2019) have studied GMC populations in Milky Way-
like zoom-in simulations selected from the FIRE-2 sample (Hop-
kins et al. 2018b). These authors find a variation of the molecu-
lar cloud lifetime with galactocentric radius, confirming observa-
tional (e.g. Kruijssen et al. 2019b; Chevance et al. 2020b), numer-
ical (e.g. Dobbs & Pringle 2013), and theoretical (e.g. Jeffreson &
Kruijssen 2018) findings that the cloud lifetime is environmentally-
dependent. They use a complete suite of stellar feedback mecha-
nisms, including radiation pressure, photo-ionisation, stellar winds
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and supernovae. In a follow-up paper, Jeffreson et al. (subm), we
study the explicit influence of the galactic-dynamical environment
on the time-dependent properties of molecular clouds (i.e. their life-
times, merger histories and evolution) and will connect these to the
instantaneous properties studied in this work. We will then be able
to make a more direct comparison to the cosmological-scale work
of Benincasa et al. (2019).

6.2 Caveats of our simulations

In order to produce a realistic population of GMCs in our simu-
lations, we require a realistic model of the interstellar medium. In
Section 3, we have therefore compared the kpc-scale and galaxy-
scale properties of our simulations to the corresponding sets of
observables, and have found a high level of agreement. However,
our simulations do not include every physical mechanism known to
have a relevant influence on the baryon cycle and on the structure
of the ISM. Local, higher-resolution studies such as the TIGRESS
simulations (Kim & Ostriker 2017, 2018) and the SILCC simula-
tions (Walch et al. 2015), demonstrate the relevance of magnetic
fields, binary stars, cosmic rays, resolved SN bubbles and the self-
consistent injection of momentum from stellar winds and outflows
in setting the properties and structure of the three-phase ISM.

Firstly, we do not include the effect of magnetic fields in our
simulations. Although GMCs themselves are generally observed to
be magnetically super-critical (see the review by Crutcher 2012),
the lower-density gas that forms the bulk of the ISM volume is
threaded by field-lines and evolves according to the equations of
magnetohydrodynamics. There is no clear observational consen-
sus as to the role of these field lines in the formation of molecular
clouds (see review by Hennebelle & Inutsuka 2019). The scales on
which magnetic field lines are ordered and regular may be simi-
lar to the galactic dynamical scales considered in our work (Beck
2001), and may be coupled to galactic-dynamical processes such as
differential rotation and the evolution of spiral arm structure (Beck
1996; Kim & Ostriker 2015b). As such, large-scale magnetic fields
may affect the rates of GMC formation and destruction by galactic
dynamics, as well as the environmental trends in the GMC proper-
ties presented here. The local velocity anisotropy of the ISM (Sec-
tion 5.5.3) is expected to vary substantially with the magnetic field
direction (e.g. Ossenkopf & Mac Low 2002; Otto et al. 2017), so
the introduction of magnetic fields may substantially disrupt the
shear-correlated trend in velocity anisotropy shown in Figure 23.
Simulations by Girichidis et al. (2018) find that magnetic fields
may also control the shapes and fragmentation of the sub-critical
overdensities from which GMCs form, with the potential to influ-
ence their aspect ratios (Section 5.5.1).

Although we include mass injection from stellar winds, we do
not include the momentum that they impart to the ISM. At solar
metallicities, simulations of stellar winds within molecular clouds
have demonstrated a profound influence on the masses of the stel-
lar clusters they host (e.g. Gatto et al. 2017; Peters et al. 2017), and
therefore on GMC morphologies and the duration of GMC life-
times. The evolution of the HII regions within each cloud may also
be altered by stellar winds, changing the time-scale over which pre-
SN feedback is deposited into the ISM, along with the geometry of
the subsequent SN explosions (e.g. Shull 1980). At our resolutions,
we expect that the major effect of neglecting stellar wind energy
is to shorten the duration of early-time stellar feedback and thus to
reduce its overall efficacy in destroying GMCs.

Lastly, the resolution of our simulations is lower than in stud-
ies such as TIGRESS and SILCC, such that we do not explicitly re-

solve the Sedov-Taylor phase of SN blast-wave expansion. Instead,
we use the mechanical feedback algorithm outlined in Section 2.6.1
to compute the final momentum of the blast-wave. Kim & Ostriker
(2017) and Kim & Ostriker (2018) have shown that the hot gas
generated during the resolved Sedov-Taylor phase of expansion is
required to correctly reproduce the phase structure of the superbub-
bles driven by clustered supernovae, and so to correctly model the
mass-loading and the phase structure of the galactic outflows asso-
ciated with these bubbles. However, given that the assembly of our
discs is not dependent on the high-redshift phase of galactic evolu-
tion, during which strong outflows may strongly affect the structure
of the ISM, it is unlikely that the properties of our simulated GMCs
and HI clouds are strongly affected by the exact multiphase struc-
ture of our winds. (Muratov et al. 2015) in particular have shown
that the behaviour of such unresolved winds is roughly-correct in
the low-redshift case, and consistent with these results, our model
produces outflows out to several kpc above the galactic mid-plane
(see Figure 6).

In addition to the missing physics outlined above, we note
the possibility that our procedure for cloud identification has an
influence on the GMC and HI cloud properties presented here, as
explored by Grisdale et al. (2018). These authors model a time-
evolving GMC population in a Milky Way-like disc at a spatial
resolution of 4.5 pc, with thermal and kinetic stellar feedback from
supernovae, stellar winds and HII regions. In agreement with our
results, they find a close match between the properties of their simu-
lated cloud population (specifically scaling relations, masses, sizes,
densities and virial parameters) and observations of GMCs in the
Milky Way. However, they also note that the cloud scaling relations
are significantly steepened when GMCs are identified in 3D rather
than 2D. In this work we have aimed to provide a direct compar-
ison to observations by identifying clouds in 2D only, but in the
future it will also be possible to examine the ways in which each
GMC property is influenced by the number of spatial dimensions
included during cloud identification, along with the algorithm used
to define the boundaries of each GMC.

6.3 Future work

In the simulations presented here, we can distinguish clear galactic-
dynamical correlations with the time-scales for gravitational free-
fall and galactic shearing, as well as with the mid-plane hydrostatic
pressure. However, we note that the dynamic range of the free-fall
time-scale is small, and that the time-scales for epicyclic pertur-
bations and for cloud-cloud collisions are ten times longer than
the minimum dynamical time-scale, such that they play a negli-
gible role in determining the physical properties of GMCs and HI
clouds in Milky Way-pressured galaxies. In the future, we will ex-
tend the range of environments studied to include early-type galax-
ies (shorter epicyclic time-scales), spiral galaxies (shorter cloud-
collision time-scales), and higher-pressure discs such as those ob-
served at higher redshifts z ∼ 2 (greater dynamic range in the free-
fall time-scale). In the latter case, we expect GMCs to have lower
over-pressures and over-densities relative to the galactic mid-plane,
and so to be more strongly-coupled to the galactic-dynamical envi-
ronment.
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7 SUMMARY OF RESULTS

In this work, we have investigated the large-scale galactic-
dynamical trends in the properties of GMCs and HI clouds within
Milky Way-pressured galaxies. We have found that:

(i) The shortest galactic-dynamical time-scale across Milky
Way-pressured environments is either the time-scale for galactic
shearing τβ or the time-scale for gravitational free-fall, τff,g. Such
environments span ∼ 1 dex in the Toomre Q parameter, the orbital
angular velocity Ω and the stellar contribution φP to the mid-plane
hydrostatic pressure, along with all values of the shear parameter
from β = 0 (flat rotation curve) to β = 1 (solid-body rotation).
Clouds that evolve under the influence of galactic dynamics in such
galaxies are therefore most likely to have properties that correlate
with τβ and τff,g.

(ii) The simulated GMCs in Milky Way-like environments are
small, gravitationally-bound and gravitationally-collapsing, as well
as highly over-dense and over-pressured relative to the ambient
ISM. As such, they are decoupled from the gravitational and tur-
bulent properties of the galactic mid-plane, and follow no galactic-
dynamical trends in these properties. That is, the GMC velocity
dispersions σH2 , virial parameters αvir,H2 and turbulent pressures
Pturb,H2 are decoupled from the galactic-dynamical environment.

(iii) The simulated HI clouds are gravitationally-unbound across
all Milky Way-like environments, with much lower pressures and
densities than the GMCs. Their velocity dispersions σHI, virial
parameters αvir,HI and turbulent pressures Pturb,HI all display
statistically-significant (at the 3σ confidence level) trends with the
mid-plane hydrostatic pressure Pmp, with the time-scale τff,g for
gravitational collapse, and with the time-scale τβ for galactic shear-
ing.

(iv) By contrast with the turbulent/gravitational properties of
the GMCs and HI clouds, the rotational properties of both types
of clouds display statistically-significant correlations with the
galactic-dynamical variables Pmp, τff,g and τβ . The aspect ratio
ε (along the galactic azimuthal direction) increases monotonically
with the shear and free-fall rates. The plane-perpendicular angular
momentum Lz also increases with the degree of shearing and grav-
itational stability, but its preferentially-prograde orientation implies
that its magnitude is controlled primarily by the strength of the fic-
titious Coriolis force in the galaxy frame. Steeper trends and higher
values of ε and Lz are observed for the HI clouds than for the
GMCs. This is likely due to two effects: (1) GMCs have smaller
sizes, higher densities and higher pressures than HI clouds, so are
less susceptible to galactic-dynamical influences, and (2) GMCs in-
herit their rotational properties from their parent HI clouds, and the
dynamical imprints in these properties are partially erased during
their collapse.

(v) Like the cloud aspect ratios and angular momenta, the cloud
velocity anisotropyBσ is correlated with the rates of galactic shear-
ing and gravitational free-fall, both for GMCs and for HI clouds.
The clouds become more tangentially-biased at higher levels of
galactic differential rotation and gravitational stability, indicating
an increase in the prevalence of circulating gas about the cloud
centre of mass, relative to radially-streaming gas. Both the abso-
lute degree of anisotropy and its galactic-dynamical correlation is
increased for GMCs, possibly due to the conservation of angular
momentum during their collapse.

(vi) The number of GMCs per unit area of the galactic mid-
plane sets the kpc-scale star formation rate across Milky Way-
pressured galactic environments, which in turn is correlated with
the mid-plane pressure, in agreement with observations.

(vii) The internal star-forming properties of GMCs are uncorre-
lated with the global SFR surface density, and are approximately-
constant across all galactic-dynamic environments. That is, like the
GMC turbulent pressures and velocity dispersions, the star-forming
properties of GMCs are decorrelated from the galactic-dynamical
environment.

(viii) The masses, sizes and surface densities of GMCs and HI
clouds are uncorrelated with the galactic-dynamical environment.

(ix) All statistically significant, best-fitting relations between
cloud properties and galactic-dynamical quantities are tabulated in
Appendix B. We expect these predicted correlations to be testable
using cloud-scale observations of the atomic and molecular ISM in
nearby galaxies, such as those obtained by the PHANGS collabora-
tion (e.g. Sun et al. 2018, Leroy et al. in prep.; Rosolowsky et al. in
prep.).

We also make a comparison between the measured properties of
beam-filling GMCs, identified via clump-finding, and molecular
gas sight-lines at fixed spatial scale, independent of any clump-
finding algorithm. We compare the latter to observations of molec-
ular gas velocity dispersion, surface density, virial parameter and
turbulent pressure by Sun et al. (2018, 2020), and find the follow-
ing:

(i) The molecular gas sight-lines at 120-pc resolution have an
average over-pressure of ∼ 4×, relative to the galactic mid-plane
pressure on kpc-scales: approximately consistent with the average
over-pressure of 2.8× observed at the same resolution by Sun et al.
(2020). As we increase the fixed resolution through 80, 45 and
30 pc, the over-pressure increases monotonically. We attribute the
dependence of over-pressure on resolution to the dependence of the
measured cloud surface density on the beam/sight-line filling fac-
tor.

(ii) Our beam-filling GMCs have an average over-pressure of
∼ 25× and an over-density of ∼ 100×, relative to the galactic
mid-plane. It is therefore unsurprising that the turbulent, gravita-
tional and star-forming properties of GMCs are decoupled from the
galactic-dynamical environment.

(iii) By contrast, our HI clouds have an average over-pressure of
only ∼ 2×, relative to the galactic mid-plane. The HI clouds show
clear galactic-dynamical trends in their turbulent and gravitational
properties.

(iv) Given the above observations, we predict that galactic-
dynamical trends can be obtained for the turbulent, gravi-
tational and star-forming properties of GMCs. Such trends
should be visible in higher-pressure galaxies (i.e. galaxies with
log (P/kB K cm−3) > 4.5), where a larger fraction of the total
mid-plane gas is molecular, and so the cloud turbulent pressures are
closer to the hydrostatic pressures of the galactic mid-plane. This
is consistent with the observations of Chevance et al. (2020b), who
find that the decoupling of GMC evolution from galactic dynami-
cal processes occurs for kpc-scale molecular gas surface densities
of ΣH2 < 8 M� pc−2.

In closing, we expect the galactic-dynamical trends in GMC and HI
cloud properties identified here to produce corresponding trends in
their lifecycles. In a follow-up paper, we will discuss the interplay
between galactic dynamics and the cloud lifecycle in these simula-
tions.
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Ibáñez-Mejı́a J. C., Mac Low M.-M., Klessen R. S., Baczynski C., 2016,

ApJ, 824, 41

MNRAS 000, 1–36 (2020)

4.7. Summary of results 97



Galactic dynamics and GMC properties 33

Iffrig O., Hennebelle P., 2015, A&A, 576, A95
Indriolo N., McCall B. J., 2012, ApJ, 745, 91
Jeffreson S. M. R., Kruijssen J. M. D., 2018, MNRAS, 476, 3688
Jeffreson S. M. R., et al., in prep., MNRAS

Jeffreson S. M. R., et al., to be subm., MNRAS

Joshi P. R., Walch S., Seifried D., Glover S. C. O., Clarke S. D., Weis M.,
2019, MNRAS, 484, 1735

Joung M. R., Mac Low M.-M., Bryan G. L., 2009, ApJ, 704, 137
Kalberla P. M. W., Kerp J., 2009, ARA&A, 47, 27
Katz N., 1992, ApJ, 391, 502
Kauffmann J., Pillai T., Zhang Q., Menten K. M., Goldsmith P. F., Lu X.,

Guzmán A. E., 2017, A&A, 603, A89
Keller B. W., Kruijssen J. M. D., 2020, arXiv e-prints, p. arXiv:2004.03608
Keller B. W., Wadsley J., Benincasa S. M., Couchman H. M. P., 2014,

MNRAS, 442, 3013
Keller B. W., Jeffreson S. M. R., Kruijssen J. M. D., inprep., MNRAS

Kennicutt Jr. R. C., 1998, ARA&A, 36, 189
Kennicutt R. C., Evans N. J., 2012, ARA&A, 50, 531
Kim C.-G., Ostriker E. C., 2015a, ApJ, 802, 99
Kim C.-G., Ostriker E. C., 2015b, ApJ, 815, 67
Kim C.-G., Ostriker E. C., 2017, ApJ, 846, 133
Kim C.-G., Ostriker E. C., 2018, ApJ, 853, 173
Kim J.-G., Kim W.-T., Ostriker E. C., 2018, ApJ, 859, 68
Kimm T., Cen R., 2014, ApJ, 788, 121
Klessen R. S., Hennebelle P., 2010, A&A, 520, A17
Koda J., et al., 2009, ApJ, 700, L132
Kreckel K., et al., 2018, ApJ, 863, L21
Kruijssen J. M. D., Longmore S. N., 2013, MNRAS, 435, 2598
Kruijssen J. M. D., Longmore S. N., 2014, MNRAS, 439, 3239
Kruijssen J. M. D., Schruba A., Hygate A. P. S., Hu C.-Y., Haydon D. T.,

Longmore S. N., 2018, MNRAS, 479, 1866
Kruijssen J. M. D., et al., 2019a, MNRAS, 484, 5734
Kruijssen J. M. D., et al., 2019b, Nature, 569, 519
Krumholz M. R., 2013, DESPOTIC: Derive the Energetics and SPectra of

Optically Thick Interstellar Clouds, Astrophysics Source Code Library
(ascl:1304.007)

Krumholz M. R., Matzner C. D., 2009, ApJ, 703, 1352
Krumholz M. R., Tan J. C., 2007, ApJ, 654, 304
Krumholz M. R., Dekel A., McKee C. F., 2012, ApJ, 745, 69
Krumholz M. R., Fumagalli M., da Silva R. L., Rendahl T., Parra J., 2015,

MNRAS, 452, 1447
Krumholz M. R., McKee C. F., Bland -Hawthorn J., 2018, arXiv e-prints,

p. arXiv:1812.01615
Larson R. B., 1981, MNRAS, 194, 809
Larson R. B., 1994, in Wilson T. L., Johnston K. J., eds, Lecture Notes in

Physics, Berlin Springer Verlag Vol. 439, The Structure and Content of
Molecular Clouds. p. 13, doi:10.1007/3540586210˙2

Lazarian A., Pogosyan D., Esquivel A., 2002, in Taylor A. R., Lan-
decker T. L., Willis A. G., eds, Astronomical Society of the Pa-
cific Conference Series Vol. 276, Seeing Through the Dust: The De-
tection of HI and the Exploration of the ISM in Galaxies. p. 182
(arXiv:astro-ph/0112368)

Leitherer C., et al., 1999, ApJS, 123, 3
Leroy A. K., Walter F., Brinks E., Bigiel F., de Blok W. J. G., Madore B.,

Thornley M. D., 2008, AJ, 136, 2782
Leroy A. K., et al., 2013, AJ, 146, 19
Leroy A. K., et al., 2017, ApJ, 846, 71
Licquia T. C., Newman J. A., 2015, ApJ, 806, 96
Liu G., Koda J., Calzetti D., Fukuhara M., Momose R., 2011, ApJ, 735, 63
Longmore S. N., et al., 2013, MNRAS, 429, 987
Luna A., Bronfman L., Carrasco L., May J., 2006, ApJ, 641, 938
MacLaren I., Richardson K. M., Wolfendale A. W., 1988a, ApJ, 333, 821
MacLaren I., Richardson K. M., Wolfendale A. W., 1988b, ApJ, 333, 821
Mao S. A., Ostriker E. C., Kim C.-G., 2019, arXiv e-prints, p.

arXiv:1911.05078
Marchuk A. A., 2018, MNRAS, 476, 3591
Martizzi D., Faucher-Giguère C.-A., Quataert E., 2015, MNRAS, 450, 504
Mathis J. S., Mezger P. G., Panagia N., 1983, A&A, 500, 259

Matzner C. D., 2002, ApJ, 566, 302
Meidt S. E., et al., 2013, ApJ, 779, 45
Meidt S. E., et al., 2018, ApJ, 854, 100
Meidt S. E., et al., 2020, ApJ, 892, 73
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Ma X., Robles V. H., 2017, MNRAS, 471, 144
Sun J., et al., 2018, ApJ, 860, 172
Sun J., et al., 2020, ApJ, 892, 148
Suwannajak C., Tan J. C., Leroy A. K., 2014, ApJ, 787, 68
Tamburro D., Rix H. W., Leroy A. K., Mac Low M. M., Walter F., Kennicutt

R. C., Brinks E., de Blok W. J. G., 2009, AJ, 137, 4424
Tan J. C., 2000, ApJ, 536, 173
Tasker E. J., 2011, ApJ, 730, 11
Tasker E. J., Tan J. C., 2009, ApJ, 700, 358
Tassis K., Mouschovias T. C., 2004, ApJ, 616, 283
Teyssier R., 2015, ARA&A, 53, 325
Toomre A., 1964, ApJ, 139, 1217
Tress R. G., Smith R. J., Sormani M. C., Glover S. C. O., Klessen R. S.,

Mac Low M.-M., Clark P. C., 2020, MNRAS, 492, 2973
Truelove J. K., Klein R. I., McKee C. F., Holliman John H. I., Howell L. H.,

Greenough J. A., 1997, ApJ, 489, L179
Usero A., et al., 2015, AJ, 150, 115
Utomo D., et al., 2018, ApJ, 861, L18
Utreras J., et al., 2020, ApJ, 892, 94
Vázquez G. A., Leitherer C., 2005, ApJ, 621, 695
Virtanen P., et al., 2020, Nature Methods, 17, 261
Walch S., Naab T., 2015, MNRAS, 451, 2757
Walch S. K., Whitworth A. P., Bisbas T., Wünsch R., Hubber D., 2012,
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APPENDIX A: CALCULATION OF LARGE-SCALE
GALAXY PROPERTIES

The results presented in Section 5 depend on the large-scale environmental
properties of the ISM in each simulated galaxy. Here we describe the data
analysis procedures used to calculate the variation of these properties on
kpc-scales as 1D radial profiles and as 2D projection maps.

A1 1D radial profiles of (β,Q,Ω, φP)

In order to examine the cloud properties presented in Section 5 as a function
of the galactic-dynamical environment, we must compute the radial profiles

of β,Q, Ω and φP, as described in Section 4.3. Between galactocentric radii
of R = 1 kpc and R = 13 kpc, we use 50 overlapping bins with widths
of 1-kpc, collecting the gas cells i = 1...N and star particles ∗ = 1...M
in each bin by performing a tree-walk of radius ∆R = 0.5 kpc about the
bin centre, and discarding gas cells with temperatures T > 104 K. We then
calculate the gas line-of-sight velocity dispersion σlos,g, as

σlos,g(R) =
σg√

3
=

√
〈|vi − 〈vi〉|2〉

3
, (A1)

where the angled brackets denote the mass-weighted average over the gas
cells in each radial bin, with velocity vectors {vi}. By using the above
isotropic approximation, we assume that the turbulent length-scale is much
shorter than the length-scale over which galactic rotation is noticeable, and
also much shorter than the pressure scale-height of the galactic disc. In ad-
dition, we calculate the gas sound speed as

cs =
〈(kBTi

µmp

) 1
2
〉
, (A2)

the gas and live stellar surface densities Σg and Σslive as

Σg,slive (R) =
1

π[(R+ ∆R)2 − (R−∆R)2]

N,M∑
i,∗=1

mi,∗, (A3)

and the circular velocity vc at the mid-plane, as

vc(R) =
〈
−
yi

R
vx,i +

xi

R
vy,i

〉
. (A4)

Using the circular velocity vc, we obtain the angular velocity Ω(R) =
vc/R and the shear parameter β(R) = ∂ ln vc/∂ lnR, simultaneously
smoothing the profile and performing the first-order derivative using a
Savitzky-Golay kernel of window-length 35 and polynomial order 4. The
parameters β and Ω allow us to calculate the epicyclic frequency κ =

Ω
√

2(1 + β), and from this quantity we obtain the Toomre Q parameter
as

Q =
κ
√
σ2 + c2s
πGΣg

. (A5)

Finally, the parameter φP is obtained via Equation (A10), using the 1D
radial profiles of σg, Σg, ρs and Σs,live.

A2 2D projection maps of ΣH2 , ΣHI and Σg

We produce projection maps of gas surface densities using AREPO’s native
ray-tracing algorithm. Within each map, the value of the 2D field F (x, y)
at every pixel is computed by sending a ray from 1 kpc below to 1 kpc
above the galactic mid-plane, then taking the density-weighted average of
the relevant 3D field f(x, y, z) over the set of intersected gas cells. Only
those cells with temperatures T . 1 × 104 K are considered, to ensure
that the 2D projection approximates the value of the field at the galactic
mid-plane. Given that the scale height of the cold gas in each disc is at max-
imum ∼400 pc, this vertical range safely captures all gas cells of interest.
The resulting density-weighted projection F at the position (x, y) may be
written as

F (x, y) = Σg(x, y)−1

∫ z=+1 kpc

z=−1 kpc
dz ρgf(x, y, z), (A6)

where Σg(x, y) =
∫∞
−∞ dzρg(z) is the total gas column density at the

same position. The corresponding field pairs [f(x, y, z), F (x, y)] for each
gas surface density map are given by

fH2
=

2.3× 10−29M�(ergs−1)−1

mH[M�]
LCO[ergs−1]

fHI = xHI

fg = 1,

(A7)

where xHI is the abundance of atomic hydrogen per unit mass, and

FH2
= ΣH2

Σ−1
g

FHI = ΣHIΣ
−1
g

Fg = 1.

(A8)
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We then obtain ΣH2
or ΣHI by taking the product with Σg.

A3 2D projection maps of Σ∗

The star particles in AREPO are not contained in the Voronoi mesh but are
treated as collisionless point particles. As such, we use the pynbody.sph
analysis module (Pontzen et al. 2013) to produce the 2D projection maps of
all stellar properties. Within each simulation snapshot, an M4 spline SPH
kernel is assigned to all star particles, with a variable smoothing length
that encloses its 32 nearest neighbours. The value of the 2D field at each
pixel is then computed by taking the kernel-weighted average of the relevant
3D field f(x, y, z) over the set of star particles whose smoothing lengths
overlap with the coordinate (x, y).

A4 2D projection maps of ΣSFR

The central row of panels in Figure 9 displays 2D maps of the SFR surface
density ΣSFR for each simulated galaxy. These are produced by calculat-
ing the stellar surface density maps for young stars only, with ages 0-5 Myr,
approximately-matching the ages of stars traced by H-α emission. We sim-
ply divide the values in this map by the time interval (5 Myr) to obtain an
estimate of ΣSFR.

A5 2D projection maps of φP

To quantify the relative influence of the stellar and gaseous components
of the ISM in producing gravitational instability and setting the mid-plane
pressure of the galactic disc, we have used the parameter φP introduced
in Elmegreen (1989), defined as

φP = 1 +
Σs

Σg

σg

σs
, (A9)

where Σg, Σs are the gas and stellar surface densities, and σg, σs are the
gas and stellar velocity dispersions. Given that we use an external potential
to model the stellar disc and bulge components, we are not able to obtain
an accurate estimate of σs. We therefore additionally assume that the scale-
height of the stellar disc is significantly higher than that of the gas disc, so
that the stars maintain their own state of collisionless equilibrium, indepen-
dent of the gas (c.f. Blitz & Rosolowsky 2004). This leads to

φP = 1 +
σg

Σg

√
2ρs

πG
, (A10)

where ρs is the mid-plane stellar volume density, and we compute this quan-
tity by combining the contribution of the live stellar particles with that of
the external potential, such that

ρs =
1

4πG

1

R

∂

∂R

[
R
∂(Φd + Φb)

∂R

]∣∣∣
z=0

+
Σslive

4H
, (A11)

where Σslive is the stellar surface density of the live stellar particles (cal-
culated per Section A3), H is the stellar disc scale-height (calculated per
Section A7), and Φd and Φb are the disc and bulge components of the ap-
plied potential, given by Equations (2) and (4), respectively. The final two
quantities in the 2D projection of Equation (A10) are then the total gas
surface density Σg (Section A2) and the total gas velocity dispersion σg

(Section A6).

A6 Gas velocity dispersion, σg

In order to compute the 2D projection of φP, we require a 2D projection
of the gas velocity dispersion σg. The three-dimensional turbulent velocity
dispersion at the position of each gas cell is not tracked during our simula-
tions. We calculate this quantity in post-processing using the particle posi-
tions, densities and velocity vectors in each simulation snapshot, according
to Gensior et al. (2020). For a given Voronoi cell, σg is given by

σg = 〈|vi − 〈vi〉|2〉, (A12)

where the angled brackets denote a (cubic spline) kernel-weighted aver-
age over the set of nearest-neighbour gas cells with velocity vectors {vi},

chosen according to the variable tree-walk radius defined in Equation (7)
of Gensior et al. (2020). Briefly, this radius is set to |〈ρg〉/〈∇ρg〉|, where
〈∇ρg〉 is the kernel-weighted average of the volume density gradient with
respect to the radial distance from the central cell. In every case, the smooth-
ing length for the cubic spline kernel is chosen to enclose the 32 nearest
neighbour cells. We refer the reader to the cited work for a more detailed
explanation.

Following the computation of the σg for each gas cell, we compute its
2D density-weighted projection along the z-axis using Equation (A6). The
corresponding 2D projection of the line-of-sight velocity dispersion is then
given by

σlos = σg/
√

3. (A13)

A7 Disc scale height and scale-length

The gas and stellar disc scale-heights zd or disc scale-lengths Rd for an
exponential disc are uniquely determined by the ratio of the mass enclosed
within zd or Rd, relative to the total mass of the galactic disc, such that∫ zd

0
ρ(R, z) dz = (1− e−1)

∫ ∞
0

ρ(R, z) dz (A14)∫ Rd

0
ρ(R, z) dR = (1− 2e−1)

∫ ∞
0

ρ(R, z) dR. (A15)

Azimuthally-averaged values for each disc are given in Table 1 and in Fig-
ure 14.

APPENDIX B: STATISTICAL SIGNIFICANCE OF
GALACTIC-DYNAMICAL TRENDS

In Table 3 and Figure 16, we present the relative statistical significance
of the correlation between each physical cloud property and the two min-
imum galactic-dynamical time-scales (τβ and τff,g) across Milky Way-
pressured environments, along with the pressure Pmp at the galactic mid-
plane. We determine the statistical significance by performing a non-linear
least squares optimisation to fit a straight line y = ax + b to each data
set, where x corresponds to a set of 50 non-overlapping bins in one of the
independent variables τβ , τff,g or Pmp. The dependent variable y is mean
value of a given cloud property in each bin, a is the slope of the fit and b
is its y-axis intercept. We use the CURVEFIT function from SCIPY (Virta-
nen et al. 2020) to perform the optimisation and to calculate the covariance
matrix of the dataset as

C(x, y) =

[
Var(x) Cov(x, y)

Cov(x, y) Var(y)

]
. (B1)

We then compute the eigenvalues (E1, E2) and eigenvectors (ê1, ê2)

of the covariance matrix to obtain the confidence ellipse of the param-
eters a and b. The confidence ellipse is centred on the optimum values
(a = a0, b = b0) for the fit parameters, has major and minor axes lengths
of N

√
E1 = 3

√
E1 and N

√
E2 = 3

√
E2 at the 3σ level, and has a

position angle of θ = arctan (ê2 · x̂/ê1 · x̂). Crucially, the confidence
ellipse shows both the correlation and the spread of the fit parameters. For
each of our cloud properties, we find that the variance of the slope is typi-
cally small, however it displays a significant degree of correlation with the
y-intercept, which has a much larger variance. The correlation can be seen
in the elongation of any of the confidence ellipses presented in Figures B2
to B18. Rather than using the variance E1 on the fit parameter a to calcu-
late its error, we therefore consider the slope to be consistent with zero at
the 3σ level if the ellipse crosses the line a = 0 at any point. If the ellipse
makes no such crossing, then we consider that the data are consistent with
a non-zero correlation between independent and dependent variables at the
3σ level. Correspondingly, the error on the slope is quoted as the projection
of the 1σ confidence ellipse onto the a-axis of the fit parameter space.

In the case of the two galactic dynamical time-scales τβ and τff,g, we
consider two distinct dynamical regimes. In one, the time-scale τX is com-
petitive with the minimum galactic-dynamical time-scale τmin to within a
factor of two, such that τX 6 τmin. In the other, it is longer and there-
fore less competitive, such that τX > τmin. We expect that in the former
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regime, the influence of a given dynamical mechanism on the properties of
GMCs and HI clouds is greater. As discussed in Section 4, a key result of
this work is that the time-scale for gravitational free-fall τff,g is competitive
across all Milky Way-pressured environments, and as such we need only to
consider the first regime for τff,g, represented by the filled data points in
Figures B2 to B18. Conversely, the time-scale τβ for galactic shearing par-
titions the simulation data between the two regimes. Where a statistically-
significant correlation with τβ is present, we observe a clear break in the
slope at τβ = τmin, and so we fit the two regimes separately.

In Tables B1, B2 and B3, we list those cloud properties that dis-
play statistically-significant correlations with the dynamical variables Pmp,
τff,g and τβ , respectively. We give the range of the correlation in each inde-
pendent variable, its slope and its intercept, along with the associated errors.
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Table B1. Statistically-significant correlations between each cloud property (dependent variable, y) and the logarithm of the hydrostatic mid-plane pressure,
Pmp (independent variable, x).

y-property y ∝ log (Pmp/kBK cm−3) Figure
x-range Slope y-intercept

σHI/kms−1 3.6→ 4.3 4.30± 0.19 −9.5± 0.8 B2
logαvir,HI 3.6→ 4.3 0.42± 0.02 −0.29± 0.06 B4
log (Pturb,HI/kBK cm−3) 3.6→ 4.3 0.62± 0.02 1.91± 0.07 B6
εH2

3.6→ 4.3 0.54± 0.05 0.18± 0.19 B9
εHI 3.6→ 4.3 0.74± 0.09 −0.6± 0.4 B10
log (Lz,H2/pc kms−1) 3.6→ 4.3 0.51± 0.03 −1.40± 0.13 B11
log (Lz,HI/pc kms−1) 3.6→ 4.3 0.83± 0.05 −1.75± 0.20 B12
Bσ,H2

3.6→ 4.3 −0.49± 0.06 1.4± 0.3 B13
log (ΣNcl,H2/kpc−2) 3.6→ 4.3 0.391± 0.004 −0.69± 0.01 B15
log (ΣNcl,HI/kpc−2) 3.6→ 4.3 0.376± 0.003 −0.643± 0.013 B16

Table B2. Statistically-significant correlations between each cloud property (dependent variable, y) and the logarithm of the mid-plane free-fall time-scale
τff,g (independent variable, x).

y-property y ∝ log (τff,g/Myr) Figure
x-range Slope y-intercept

σHI/kms−1 1.4→ 1.9 −4.0± 0.6 14.1± 1.1 B2
logαvir,HI 1.4→ 1.9 −0.28± 0.06 1.84± 0.1 B4
log (Pturb,HI/kBK cm−3) 1.4→ 1.9 −0.84± 0.05 5.73± 0.08 B6
εH2 1.4→ 1.9 −0.83± 0.08 3.71± 0.14 B9
εHI 1.4→ 1.9 −1.8± 0.2 5.2± 0.3 B10
log (Lz,H2

/pc kms−1) 1.4→ 1.9 −1.26± 0.05 2.70± 0.09 B11
log (Lz,HI/pc kms−1) 1.4→ 1.9 −2.04± 0.10 4.91± 0.17 B12
Bσ,H2

1.4→ 1.9 1.05± 0.12 −2.3± 0.2 B13
log (ΣNcl,H2

/kpc−2) 1.4→ 1.9 −1.44± 0.06 3.24± 0.10 B15
log (ΣNcl,HI/kpc−2) 1.4→ 1.9 −0.75± 0.05 1.98± 0.10 B16

Table B3. Statistically-significant correlations between each cloud property (dependent variable, y) and the logarithm of the time-scale τβ for galactic shearing
(independent variable, x).

y-property y ∝ log (τβ/Myr) Figure
x-range Slope y-intercept

σHI/kms−1 1.2→ 2.1 −2.8± 0.3 13.0± 0.6 B2
logαvir,HI 1.2→ 2.1 −0.22± 0.02 1.80± 0.03 B4
log (Pturb,HI/kBK cm−3) 1.2→ 2.1 −0.36± 0.02 5.05± 0.04 B6
εH2 1.2→ 2.1 −0.39± 0.03 3.10± 0.05 B9
εHI 1.2→ 2.1 −0.81± 0.04 3.89± 0.07 B10
log (Lz,H2/pc kms−1) 1.2→ 2.1 −0.41± 0.02 1.41± 0.04 B11
log (Lz,HI/pc kms−1) 1.2→ 2.1 −0.79± 0.05 3.04± 0.10 B12
Bσ,H2

1.2→ 2.1 0.35± 0.05 −1.23± 0.07 B13
log (ΣNcl,H2/kpc−2) 1.2→ 2.1 −0.77± 0.04 2.29± 0.06 B15
log (ΣNcl,HI/kpc−2) 1.2→ 2.1 −0.72± 0.06 1.97± 0.09 B16
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Figure B1. Lower panels: Mean line-of-sight GMC velocity dispersion σH2 as a function of the time-scale for galactic shearing (τβ , left), the time-scale
for gravitational free-fall (τff,g, centre) and the mid-plane pressure (Pmp, right). The error-bars correspond to the standard deviation on the mean for the
distribution of values in each bin. The equations in each panel give the non-linear least-squares fit to the data in each panel. In the case of the shear time-scale
(left), the data are fitted in two distinct regimes: one in which the shear time-scale is shorter than twice the minimum galactic-dynamical time-scale τmin

(dark purple points, left of the vertical dashed line) and one in which it is longer (transparent points, right of the vertical dashed line). Upper panels: The 1σ

(dark-coloured) and 3σ (light-coloured) confidence ellipses for each fit. The error-bars correspond to the projection of the 1σ confidence ellipse onto each of
the parameter axes.
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Figure B2. Same as Figure B1, but for the HI cloud velocity dispersion, σHI.
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Figure B3. Same as Figure B1, but for the GMC virial parameter, αvir,H2
.
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Figure B4. Same as Figure B1, but for the HI cloud virial parameter, αvir,HI.
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Figure B5. Same as Figure B1, but for the GMC internal turbulent pressure, Pturb,H2
.
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Figure B6. Same as Figure B1, but for the HI cloud internal turbulent pressure, Pturb,HI.
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Figure B7. Same as Figure B1, but for the GMC velocity divergence, DH2 .
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Figure B8. Same as Figure B1, but for the HI cloud velocity divergence, DHI.
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Figure B9. Same as Figure B1, but for the GMC aspect ratio, εH2
.
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Figure B10. Same as Figure B1, but for the HI cloud aspect ratio, εHI.
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Figure B11. Same as Figure B1, but for the GMC specific angular momentum, Lz,H2 .
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Figure B12. Same as Figure B1, but for the HI cloud specific angular momentum, Lz,HI.
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Figure B13. Same as Figure B1, but for the GMC velocity anisotropy, Bσ,H2 .
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Figure B14. Same as Figure B1, but for the HI cloud velocity anisotropy, Bσ,HI.
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Figure B15. Same as Figure B1, but for the number of GMCs per unit area of the galactic mid-plane, ΣNcl,H2
.
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Figure B16. Same as Figure B1, but for the number of HI clouds per unit area of the galactic mid-plane, ΣNcl,HI
.
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Figure B17. Lower panel: Mean HI cloud velocity divergence DHI as a
function of the mid-plane velocity dispersion σmp. The error-bars corre-
spond to the standard deviation on the mean for the distribution of values
in each bin. The equation gives the non-linear least-squares fit to the data.
Upper panel: The 1σ (dark-coloured) and 3σ (light-coloured) confidence
ellipses for the least-squares fit. The error-bars correspond to the projection
of the 1σ confidence ellipse onto each of the parameter axes.
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Figure B18. Same as Figure B17, but for the GMC velocity divergence,
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ABSTRACT
We derive the detailed cloud evolution networks for three Milky Way-like isolated galaxy
simulations at a temporal resolution of 1 Myr, spanning two orders of magnitude in spatial
scale from∼ 10 pc up to∼ 1 kpc. The highest-resolution networks contain a cumulative total
of ∼ 80, 000 separate molecular clouds in different galactic-dynamical environments. We
calculate the characteristic cloud lifetime τlife for each galaxy as a function of the cloud spatial
scale `, finding that it obeys a broken scaling relation, with τlife ∝ `−0.3 below the scale-
height of the thin galactic gas disc, ` . 100 pc, and τlife ∼ constant above the disc scale-
height. The scaling relation of cloud lifetimes is consistent with the higher efficiency of star
formation per free-fall time that is required to disperse small, dense regions of molecular gas
against the pull of their own self-gravity, relative to larger, more diffuse regions. Consistent
with the importance of self-gravity in driving the evolution of the simulated cloud population,
the characteristic cloud lifetime is decoupled from the influence of galactic dynamics across
all galactic environments. Clouds undergo mergers at a rate proportional to the crossing time
between their centroids, but are inert to the interactions between their edges. At the gas disc
scale-height, the molecular cloud lifetime converges to the crossing time of the gas disc, as
clouds become vertically-confined and are no longer self-gravitating. At these scales, we find
τlife ∼ 13 Myr, consistent with observations.

Key words: stars: formation — ISM: clouds — ISM: evolution — ISM: kinematics and
dynamics — galaxies: evolution — galaxies: ISM

1 INTRODUCTION

Giant molecular clouds (GMCs) provide the reservoirs of cold
molecular gas from which the majority of stars are formed (Ken-
nicutt & Evans 2012). Their lifetimes place an upper bound on the
time-scale for star formation at a given spatial scale, which in com-
bination with observations of the gas and star formation rate surface
densities (e.g. Kennicutt 1998; Bigiel et al. 2008; Leroy et al. 2008;
Blanc et al. 2009; Schruba et al. 2010; Liu et al. 2011), constrains
the value of the local star formation efficiency (SFE). As such, a
prediction for the molecular cloud lifetime provides two key in-
sights about the conversion of gas to stars in galaxies: (1) an un-
derstanding of the physics that limit the duration of star-formation
episodes, and (2) a prediction for the fraction of gas that is con-
verted to stars during these episodes.

Over the past two decades, observational evidence has
mounted to support the view of molecular clouds as rapidly-
evolving entities with lifetimes of order the dynamical time-scale,
varying between 10 and 55 Myr (Engargiola et al. 2003; Blitz
et al. 2007; Kawamura et al. 2009; Murray 2011; Miura et al.
2012; Meidt et al. 2015; Corbelli et al. 2017; Kruijssen et al. 2019;

? s.jeffreson@uni-heidelberg.de

Chevance et al. 2020). These measurements contrast with past stud-
ies that tie molecular cloud lifetimes to the survival times of their
constituent H2 molecules (e.g. Scoville & Hersh 1979; Scoville &
Solomon 1975; Koda et al. 2009). To complement these studies
of giant molecular cloud time-scales, a growing body of observa-
tional evidence now points towards a correlation of cloud prop-
erties with their large-scale galactic environments, across a range
of spatial scales. In particular, significant environmental variations
have been found in the integrated star formation efficiency (Leroy
et al. 2008), the SFE per free-fall time (Utomo et al. 2018), the
molecular cloud surface density, turbulent velocity dispersion and
turbulent pressure (e.g. Sun et al. 2018; Colombo et al. 2019; Sun
et al. 2020), the molecular cloud size (Heyer et al. 2009; Roman-
Duval et al. 2010; Rice et al. 2016; Miville-Deschênes et al. 2017;
Colombo et al. 2019), and the galactic dense gas fraction (Usero
et al. 2015; Bigiel et al. 2016). In accordance with both numerical
simulations (Dobbs & Pringle 2013; Fujimoto et al. 2014; Dobbs
et al. 2015; Benincasa et al. 2019) and analytic predictions (Meidt
et al. 2018; Jeffreson & Kruijssen 2018), observed GMCs do not
form and evolve in isolation, but are part of a network of galactic
processes spanning from the kpc-scales of galactic dynamics down
to the sub-cloud physics of star formation and stellar feedback.

Within this hierarchical baryon cycle, it has long been known

c© 2020 The Authors
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that the time-scales associated with star formation vary as a func-
tion of spatial scale (e.g. Elmegreen & Efremov 1996; Efremov
& Elmegreen 1998; Elmegreen 2000) according to the hierarchi-
cal (e.g. Scalo 1985; Bally et al. 1987; Scalo 1990; Lee et al.
1990; Falgarone et al. 1991; Bally et al. 1991; Elmegreen & Falgar-
one 1996; Falgarone et al. 2009) and supersonically-turbulent (e.g.
Vazquez-Semadeni 1994; Passot et al. 1995; Passot & Vázquez-
Semadeni 1998; Stone et al. 1998; Ostriker et al. 2001; Kim et al.
2003a; Federrath et al. 2009, 2010) structure of the interstellar
medium. In recent years, theories of star formation have begun
to explore the spatial dependence of empirical star formation re-
lations (Krumholz et al. 2012; Semenov et al. 2017, 2018, 2019;
Caplar & Tacchella 2019; Tacchella et al. 2020), and observations
have begun to move towards the characterisation of molecular gas
properties as an explicit function of spatial resolution (Leroy et al.
2013; Sun et al. 2018, 2020). Such analyses describe the duration
and efficiency of galactic-scale star formation with respect to the hi-
erarchy of time-scales for molecular gas evolution on sub-galactic
spatial scales, and the physics that drive them.

In this work, we explore the time evolution of molecular cloud
populations in Milky Way-mass galaxies as a function of spatial
scale, using a set of three isolated galaxy simulations spanning
a wide range of galactic-dynamical environments Jeffreson et al.
(2020). We construct detailed cloud evolution networks spanning
over two orders of magnitude in spatial resolution, allowing us to
probe the time-evolution and star-forming behaviour of molecular
gas across a range of hierarchical levels in the interstellar medium.
We compute a characteristic molecular cloud lifetime and cloud
merger rate as a function of spatial scale, and examine how these
relate to the time-scales for star formation and gravitational col-
lapse. Finally, we connect the derived scaling relations, where pos-
sible, to the galactic-dynamical environment and its influence (or
lack thereof) on the clouds in our sample.

The remainder of this paper is structured as follows. In Sec-
tion 2, we re-iterate the key details of the three isolated galaxy sim-
ulations analysed in this work, which were first presented in Jef-
freson et al. (2020). Section 3 describes how these simulations are
used to construct detailed cloud evolution networks spanning two
orders of magnitude in spatial scale. In Sections 4 and 5 we report
the key results of our analysis, relating to the spatial scaling of the
cloud merger rate, and of the characteristic molecular cloud life-
time, respectively. Section 6 presents a discussion of our results in
the context of existing simulations and observations of giant molec-
ular cloud lifetimes and mergers. Finally, a summary of our conclu-
sions is given in Section 7.

2 SIMULATIONS

We analyse the lifetimes of molecular clouds across the three Milky
Way-like isolated galaxy simulations of Jeffreson et al. (2020),
shown in Figure 1. Here we briefly describe the most important
characteristics of our numerical method, and refer the reader to the
cited work for a fuller and more detailed explanation.

2.1 Isolated galaxy models

The initial conditions for each isolated disc galaxy are gener-
ated using MAKENEWDISK (Springel et al. 2005), using a three-
component external potential consisting of a spherical Hernquist
(1990) dark matter halo, a Miyamoto & Nagai (1975) stellar disc,

and a Plummer (1911) stellar bulge. The gas disc follows an expo-
nential density profile of the form

ρgas(R, z)
Mgas

4πRgaszgas
exp− R

Rgas
exp− |z|

zgas
, (1)

whereMgas is the total gas mass, zgas is the disc scale-height set by
the condition of hydrostatic equilibrium, and Rgas is the gas disc
scale length, which is fully-determined by the external potential.
We vary the external potential to set three different combinations
of the disc scale-height and rotation curve, ensuring that each sim-
ulation spans a different set of galactic-dynamical environments.

Each simulation refines adaptively to a target gas cell mass
of 900 M�. We avoid artificial fragmentation at scales larger than
the Jeans length λJ = cs/

√
Gρ by ensuring that the disc scale-

height and Toomre mass are resolved at all scales (Nelson 2006),
and by employing the adaptive gravitational softening scheme in
AREPO, with a typical value of 1.5 times the Voronoi cell size
and a minimum value of ∼ 3 pc, corresponding to the spatial
resolution in the densest gas at our star formation threshold of
nthresh = 2000 H/cc. As such, stars are formed only from gas
cells that are gravitationally-collapsing (i.e. whose masses safely
exceed the Jeans mass), assuming that all star-forming gas is in ap-
proximate thermal equilibrium and follows a cooling curve with a
maximum temperature of 100 K. Our star formation prescription
is chosen to locally reproduce the observed relation of Kennicutt
(1998) between the SFR surface density and the gas surface den-
sity, following the equation

dρ∗,i
dt

=

{
ερi
tff,i

, ni > nthresh

0, ni < nthresh

, (2)

where the local free-fall time is given by tff,i =
√

3π/(32Gρi).
We use a star formation efficiency per free-fall time of ε =
1 per cent, following measurements of the gas depletion time
across nearby galaxies (Leroy et al. 2017; Krumholz & Tan 2007;
Krumholz et al. 2018; Utomo et al. 2018).

The star particles generated via this prescription each spawn
a stellar population drawn stochastically from a Chabrier (2003)
initial stellar mass function (IMF) using the Stochastically Light-
ing Up Galaxies (SLUG) population synthesis model (da Silva
et al. 2012, 2014; Krumholz et al. 2015). At each time-step, SLUG
provides the ionising luminosity for each star particle, along with
the number of supernovae (SN) it has generated and the mass it
has ejected, by evolving the stellar populations along Padova so-
lar metallicity tracks (Fagotto et al. 1994a,b; Vázquez & Leitherer
2005) using starburst99-like spectral synthesis (Leitherer et al.
1999). Star formation feedback from stellar winds consists of mass
ejected from star particles without any accompanying SN events.

In addition to the mass from stellar winds, we include pre-SN
photo-ionisation feedback from HII regions, according to the pre-
scription of (Jeffreson et al. prep). We inject momentum into the
gas cells surrounding the central ‘host’ cell for each star particle,
corresponding to the momentum due to gas and radiation pressure
from ‘blister-type’ HII regions, following the analytic description
of Matzner (2002); Krumholz & Matzner (2009). The cells inside
each HII region are self-consistently heated and held at or above
a temperature floor of 7000 K. We inject mechanical SN feedback
according to the prescription of Keller et al. (prep), which computes
the terminal momentum of the (unresolved) SN remnant according
to Gentry et al. (2017). The energy and momentum injected into
each gas cell from all types of stellar feedback is weighted accord-
ing to the face area shared between the central and receiving gas

MNRAS 000, 1–19 (2020)

5.2. Simulations 115



Scaling relation of molecular cloud lifetimes 3

ε = 396 pc

ε = 78 pc

ε = 18 pc

FLAT SLOPED CORED

0

5

10

15

20

25

Σ
H

2
/M
�

p
c−

2

Figure 1. Column density maps of the molecular gas in each simulation, down-sampled from the native map resolution of ε = 6 pc to spatial resolutions of
ε = 18 pc (top row), 78 pc (central row) and 396 pc (bottom row).

cells as in Hopkins et al. (2018), however for the HII region feed-
back we re-weight the momentum along a directed beam of the
form

∆pk,HII = wk(θk, Ak)r̂j→k∆pj,HII

w(θk, Ak) =
Aj→kf(θk)∑
k Aj→kf(θk)

f(θk) =
[

log
( 2

Θ

)
(1 + Θ2 − cos2 θk)

]−1

,

(3)

where ∆pj,HII is the total momentum delivered to the central cell j
that hosts the HII region, ∆pk,HII is the fraction of the momentum
injected into the kth momentum-receiving cell, r̂j→k defines the

axis joining the centroids of the cells j and k, and wk(θk, Ak) is
the final weight-factor, dependent on the facing area Ak between
the two cells and the angle θk between the axis r̂j→k and the axis
of the beam along which the momentum is directed. The beam has
an opening angle of Θ = π/12 radians.

Throughout each simulation, the thermal and chemical state of
the simulated gas is determined via the chemical network of Nel-
son & Langer (1997); Glover & Mac Low (2007a,b), according to
a simplified set of reactions that follow the fractional abundances
of H, H2, H+, C+, CO, O and e−, with the abundances of Helium,
silicon, carbon and oxygen set to their solar values of xHe = 0.1,
xSi = 1.5 × 10−5, xC = 1.4 × 10−4 and xO = 3.2 × 10−4, re-
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spectively. The strength of the interstellar radiation field (ISRF) is
set to a value of 1.7 Habing (1968) units according to Mathis et al.
(1983), and a value of 2×10−16 s−1 is used for the cosmic ray ion-
isation rate (e.g. Indriolo & McCall 2012). A full list of the heating
and cooling processes considered in our simulations is given in Jef-
freson et al. (2020), and a detailed account of the chemical network
and its coupling to the thermal and dynamical evolution of the gas
is given in Glover & Mac Low (2007a,b); Glover et al. (2010).

2.2 Chemical post-processing

As described in Jeffreson et al. (2020), we compute the molecular
hydrogen abundances of the Voronoi gas cells in our simulations
in post-processing, using the DESPOTIC model for astrochemistry
and radiative-transfer (Krumholz 2013). Each gas cell is treated as
a one-zone spherical ‘cloud’ with a hydrogen atom number den-
sity nH, a column density NH and a virial parameter αvir. The
escape probability formalism is applied to compute the line emis-
sion from each cell, coupled self-consistently to the chemical and
thermal evolution of the gas. The carbon and oxygen chemistry is
followed via the chemical network of Gong et al. (2017), with the
addition of cosmic rays and the grain photo-electric effect, subject
to dust- and self-shielding for each component, line cooling due to
C+, C, O and CO, and thermal exchange between dust and gas.
The ISRF strength and cosmic ionisation rate are matched to those
used to compute the live chemistry during run-time. The entire sys-
tem of coupled rate equations is converged to a state of chemical
and thermal equilibrium for each one-zone model.

Due to considerations of computational cost, we do not per-
form the above convergence calculation for all gas cells in the sim-
ulation, but instead interpolate over a table of pre-calculated models
at logarithmically-spaced values of nH,NH and αvir. For a gas cell
with mass density ρ, the hydrogen number density is given by

nH =
ρ

µmH
, (4)

where mH is the proton mass and µ = 1.4 is the atomic mass
per hydrogen nucleus at the standard cosmic composition. The hy-
drogen column density is then obtained following Fujimoto et al.
(2019), via the local approximation of Safranek-Shrader et al.
(2017), as

NH = λJnH, (5)

where λJ = (πc2s/Gρ)1/2 is the Jeans length, and is calculated
with an upper limit of T = 40 K on the gas cell temperature. Fi-
nally, the virial parameter is defined according to MacLaren et al.
(1988); Bertoldi & McKee (1992), as

αvir =
5σ2

g

πGρL2
, (6)

where σg is the turbulent velocity dispersion of the gas cell follow-
ing Gensior et al. (2020), and L is the smoothing length over which
σg is calculated. Using the above three values, we constrain the
12CO line luminosity LCO for the 1 → 0 transition, from which
we obtain the CO-bright molecular hydrogen surface density, ac-
cording to

ΣH2 [M�pc−2] =
2.3× 10−29[M�(erg s−1)−1]

mH[M�]

× Σg[M�pc−2]

×
∫∞
−∞ dz

′ρg(z′)LCO[erg s−1]∫∞
−∞ dz

′ρg(z′)
.

(7)

In the above, ρg(z) is the total gas volume density as a
function of distance z from the galactic mid-plane and Σg

is the total gas surface density. The mass-to-luminosity con-
version factor αCO = 4.3M�(K kms−1pc−2)−1 of Bolatto
et al. (2013) and the line-luminosity conversion factor 5.31 ×
10−30(K kms−1Ppc2)/(erg s−1) of Solomon & Vanden Bout
(2005) for the CO J = 1 → 0 transition at redshift z = 0 are
combined to produce the factor of 2.3 × 10−29 (erg s−1)−1. The
ratio of integrals represents the two-dimensional density-weighted
ray-tracing map of the CO line-luminosity.

3 CONSTRUCTION OF THE CLOUD EVOLUTION
NETWORK

In this section, we describe the construction of a detailed cloud
evolution network from the simulations outlined in Section 2. We
produce the network at the (two-dimensional) native resolution of
ε = 6 pc for each simulation, as well as at degraded spatial res-
olutions of 12, 18, 36, 78, 198 and 396 pc, to examine the time-
dependent properties of molecular clouds as a function of their
spatial scale. We use a range of simulation times between 600 and
1000 Myr, for which the simulated galaxies are shown to be a state
of dynamical equilibrium (Jeffreson et al. 2020).

3.1 Cloud identification

We identify giant molecular clouds at each simulation snapshot us-
ing a procedure similar to that described in Jeffreson et al. (2020).
We compute a map of the molecular hydrogen surface density ΣH2

at a spatial resolution of 6 pc, using AREPO’s ray-tracing algo-
rithm. For the typical gas cell mass of ∼ 900 M�, this is equal
to the radius of a Voronoi gas cell at the minimum volume den-
sity of nH & 30 cm−3 inside molecular clouds, ensuring that each
pixel in every cloud contains at least one cell centroid. To obtain
the maps at degraded spatial resolution, we downsample the orig-
inal at factors of 2, 3, 6, 13, 33 and 66 times, by averaging the
value of ΣH2 across groups of adjacent pixels. In this way, we ob-
tain equivalent maps of the molecular hydrogen surface density at
spatial resolutions of 6, 12, 18, 36, 78, 198 and 396b pc.

As described in Section 2.9.1 and by Figure 4 of Jef-
freson et al. (2020), we use the ASTRODENDRO package for
Python to identify molecular clouds as a set of closed contours
at log10 (ΣH2/M�pc−2) = −3.5. This captures all of the dense
CO-bright gas identified via the DESPOTIC model. The Voronoi gas
cells associated with each cloud are then obtained by applying the
ASTRODENDRO pixel mask for each cloud to the positions of the
gas cell centroids with temperatures T < 104 K. In contrast to Jef-
freson et al. (2020), at this stage of the analysis we do not impose
any requirement on the number of pixels or the number of Voronoi
cells spanned by each cloud. That is, we allow clouds with a di-
ameter of just one pixel, containing one Voronoi cell. This ensures
consistency of cloud-bidentification across maps of varying spatial
resolution, while allowing a minimum cloud size of 396 pc at the
lowest resolution. It also produces a population of unphysical arte-
facts of low mass and low velocity dispersion, which do not adhere
to the observational properties of real molecular clouds, as shown
on the left-hand side of the vertical dashed lines in Figure 2. Fol-
lowing the construction of the cloud evolution network, we ‘prune’
these artefacts away, according to the physical requirement that our
identified clouds reproduce the observed distributions of the cloud
mass and cloud velocity dispersion, as described in Section 3.3.
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Figure 2. Distributions of cloud massesM and velocity dispersions σ in the
cloud evolutionary network at each of the different spatial resolutions for
cloud identification, before pruning is applied (see Section 3.3). There exists
a large population of low-mass, low-velocity dispersion artefacts (left side
of the vertical black dashed lines) that do not conform to observations of
the cloud mass spectrum or velocity dispersion distribution. These artefacts
are removed from the network before any analysis is performed.

3.2 Tracking clouds over time

Once we have identified the molecular clouds at every simulation
time-step, we track their evolution as a function of time. To identify
similar clouds in consecutive snapshots at times t = t1 and t =
t2 = t1 + ∆t, where ∆t = 1 Myr for our maps, we take the sets
of gas cells comprising the clouds identified at t = t1 and calculate
their projected positions at t2, according to

x2 = x1 + vx∆t

y2 = y1 + vy∆t.
(8)

We then use ASTRODENDRO to compute the two-dimensional pixel
masks for the closed contours around the time-projected gas cell
positions, following the original cloud identification procedure. If

any pixel in a time-projected mask overlaps with a pixel in one
of the cloud masks at time t = t2, then the clouds are consid-
ered indistinguishable at the spatial resolution of ε and time reso-
lution of 1 Myr used for cloud identification. The clouds at t = t1
are assigned as the parents of the clouds at t = t2. Via this pro-
cedure, each cloud can spawn multiple children (cloud splits) or
have multiple parents (cloud mergers). We connect and store the
parents and children of every cloud using the NETWORKX pack-
age for python, producing the cloud evolution network. A 100-Myr
section of this network for the FLAT simulation at the native res-
olution of ε = 6 pc is shown in Figure 4 for galactocentric radii
between 7.75 and 8.25 kpc (approximately at the solar radius for
a Milky Way-like galaxy). The arrow of time points from the top
to the bottom of the network, so that cloud mergers have the shape
of downward-pointing triangles and cloud splits have the shape of
upward-pointing triangles. Each node in the network represents a
molecular cloud identified at a single simulation time, as described
in Section 3.1. Directed edges (represented by time-directed ar-
rows) join parent and child nodes in consecutive snapshots, and so
all have a temporal length equal to the time ∆t = 1 Myr between
snapshots. The cloud evolution network can therefore be read from
the top to the bottom of the graph, where distinct, non-interacting
clouds correspond to distinct components of the graph that share no
edges between them.

3.3 Pruning the cloud history graph

To obtain the final version of each cloud evolution network, we
prune away any nodes that do not correspond to physical molecu-
lar clouds. These artefacts are produced by regions of faint back-
ground CO emission modelled in DESPOTIC, which appear as over-
densities in the molecular hydrogen surface density and so are
picked up by the cloud identification procedure described in Sec-
tion 3.1, but which contain very little CO-luminous mass.

Figure 2 demonstrates the bi-modality of the resulting cloud
mass M and velocity dispersion σ distributions, which provides
a natural choice for the pruning requirement. The observable
range of masses M & 104 M� and velocity dispersions 0.5 .
σ . 100 kms−1 extends smoothly down to M = 1 M� and
σ = 0.03 kms−1. Pruning at these cut-offs removes the un-
physical artefacts, leaving the spectra presented in Figure 3 for
the cloud mass (left-hand panel), cloud size (central panel), and
Voronoi cell number Ncell (right-hand panel). In the pruned sam-
ple, 99.3 per cent of clouds are resolved by 10 or more Voronoi
cells across all spatial resolutions (95.4 per cent at the native reso-
lution). The mass spectrum (left-hand panel) is consistent with em-
pirical data over the observationally-constrained mass range, with
β = 1.90 ± 0.08 for a power-law distribution of cloud number
with mass, dN/dM ∝ M−β . Values of β ∈ [1.6, 1.8] are mea-
sured consistently in the Milky Way and across other nearby galax-
ies (Solomon et al. 1987; Williams & McKee 1997; Kramer et al.
1998; Heyer et al. 2001; Rosolowsky et al. 2003; Roman-Duval
et al. 2010; Freeman et al. 2017; Miville-Deschênes et al. 2017;
Colombo et al. 2019). Similarly, the upper truncation mass falls at
around M = 107M� at all resolutions, consistent with the ob-
served range of ∼ 3 to 8 × 106M� in The Milky Way (Colombo
et al. 2019), M33 (Rosolowsky et al. 2003) and M83 (Freeman
et al. 2017). For spatial resolutions of ε < 396 pc, our pruning
requirements allow a significantly smaller value of the lower trun-
cation mass than can be resolved by observations, but given that the
slope of the mass spectrum preserves its form all the way down to
M = 1 M�, we consider these lower-mass clouds to be physical.
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Figure 3. Distributions of masses M (left-hand panel), scales ` (central panel) and the number of Voronoi cells within each simulated cloud Ncell (right-hand
panel) in the FLAT cloud evolution network, after the removal of low-mass, low-velocity dispersion artefacts (see Section 3.3). The solid black line gives
the power-law fit to the mass spectrum, with β = 1.90 ± 0.08, where dN/dM ∝ M−β . We see that after pruning, 99.3 per cent of clouds across all
spatial resolutions are resolved by 10 or more Voronoi cells, and have masses that are consistent with the observed distribution, to within the limitations of
observational resolution. We also note that the typical cloud size varies systematically with the spatial resolution.

The final point to note is that the characteristic scale ` of the identi-
fied clouds varies with spatial resolution. As such, clouds at differ-
ent spatial resolutions correspond to coherent regions of molecular
gas at different levels of hierarchy within the interstellar medium.
Analysis of cloud properties as a function of spatial scale will be a
key feature of the following analysis, allowing for the characterisa-
tion of hierarchical structure via ‘scaling relations’, and removing
the requirement of an arbitrary spatial scale for cloud identification.
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Figure 5. Rate of cloud mergers Γmerge (solid lines) as a function of the
median cloud separation length λ for each simulation. The solid black line
gives the power-law fit to the combined data and the dashed black line gives
the best-fit prediction of the collision rate in terms of the crossing time
between cloud centroids (see Section 4.1 and Equation 10).

4 THE CLOUD MERGER RATE

The fractal, self-similar structure of the interstellar medium has
been observed in maps probing a large dynamical range in spa-
tial scale and gas density, and spanning a wide variety of different
galactic environments (Scalo 1985; Bally et al. 1987; Scalo 1990;
Lee et al. 1990; Falgarone et al. 1991; Bally et al. 1991; Elmegreen
& Falgarone 1996; Falgarone et al. 2009). This spatial distribu-
tion of gas is shown to be reproducible via compressible supersonic
turbulence in numerical simulations (e.g. Vazquez-Semadeni 1994;
Passot & Vázquez-Semadeni 1998; Stone et al. 1998; Ostriker et al.
2001; Federrath et al. 2009, 2010). In this section, we show that
the turbulent self-similarity of the interstellar medium also has im-
portant consequences for the time-evolution of the giant molecular
clouds in our simulations, setting the rate of cloud mergers over
scales from 10 pc to 1 kpc.

4.1 Scaling relation of the cloud merger rate

In Figure 5 we show the number of cloud mergers per unit time in
each of our simulations as a function of the median cloud spatial
separation λ, calculated as

Γmerge =

∑∞
θ=2 θNmerge,θ

Nnodes
, (9)

where Nmerge,θ is the total number of merge-nodes in the network
involving θ clouds. We find that θ = 2 in 80 per cent of cases at
the native resolution, with a maximum value of θ = 8. The best-fit
power-law to the scaling relation is given by the bold black line,
with a form of Γmerge ∝ λ−0.4. At small λ, clouds enter mergers
around oncee in every 10 Myr; at large λ, the rate drops to once in
every 30 Myr. We can understand the scaling relation of the cloud
merger rate by considering the size ` of a cloud as its ‘collision
cross-section’, onto which other clouds impinge. This gives a two-
dimensional version of the familiar kinetic collision rate

Γmerge = Fσλ,2Dλ
−2`, (10)
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Figure 6. Top: Cloud perimeter as a function of cloud area for the combined
molecular cloud population across all three simulated disc galaxies, at the
native map resolution of ε = 6 pc. The black dashed line gives the best-fit
power-law to the sample, which yields a fractal dimension of D = 1.54.
Bottom: Cloud size ` as a function of the cloud separation length λ. The
grey-shaded histogram corresponds to the combined molecular cloud popu-
lation across all three simulated disc galaxies and across all map resolutions
ε, sampled at 50-Myr intervals across the time-span of each cloud evolution
network, between simulation times of 600 and 1000 Myr. It is displayed on
a logarithmic scale with a lower bound of 500 clouds per pixel. The black
dashed lines show the best-fit power-law to the combined data.

where σλ,2D is the two-dimensional velocity dispersion of the
cloud centroids within the galactic mid-plane, and F is a geometric
factor accounting for the elongation and orientation of the clouds.
In a self-similar interstellar medium the cloud size scales with sep-
aration as ` ∝ λ, so that the merger time-scale is, as expected,
proportional to the crossing time between clouds,

Γmerge ∝
σλ,2D

λ
. (11)

The dashed black line in Figure 5 gives the merger rate predicted
by Equation (10) when we substitute the following power-law fits
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Figure 7. Top: Internal three-dimensional velocity dispersion σ3D as a
function of the typical cloud scale ` (size-linewidth relation). Bottom: Two-
dimensional velocity dispersion of the cloud centroids σλ,2D as a function
of their typical separation length λ, scaled by a factor

√
3/2 to enable di-

rect comparison with σ3D. The grey-shaded histogram corresponds to the
combined molecular cloud population across all three simulated disc galax-
ies and across all map resolutions ε, sampled at 50-Myr intervals across
the time-span of each cloud evolution network, between simulation times
of 600 and 1000 Myr. It is displayed on a logarithmic scale with a lower
bound of 500 clouds per pixel. The black dashed lines show the best-fit
power-law to the combined data. Both fits are shown on both panels, for
reference.

to our simulated cloud population:

`/pc = 0.1(λ/pc)1.1

σλ,2D/km s−1 = 0.7(λ/pc)0.5,
(12)

along with the best-fit geometric factor F ∼ 3. That is, the
cloud merger rate is well-described by the frequency of interac-
tions between molecular clouds in a spatially self-similar interstel-
lar medium (` ∝ λ), with random centroid velocities induced by
supersonic, compressible turbulence (σλ,2D ∝ λ0.5). In the fol-
lowing sub-sections, we describe in more detail each of the scaling
relations in Equation (12), examine the dependence of Γmerge on
the galactic-dynamical environment, and evaluate the influence of
cloud mergers on the physical properties of the interacting clouds.

4.1.1 Cloud size vs. cloud separation

In the lower panel of Figure 6, we show that the relationship of
cloud size to cloud scale for our simulations is ` ∝ λ1.1, not quite
the exact one-to-one correspondence expected in the case of per-
fect self-similarity. This is most likely due to our method of cal-
culating the cloud size `, for which we have used the pixel-by-
pixel area of the cloud’s footprint on the galactic mid-plane as
` =
√
A. We show in the top panel of Figure 6 that this assump-

tion of approximately-circular clouds with smooth perimeters is not
correct: the fractal dimension of the clouds, computed at our native
resolution of 6 pc, is D = 1.54, such that the cloud perimeters P
scale with their areas as

P ∝ AD/2; D = 1.54. (13)

This is significantly more complex than the circular case ofD = 1,
so the difference relative to the self-similar scaling relation may be
due to an over-estimate of the cloud area that worsens at lower spa-
tial resolutions, as the number of pixels characterising each cloud
becomes smaller. The cloud separation length is calculated across
a group of 100 nearest neighbours at the position of each cloud, as

λ =

√
[max (λ100)]2

100
, (14)

where λ100 is the distance to the furthest nearest neighbour. The
value of λ is independent of cloud shape, and therefore should not
be affected by the assumption of a circular fractal dimension.

4.1.2 Cloud centroid velocity dispersion vs. cloud separation

In the lower panel Figure 7, we show the second scaling relation
required to compute Γmerge via the cloud collision cross-section of
Equation (10): the relation of the two-dimensional cloud centroid
velocity dispersion σλ,2D to the cloud separation length. The value
of σλ,2D for each cloud is measured across its nearest neighbours
in the same way as the separation length, such that

σλ,2D =
√
〈|vx − 〈vx〉100|2 + |vy − 〈vy〉100|2〉100, (15)

where 〈...〉100 denotes an average over all neighbours, and {vx, vy}
are the x- and y-components of their centroid velocities. We
retrieve the same scaling relation as is observed for the three-
dimensional internal cloud velocity dispersion σ3D with the cloud
size, which is shown for our simulations in the upper panel. That
is,

σλ,2D ∝ λ0.5

σ3D ∝ `0.5.
(16)

In the above, the three-dimensional internal velocity dispersion of
each cloud is defined as

σ3D =
√
〈|vi − 〈vi〉i,H2 |2〉i,H2 , (17)

where {vi} are the velocities of the gas cells within each cloud,
and 〈...〉i,H2 denotes the molecular gas mass-weighted average
over these cells. Both scalings are consistent with the self-similar
distribution of velocity dispersions induced by compressible, su-
personic turbulence (e.g. Padoan 1995; Kritsuk et al. 2007; Mc-
Kee & Ostriker 2007; Federrath & Klessen 2013), as observed
in nearby Galactic molecular clouds (e.g. Ossenkopf & Mac Low
2002; Heyer & Brunt 2004; Roman-Duval et al. 2011).

Given the self-similar structure of the turbulent interstellar
medium, at first glance it is not too surprising that the motions
of the molecular cloud centroids obey the same scaling relation as
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galaxy, where the black arrows mark the direction in which the galactocentric radius increases. The color of each pixel represents the value of Γmerge at the
indicated value of (β,Q). The black solid lines enclose the regions of parameter space for which the minimum galactic-dynamical time-scale is τκ (orbital
epicyclic perturbations), τβ (galactic shear) and τff,g (gravitational free-fall), when a value φP = 3 is adopted for the stellar contribution to the mid-plane
pressure (Elmegreen 1989). Centre: The variation in the absolute differential velocity βΩ with (β,Q) at the positions of the cloud data. Right: The merger
rate as a function of the absolute differential velocity, binned in (β,Q) as displayed in the left-hand panels.

their internal velocity dispersions. After all, the centroids of distinct
clouds at high resolution are simply the turbulent sub-structure of
a larger cloud at low resolution. What is surprising, however, is
that the form of the power-law continues above the thin-disc scale-
height, which is∼ 100 pc in our simulations (Jeffreson et al. 2020),
and which places an upper limit on the sizes of the clouds. This im-
plies that turbulent fragmentation on scales > 1 kpc in the galactic
mid-plane proceeds independently of fragmentation perpendicular
to the galactic mid-plane, consistent with the idea that the fractal
spatial structure of the interstellar medium extends up to the scales
of galactic spiral arms (Elmegreen 2000; Elmegreen et al. 2003a,b).

4.1.3 The role of galactic shear

Given that turbulence appears to play a central role in setting the
rate of cloud mergers up to separation lengths of λ = 1 kpc in
our simulations, we examine in addition the influence of galactic-
dynamical processes, which operate on comparable scales. In par-
ticular, there are two primary mechanisms by which galactic shear
may drive an increase in the interaction rate: (1) by stirring tur-
bulence on galactic scales, so that its effect enters the merger rate
Γmerge via the turbulent velocity dispersion σλ,2D (e.g. Kim & Os-
triker 2001; Kim et al. 2003b; Kim & Ostriker 2007; Agertz et al.
2009), and (2) as a direct cause of cloud mergers due to the differ-
ential velocities (1 − β)Ωλ of radially-separated cloud centroids
along azimuthal trajectories in the rotating frame of the galaxy (e.g.
Tan 2000; Tasker & Tan 2009; Whitworth et al. 2018). In the lat-
ter case, we would expect Γmerge to scale as Γmerge ∝ (1 − β)Ω
in a self-similar interstellar medium with ` ∝ λ. In Figure 8 we
show that it depends instead on the velocity differential βΩλ in the
inertial frame (right-hand panel), such that

Γmerge

Myr−1
= −1.4

Ωβ

Myr−1
+ 0.1, (18)

where the shear parameter is defined as β = d ln vc/d lnR for a ro-
tation curve vc(R), and Ω is the galactic orbital angular velocity. In
the two left-hand panels, we bin each of the quantities Γmerge and
βΩ as a function of the galactic-dynamical environment spanned
by our simulations, parametrised by β and the Toomre Q gravi-
tational stability parameter (Toomre 1964). This parameter space
can the be partitioned according to Jeffreson & Kruijssen (2018)
into regions for which each one of three galactic-dynamical time-
scales is shorter than all others: the time-scale τβ for galactic shear,
the time-scale τff,g for gravitational free-fall of overdensities at the
disc scale-height, and the time-scale τκ on which radial epicycles
introduce significant excursions to cloud orbits. These are respec-
tively defined by

τβ =
2

Ω(1− β)

τff,g =

√
3π2

32φP(1 + β)

Q

Ω

τκ =
4π

Ω
√

2(1 + β)

1√
3 + β

,

(19)

where φP represents the stellar contribution to the mid-plane hy-
drostatic pressure (Elmegreen 1989). In scenario (2), Γmerge would
therefore be expected to scale inversely with τβ , and so to display
a trend (represented by the pixel colour) towards the top left-hand
corner of the (β,Q) parameter space. We see that there is no trend
in the merger rate with the relative values of any of these time-
scales: that is, there is no gradient orthogonal to the black partition-
ing lines.

Given that Γmerge scales with Ωβ and not with Ω(1 − β),
the influence of galactic shearing on the cloud merger rate is more
complex than a model in which clouds ‘catch up’ to each other in
the rotating frame of the galaxy. It may be that differential rotation
is one of the drivers of turbulent eddies on galactic scales, which
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Figure 9. Comparison of the time-variation in the internal turbulent and star-forming properties of merging and isolated GMCs in our simulations. Left: Median
star formation rate surface density ΣSFR, averaged over a 5-Myr interval (upper panel), turbulent pressure Pturb (central panel) and inverse virial parameter
1/αvir (lower panel) as a function of time after a cloud merger, for time-directed trajectories in the cloud evolution network that begin at a merge-node and
survive for 12 Myr before experiencing another interaction. Centre: The same three properties as a function of time after cloud formation, for time-directed
trajectories in the cloud evolution network that display no interaction. Right: Maximum change in the median values of ΣSFR (upper panel), Pturb (central
panel) and 1/αvir (lower panel) over the duration of post-merger/post-formation evolution, as a function of the cloud scale `. The filled circles correspond to
the interacting clouds and the open circles to the isolated clouds. We see that on scales above ` ∼ 100 pc, the internal properties of the GMCs are approximately
scale- and time-independent.

then cascades down to drive the cloud centroid velocity dispersion
across a range of smaller scales.

4.2 The physical impact of cloud mergers

The impact of cloud mergers on the turbulent and star-forming
properties of the interacting clouds is a direct indicator of their role
in setting the cloud lifecycle and the galactic star formation rate.
We would like to determine whether mergers signal the presence of
converging flows on smaller spatial scales, or whether the clouds
are simply ‘nudging’ each other (see Dobbs et al. 2015).

In Figure 9, we demonstrate that collapse and star formation
within our simulated giant molecular clouds sets in on approxi-
mately the local time-scale for self-gravity, regardless of whether or
not the clouds are involved in a merger. In the left-hand column, we
display the time evolution of the star formation rate surface density
ΣSFR (upper panel), the turbulent pressure Pturb (central panel)
and the inverse virial parameter 1/αvir (lower panel) with the time
after a merger has occurred, for clouds that survive for 12 Myr af-
ter the merger without further interaction. The differently-coloured

lines correspond to different bins in the cloud spatial scale `1. In the
central column we show the same three quantities, as a function of
time after cloud formation, for clouds that survive for 18 Myr with-
out any interaction at all. We have extended the considered time
interval in the isolated case to account for the average time-scale
of 6 Myr before which a cloud merger occurs on the smallest spa-
tial scales. The only difference between the two columns is that the
isolated clouds start with lower values of the turbulent pressure and
star formation rate, as they have not yet begun to collapse. By con-
trast, the merging clouds have typically evolved for 6 Myr before
the interaction occurs, and so have already contracted slightly to a
state of higher Pturb and ΣSFR. In summary, it does not appear as
though the mergers have any discernible effect on molecular cloud
evolution. This finding is subject to the caveat that our numerical
resolution does not allow us to resolve the detailed process of star
formation, a point which is discussed in Section 6.

In the right-hand column of Figure 9, we show the
gravitationally-driven increase in each cloud property for both

1 The offset of∼ 5 Myr in the time-evolution of ΣSFR relative to the other
two quantities is due to the fact that we calculate the star formation rate as
an average over young stars within each cloud, with ages between 0 and
5 Myr.
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merging clouds (filled circles) and isolated clouds (unfilled circles),
as a function of the median cloud scale `. We see that at a spatial
scale of ` ∼ 100 pc, i.e. around the thin-disc scale-height in our
simulations, contraction and star formation never set in. That is,
the clouds are self-gravitating and star-forming below the thin-disc
scale-height, but not above it. We will return to this point in the fol-
lowing section, in the context of the giant molecular cloud lifetime.

5 THE MOLECULAR CLOUD LIFETIME

In the previous section, we showed that the fractal spatial struc-
ture of the molecular interstellar medium in our simulations sets a
merger rate Γmerge ∝ λ−0.4 for giant molecular clouds of sepa-
ration length λ. Although at our numerical resolution, mergers do
not appear to play a significant role in setting the internal turbulent
and star-forming properties of the molecular gas, their occurrence
is frequent, and they introduce sub-structure to the cloud evolution
network. Almost 80 per cent of clouds at scales ` ∼ 10 pc and sepa-
rations λ ∼ 100 pc experience a merger during their lifetime. Com-
puting the molecular cloud lifetime from the cloud evolution net-
work is therefore not as trivial as measuring the end-to-end tempo-
ral extent of all possible trajectories. In the following sub-sections,
we describe how the distribution of cloud lifetimes is computed at
each spatial resolution, and how this distribution is used to define
the characteristic cloud lifetime τlife at each spatial scale.

5.1 Walking through the cloud evolution network

We require an approach that describes the distribution of temporal
lengths for time-directed trajectories in the cloud merger network,
while accounting for cloud interactions via the following two re-
quirements:

(i) Cloud uniqueness: Each edge connecting two nodes (arrows
in Figure 4) in the network represents a time-step in the evolu-
tion of a single cloud, and so can contribute to just one cloud life-
time. Edges must not be double-counted when calculating cloud
lifetimes.

(ii) Cloud number conservation: Each cloud (unique trajectory
in Figure 4) can be formed and destroyed only once, so the num-
ber of cloud lifetimes retrieved from the entire network must be
equal to the number of cloud formation events and cloud destruc-
tion events.

In addition, we avoid making arbitrary choices between cloud-
evolutionary paths as they pass through mergers and splits.2 At a
merger involving two clouds A and B, there are two mutually-
exclusive outcomes: (1) that A continues to evolve while B is
considered to have been destroyed, and (2) that A is destroyed
and B continues to evolve. The method for satisfying (i) and (ii)
while also sampling from the set of all unique time-directed tra-
jectories through the network is the Monte Carlo (MC) walk de-
scribed in Appendix A. For each MC iteraction, a number of walk-
ers θsplit − θmerge are initialised at every formation node in the
network, at which the net change in the number of clouds is pos-
itive, θsplit > θmerge. Each walker steps along the edges between

2 We present here the most basic form of the algorithm, with no assump-
tions about what constitutes the destruction of a cloud, other than that a
node is removed from the cloud evolution network from one time-step to
the next. In Section 6, we discuss how the algorithm could be altered to
distinguish between cloud mergers and cloud accretion.
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Figure 10. Top: Cumulative distribution of trajectory lifetimes tlife in
ten different bins of cloud size, where smaller sizes correspond to darker
colours. The median values of cloud size in three of the bins are given
by the legend. The exponential form of each distribution is expected for a
population of clouds obeying the rate equation (20). Bottom: Characteristic
cloud lifetime τlife as a function of the median cloud size ` for each sim-
ulated galaxy. This is obtained directly from the exponential distributions
in the top panel by fitting a function exp (−t/τlife), according to Equa-
tions (23) and (24). We see that the cloud lifetime is independent of scale
for ` & 100 pc and obeys a power-law scaling relation τlife ∝ `−0.3 for
` . 100 pc, given by the solid black line.

nodes, counting the number of time-steps it takes, until it reaches an
interaction node3 with θmerge > 1 or θsplit > 1. A random num-
ber from the uniform distribution U(0, 1) is assigned to all such
interaction nodes for a given MC iteration, and this random num-
ber is used to choose between possible subsequent trajectories for
the walker, including the possibility of cloud destruction. Upon de-
struction of a cloud, the walker is terminated, and returns a lifetime
tlife for the trajectory. Via this algorithm, each edge joining pairs
of nodes in the cloud evolution network is visited exactly once by
a walker, during each MC iteration. We perform 70 such iterations
to reach convergence of the characteristic molecular cloud lifetime
τlife for the cloud population of an entire galaxy.

3 Note that this may also be the formation node itself.
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5.2 The characteristic molecular cloud lifetime, τlife

Our walk through the cloud evolution network yields a distribu-
tion of lifetimes tlife for every cloud identified in our simulations,
corresponding to the lengths of unique trajectories in Figure 4. We
find that the range of possible lifetimes across all scales spans from
1 Myr (the temporal resolution of the network) up to 120 Myr. The
clouds that survive the longest undergo many mergers and splits
throughout their lifetimes. The distribution D(tlife > t) of the
number of clouds surviving after a time t is shown in the top panel
of Figure 10, for different cloud scales `. Its exponential form is ex-
pected for a system in which the characteristic rate of cloud forma-
tion ξform, and the characteristic lifetime τlife before cloud destruc-
tion, are approximately time-invariant.4 In this case, the number of
clouds Ncl in the population obeys the rate equation

dNcl

dt
= −τ−1

lifeNcl + ξform. (20)

Integrating yields the time-dependence of the population size as

Ncl = τlifeξform + (Ncl,0 − ξformτlife) exp
[
− t

τlife

]
, (21)

where Ncl,0 is the number density of clouds at time t = 0. We see
that at times t� τlife we reach a steady state given by

Ncl(t→∞)→ τlifeξform. (22)

If we were suddenly to ‘turn off’ the process of cloud formation by
setting ξform = 0, then the number of clouds would decay expo-
nentially as

Ncl(t) = Ncl,0 exp
[
− t

τlife

]
, (23)

so that the characteristic cloud lifetime can be obtained directly
from the fraction of all clouds Ncl(t)/Ncl,0 that survive at least for
a time t, which is given by the distribution of trajectory lengths as

Ncl(t) =

∞∑
tlife>t

D(tlife) ≡ D(tlife > t). (24)

This argument explains the exponential form of the distributions
D(tlife > t) in the upper panel of Figure 10. The characteristic
time-scale τlife for cloud destruction is extracted by fitting a linear
function to lnD(tlife > t) ∝ −t/τlife and calculating the negative
inverse of its slope.

5.3 Scaling relation of the characteristic molecular cloud
lifetime

In the lower panel of Figure 10, we show the scaling relation of the
characteristic molecular cloud lifetime τlife, which varies across the
range τlife/Myr ∈ [13, 20]. It is well-described by the piece-wise
function

τlife/Myr =

{
48(`/pc)−0.3 if ` < 100 pc
13 if ` & 100 pc.

The break in the scaling relation at the gas-disc scale-heightb
` ∼ 100 pc is the same as is observed for the increase in the cloud
internal pressure, virial parameter and star formation rate during
the process of gravitational collapse and star formation (right-hand

4 For our simulations, this assumption is a valid: over a period of 400 Myr,
the global galactic SFR changes by just 0.5 M� yr−1 and the size of the
cloud population varies by just 1 per cent.
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Figure 11. Upper panels: Time-evolution of the median cloud turbulent
pressure Pturb (upper-most panel) and the median cloud surface density
Σturb (lower panel) for isolated (non-interacting) clouds in the FLAT cloud
evolution network, binned by their survival times tlife. The colour of the
lines indicates the logarithm of the median cloud size scale ` in each bin.
Lower panel: The mean time-scale ∆tcoll for clouds to collapse to their
maximum densities and pressures, and the mean time-scale ∆tdisp for dis-
persal by star formation feedback after this state is reached, as a function of
the cloud scale `/pc. The coloured lines correspond to the FLAT (purple),
SLOPED (blue) and CORED (green) simulations, and the black solid line
denotes the power-law fit to the combined data for the collapse time-scale
across all three simulations.

column of Figure 9). This indicates that the cloud lifetime depends
on the degree and efficiency with which the cloud is contracting and
forming stars. In Figure 11 we show explicitly that this is the case.
In the upper panels we show the typical time evolution of the me-
dian turbulent pressure Pturb and of the surface density Σ for a sin-
gle set of unique trajectories through each cloud evolution network
(corresponding to a single MC iteration). The colour of the line
corresponds to the median cloud scale ` in each lifetime bin. We
see that the time for which the cloud survives increases monotoni-
cally as its size decreases. The reason for this is shown in the lower
panel, which gives the mean collapse-times ∆tcoll taken for clouds
at each spatial scale to reach their maximum turbulent pressures
and surface densities, as well as the mean dispersal-times ∆tdisp
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Figure 12. Characteristic cloud lifetime τlife for populations of clouds across different galactic-dynamical environments. The value of τlife (coloured pixel in
each panel) is obtained via the exponential distribution of trajectory lengths in each bin of the shear parameter β (horizontal axis) and the Toomre Q stability
parameter (vertical axis), via the method of Section 5.2. The data from the cloud evolution networks of all three simulated discs is compiled for each spatial
resolution ε = 198 pc through to the native resolution of 6 pc (top left panel to lower right panel). The median cloud scale ` for each cloud evolution network
is annotated in the grey-shaded boxes, and each distinct set of connected pixels corresponds to the locus of the cloud population for one isolated disc galaxy.
The black arrows mark the direction in which the galactocentric radius increases, and the black solid lines enclose the regions of parameter space for which
the minimum galactic-dynamical time-scale is τκ (orbital epicyclic perturbations), τβ (galactic shear) and τff,g (gravitational free-fall), when a value φP = 3

is adopted for the stellar contribution to the mid-plane pressure.

required for the clouds to be destroyed by star formation feedback,
after this maximally-contracted state is reached. We find that the
dispersal time-scale holds approximately constant at a mean value
of ∼ 3 Myr across all spatial scales, but the contraction time-scale
obeys a scaling relation of ∆tcoll ∝ `−0.6 below the gas-disc scale-
height, before levelling out to a mean value of∼ 2.5 Myr for scales
` & 100 pc.

Below the gas disc scale-height ` . 100 pc, the sum of these
two time-scales reproduces the scaling of the characteristic cloud
lifetime, which can therefore be approximately described by

τlife ∼ ∆tcoll + ∆tdisp

∼ `−0.3 + const.
(25)

That is, the clouds are universally self-gravitating. As their scale
decreases and their densities increase, they take an increasingly
long time to reach the star formation efficiencies required to halt
their collapse, but once the required star formation rate is reached,
they disperse more vigorously than their larger, more diffuse coun-
terparts, and therefore do so on a similar time-scale.

Above the gas disc scale-height ` & 100 pc, the molecular
cloud lifetime becomes independent of spatial scale, settling to a
value of 13 Myr. We attribute this to two related effects. The first is
that regions of molecular gas of size equal to or larger than the disc
scale-height are no longer self-gravitating. This can be seen in the
two left-hand columns of Figure 9, in which the lines correspond-

ing to scales ` & 100 pc are associated with cloud virial parameters
αvir > 1. This means that self-gravity and star formation are no
longer expected to play an appreciable role in setting the molecu-
lar cloud lifetime, which is then approximately equal to the cloud
crossing time-scale. The second effect is that molecular clouds on
scales of ` & 100 pc within the galactic mid-plane are vertically-
confined. That is, the crossing time on which bubbles of hot gas
driven by supernova feedback (Kim & Ostriker 2017, 2018) reach
the edges of clouds is approximately equal to to the crossing time of
the disc. The scaling relation τlife ∝ `−0.3 of the cloud lifetime in
our simulations over the scale range 10 pc . ` . 100 pc therefore
converges to the gas-disc crossing time at scales of ` & 100 pc.

5.4 Variation of the cloud lifetime with the galactic
environment

Given the universally self-gravitating behaviour of our simulated
molecular clouds below the scale-height of the galactic disc, we
do not expect that the characteristic molecular cloud lifetime τlife
will depend on the galactic-dynamical environment at any scale
` . 100 pc. That is, the cloud lifetime varies with the time-scale
∆tcoll for gravitational contraction and with the time-scale ∆tdisp

for dispersal by means of star formation, which are local quantities
that depend on the cloud density and on the physics of stellar feed-
back, and not on the larger-scale properties of the galaxy. In Fig-
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ure 12 we verify our suspicion by examining value of the character-
istic cloud lifetime for populations of clouds in different galactic-
dynamical environments, across all three simulated galaxies. Each
of the six panels corresponds to the population of molecular clouds
in the FLAT, SLOPED and CORED simulations, identified using
the two-dimensional map at spatial resolutions from ε = 198 pc
(top left panel) to the native resolution of ε = 6 pc (bottom right
panel). The grey boxes display the median cloud scale ` within
each map. Across all resolutions and scales, no clear colour gradi-
ent is visible, indicating that there is no appreciable trend with the
galactic-dynamical environment. This result is in agreement with
the finding of Jeffreson et al. (2020) that the molecular clouds in
these Milky Way-pressured simulations are highly over-dense and
over-pressured relative to the galactic mid-plane, such that their tur-
bulent and star-forming properties are decoupled from galactic dy-
namics, and driven instead by local gravitational effects. We note
that we would expect some small degree of variation of τlife with
the galactocentric radius (indicated by the black arrows in the lower
left-hand panel) at a scale of 198 pc, due to the variation of the gas-
disc scale-height and thus the gas-disc crossing time. Unfortunately
there is insufficient data across environments to distinguish such a
trend at this low resolution.

6 DISCUSSION

Our discussion of the time evolution of giant molecular clouds is
closely-related to work by Dobbs et al. (2015), who have also con-
structed cloud evolutionary networks in order to characterise cloud
interactions as a function of time. In their flocculent disc galaxy
simulation, they find a cloud merger rate of one in 28 Myr, which
is comparable to the values we obtain at our lowest spatial resolu-
tions, for clouds of size ` ∼ 100 pc. At higher resolutions, we ob-
tain cloud merger rates almost three times faster, up to one in every
10-12 Myr. This is probably due to our threshold for cloud identi-
fication, which is much more lenient than that adopted by Dobbs
et al. (2015). While these authors consider only those clouds with
masses M > 1.5× 104 M� and require a numerical resolution of
50 cells, we have allowed clouds all the way down to a few solar
masses, containing only ten Voronoi cells at the highest spatial res-
olutions. Our lenient cloud identification threshold is chosen to en-
sure the consistency of our cloud-tracking procedure across maps
at different spatial resolutions, and it is validated to an extent by
the lack of a spurious small-scale turnover in the scaling relations
we derive, however a result of our leniency may be an elevated
frequency of ‘mergers’ occurring between clouds of very differ-
ent masses (i.e. very low-mass clouds with very high-mass clouds).
These events might better be considered as accretion events and ex-
cluded from the merger sample. In this work we have remained as
agnostic as possible towards definitions of mergers and splits via
their mass ratios, but in future work this could easily be incorpo-
rated into the MC random walk described in Section 5.1 by means
of a non-uniform MC sampling criterion.

A particular point of agreement between our work and that
of Dobbs et al. (2015) is that cloud interactions, though frequent,
do not have an appreciable effect on the internal turbulent or star-
forming properties of the interacting clouds. We have shown this
via a comparison between interacting and isolated time-directed
trajectories through our cloud evolution network. Dobbs et al.
(2015) additionally show two-dimensional projections of specific
cloud mergers at subsequent time-steps, where it can be seen that
the two clouds join without the obvious presence of converging

flows on smaller scales. Although it is tempting to conclude that
cloud interactions have no effect on the galactic star formation rate,
we must be careful to state the caveat that neither our simulations
(at mass resolution ∼ 900 M�), nor those of Dobbs et al. 2015
(at mass resolution ∼ 300 M�), is able to resolve star formation,
instead relying on a parametrisation of the empirical form of Ken-
nicutt 1998 (see our Equation 2). This means that star formation re-
sulting from slow gravitational collapse will be well-characterised
in our simulations, but gas that is bumped into the high-density
regime at shorter time-scales, as in shocks, may not be properly
modelled. Simulations of discrete colliding clouds at high spatial
resolution do indeed find an elevation of the star formation effi-
ciency owing to the formation of filamentary structures and sheets
on sub-cloud scales (Takahira et al. 2014; Balfour et al. 2015, 2017;
Wu et al. 2017; Tanvir & Dale 2020). Similarly, previous simula-
tions have investigated colliding flows driven by magnetohydrody-
namic turbulence (e.g. Passot et al. 1995; Padoan 1995; Ballesteros-
Paredes et al. 1999a,b; Hennebelle & Pérault 2000; Li & Naka-
mura 2002; Clark et al. 2005; Heitsch et al. 2005, 2006; Zamora-
Avilés & Vázquez-Semadeni 2014) or due to expanding bubbles
driven by stellar feedback (e.g. Rosen & Bregman 1995; Korpi
et al. 1999; Slyz et al. 2005; Mac Low et al. 2005; Kim & Ostriker
2015a,b), which in theory should operate and trigger star formation
on all levels of the interstellar medium hierarchy examined in this
work (Sasao 1973; Elmegreen 1991, 1993; Elmegreen & Falgarone
1996; Elmegreen 2007). Such simulations find continuous velocity
fields that cut across the boundaries of discrete, identified clouds,
indicating the presence of converging flows at their edges. At our
resolutions, no such triggered star formation is observed, but we
cannot rule out its presence at higher resolutions. Ultimately, both
a large statistical sample of clouds like the one presented here, plus
sufficient numerical resolution to resolve shocks at the interfaces
of converging flows and cloud interactions, is required to rule out
such effects. This could possibly be achieved using zoom-in sim-
ulations of a small sample of clouds from a larger isolated-galaxy
simulation.

The large size of our molecular cloud sample (∼ 80, 000
clouds) allows us to determine a characteristic cloud lifetime τlife
in each simulated galaxy and in each galactic environment, which
is proportional to the half-life of the population (see Section 5.2).
At a given spatial scale, this time-scale is directly-comparable to
the distributions of cloud lifetimes derived in similar numerical
simulations from the literature (Dobbs & Pringle 2013; Fujimoto
et al. 2019; Dobbs et al. 2019; Benincasa et al. 2019). Relative to
these works, one significant difference is clear in our method of
cloud-tracking: we identify clouds in two dimensions, rather than
by directly tracking the three-dimensional flow of molecular gas
from one time to the next, as in the cited works. We do this in
order to make a direct comparison to observations across a set of
well-defined cloud scales `, without assuming that the boundaries
of observed clouds move along with a given proportion of the total
gas or molecular gas mass. Numerical simulations of the turbulent
gas flow into, and out of, gas overdensities (Ballesteros-Paredes
et al. 1999b; Semenov et al. 2017, 2018, 2019) suggest that track-
ing in this way may not be representative of the hierarchical and
fluctuating density structure of the interstellar medium. Neverthe-
less, we find that our range of characteristic lifetimes 12 Myr .
τlife . 20 Myr across the scale range 10 pc . ` . 400 pc is
comparable to the typical span of 4-25 Myr found by Dobbs &
Pringle (2013) at a similar numerical resolution. At our largest spa-
tial scales ` & 100 pc, our values are still around twice the mean
cloud lifetimes measured by Benincasa et al. (2019), however their
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mass resolution is around ten times lower than ours, and so this
effect may be attributed to missing the lower-mass ‘tails’ of cloud
formation and destruction that we resolve. Our range of lifetimes is
significantly shorter than the mean values of 30-50 Myr computed
by Fujimoto et al. (2019), however as studied in detail by these au-
thors, their elongated cloud lifetimes are likely due to spuriously-
inefficient stellar feedback in their simulated discs.

We may also make a comparison here between our
numerically-derived cloud lifetimes and observed values from
nearby galaxies. Historically, the lack of temporal information in
observations means that these values have been determined either
by (1) measuring the velocities and separations of clouds that are
assumed to form part of an evolutionary sequence (Scoville &
Hersh 1979; Solomon et al. 1979; Engargiola et al. 2003; Meidt
et al. 2015), or (2) using the numbers of clouds in different evolu-
tionary phases as a proxy for the time intervals they spend in these
phases (Blitz et al. 2007; Kawamura et al. 2009; Murray 2011; Cor-
belli et al. 2017). In Milky Way-mass galaxies, these studies gener-
ally yield cloud lifetimes in the range 10-30 Myr, in agreement with
our simulated values. In addition to these techniques, recent work
by Kruijssen & Longmore (2014); Kruijssen et al. (2018, 2019) has
allowed for the relaxation of an inconvenient assumption implicit
in previous methods: that the numbers of clouds in each cloud-
evolutionary phase are directly-proportional to the time spent in
each. Instead, these authors fit the variation of the observed flux ra-
tio bias for gas and stellar tracers over a range of different scales.
This allows for the derivation of the characteristic cloud lifetime
for regions of molecular gas that are spatially-distinct on the scale-
height of the galactic gas-disc (Kruijssen et al. 2019; Chevance
et al. 2020). As such, they are directly-comparable to our results
at cloud scales of ` & 100 pc. Values of 11-12 Myr have been ob-
tained for the Milky Way-mass galaxies NGC 628 and NGC 4254
by Chevance et al. (2020) and values of ∼ 10 Myr have been mea-
sured in NGC 300 by Kruijssen et al. (2019); very close to our
derived values of ∼ 13 Myr at the gas disc scale-height.

Finally, we note here that the scaling relation for molecular
cloud lifetimes shown in Figure 10 is not in contradiction with
the age-spreads of Cepheid variables and stellar clusters observed
by Elmegreen & Efremov (1996); Efremov & Elmegreen (1998);
Elmegreen (2000). These observations demonstrate that star forma-
tion occurs on 1-2 crossing times across three orders of magnitude
in spatial scale, from 10 pc up to∼ 1 kpc. Although our cloud life-
times decrease with spatial scale below the gas disc scale-height,
while the crossing time increases, we show in Figure 9 that the
majority of a cloud’s lifetime is spent in the quiescent phase, after
which the star formation ramps up and destroys the cloud in a small
fraction of its lifetime (∼ 3 Myr). By virtue of the fractal structure
of the interstellar medium, these short bursts of star formation at the
smallest scales will still have temporal offsets of up to a crossing
time at lower-density levels of the hierarchical interstellar medium.

7 CONCLUSIONS

In this work, we have examined the time-evolution of giant molecu-
lar clouds across Milky Way-like environments, using a set of three
isolated galaxy simulations in the moving-mesh code AREPO. The
galaxies are designed to probe a wide range of galactic-dynamical
environments, spanning an order of magnitude in the Toomre Q
gravitational stability parameter, the galactic orbital angular ve-
locity Ω, and the mid-plane hydrostatic pressure (Jeffreson et al.
2020), as well as the full range of galactic shear parameters β from

the case of solid-body rotation (β = 1) up to the case of a flat
rotation curve (β = 0). We have found that:

(i) The cloud evolutionary network of each galaxy is highly-
substructured in space and in time. Around 80 per cent of clouds
at spatial scales of ` = 10-20 pc interact with other clouds during
their lifetimes, with a merger rate of Γmerge ∼ 0.1 Myr−1. This
rate drops to one in thirty at cloud scales of ` ∼ 400 pc.

(ii) The merger rate is well-described by the crossing time in
a supersonically-turbulent, fractally-structured interstellar medium,
with a fractal index of D ∼ 1.54. This relationship depends on
the two-dimensional velocity dispersion σλ,2D of molecular cloud
centroids within the galactic mid-plane, which is found to obey
the same scaling relation with cloud separation λ as is obeyed by
the three-dimensional internal cloud velocity dispersion σ3D with
cloud scale ` (Larson 1981; Heyer et al. 2009). This correspon-
dence extends up to scales ten times larger than the gas disc scale-
height. That is, supersonic turbulence sets the two-dimensional
structure in the molecular gas of our galaxies over a scale range
of 10 pc . λ . 1 kpc, in agreement with Elmegreen (2000);
Elmegreen et al. (2003a,b).

(iii) Across galactic-dynamical environments, the cloud merger
rate is proportional to βΩ and uncorrelated with (1 − β)Ω, indi-
cating that it is driven by the absolute velocity offset in the inertial
frame, rather than by the differential velocity between clouds in the
rotational frame of the galaxy. This suggests that the role of shear
in driving mergers is not simply set by the time-scale on which
clouds catch up to each other along azimuthal trajectories about the
galactic centre. It may instead have to do with turbulence driving
on galactic scales.

(iv) Despite the frequency of cloud mergers, they do not appear
to have any influence on the internal turbulent and star-forming
properties of the molecular clouds in our simulations. Clouds that
evolve in isolation collapse and form stars on the same time-scale
as clouds that are involved in mergers.

(v) The distribution of molecular cloud lifetimes in each galaxy
takes an exponential form with values between 1 and 120 Myr, in-
dicating that the cloud population Ncl is well-described by a rate
equation of the form

dNcl

dt
= τ−1

lifeNcl + ξform, (26)

where ξform is the rate of cloud formation and τlife is the character-
istic cloud lifetime for the population (the characteristic time-scale
of cloud destruction).

(vi) We find that τlife obeys a scaling relation of the form
τlife ∝ `−0.3 across all three galaxies below the gas disc scale-
height, driven by the competition between gravitational contraction
and stellar feedback. Above the scale-height, the characteristic life-
time is constant and set by the crossing time of the galactic disc, in
agreement with observations (Kruijssen et al. 2019; Chevance et al.
2020). The range of characteristic lifetimes across spatial scales is
10 Myr . τlife . 20 Myr.

(vii) The simulated populations of galaxies are self-gravitating
and their lifetimes are consequently independent of the galactic-
dynamical environment.
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APPENDIX A: CALCULATION OF CLOUD LIFETIMES

As described in Section 5, we extract the cloud lifetime τlife from the
cloud evolution network according to a Monte Carlo (MC) algorithm that
samples from the set of all unique time-directed trajectories through the
network. The pseudocode for a single MC iteration is presented in Algo-

Algorithm 1 A single Monte Carlo iteration of the algorithm used
to extract the cloud lifetime τlife from the cloud evolution network.
A worded description of the algorithm is given in the text.

1: F = {fi} ← set of unique formation nodes.
2: ∆t← time interval between consecutive nodes.

3: R = {ri} ∈ U(0, 1)← set of random numbers for all nodes.
4: I = {Ii = 0} ← no. of times that each node has been accessed.

5: for f in F do
6: Nf = θsplit(f)− θmerge(f)
7: for j = 0→ Nf do
8: τlife = NEXTSTEP(f, 0)

9: function NEXTSTEP(n, τlife)
10: Cn ← children of node n; θsplit(n) ≡ |Cn|.
11: Pn ← parents of node n; θmerge(n) ≡ |Pn|.

12: Noutcomes ← total no. of MC outcomes at n.
13: Noutcomes = max [θmerge(n), θsplit(n)].

14: Nterm ← no. outcomes that result in path termation at n.
15: Nterm = max [0, θmerge(n)− θsplit(n)].

16: k = 0.
17: while rn > k/Noutcomes do
18: k = k + 1.
19: k = (k + In) mod Noutcomes.
20: In = In + 1.
21: if k < Nterm then
22: return τlife
23: else
24: τlife = τlife + ∆t.
25: return NEXTSTEP(Cn[k −Nterm], τlife)

rithm 1. During an iteration, a trajectory is sourced at the site of every
cloud formation node in the network (see Figure A1), and subsequently
iterates the cloud lifetime by increments of ∆t = 1 Myr as it steps along
edges from parent nodes to their children. At nodes with multiple parents
or children (θmerge > 1 or θsplit > 1, respectively), we apply an un-
biased MC assignment for the path taken by choosing a random number
from the uniform distribution U(0, 1). Figure A3 illustrates the MC assign-
ment for different types of nodes, where formation nodes are coloured blue
and destruction nodes are coloured orange. The arrow labels indicate the
probability of each outcome. At cloud formation nodes (e)-(h), all possi-
ble MC outcomes correspond to paths for continued cloud evolution, while
at cloud destruction nodes (a)-(d), a fraction of the possible MC outcomes
(θmerge−θsplit)/θmerge corresponds to termination of the trajectory. It is
also possible to have multiple MC outcomes at nodes such as (j), for which
there is no net change in the number of clouds, θsplit = θmerge

5. By
performing 70 MC iterations, we obtain a converged distribution of cloud
lifetimes that accounts for all interactions in the cloud evolution network.
The procedure satisfies the requirements for cloud number conservation and
cloud uniqueness, which are defined for the network as follows:

(i) Cloud uniqueness: Each edge connecting two nodes in the network

5 At nodes with θsplit = θmerge, we could consider a different physi-
cal interpretation: that one or all of the incoming clouds are destroyed and
re-formed. We choose the interpretation that all clouds survive because the
interaction is shorter-lived than the temporal resolution of our simulations,
with a duration of < 3 Myr. At the resolution of our simulations, we there-
fore have no evidence that a merger has occurred; only that the clouds have
interacted and may have exchanged mass.
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represents a time-step in the evolution of a single cloud, and so can con-
tribute to just one cloud lifetime. Edges must not be double-counted when
calculating cloud lifetimes.

(ii) Cloud number conservation: Each cloud can be formed and de-
stroyed only once, so the number of cloud lifetimes retrieved from the entire
network must be equal to the number of cloud formation events and cloud
destruction events.
In the following, we give a detailed worded description of Algorithm 1.
• Lines 1-2: Define variables for the entire cloud evolution network, for

all MC iterations. A cloud formation node fi ∈ F = {fi} is any node
that generates a net increase in the number of clouds, θsplit > θmerge. The
time interval ∆t = 1 Myr is the time between simulation snapshots, and so
between consecutive nodes joined by edges in the network.
• Lines 3-4: Define the variables for a single MC iteration. At the begin-

ning of each iteration, we generate a set random number rn ∈ R = {ri}
for every node n in the network. At nodes with multiple MC outcomes
(θsplit > 1 or θmerge > 1), this number is used to choose between out-
comes. We also keep track of the number of times In ∈ I = {Ii} that
node n has been accessed, so that each outcome is accessed exactly once.
In this sense, the random number rn sets the first outcome to be accessed.
• Lines 5-8: Loop over the unique cloud formation nodes fi ∈ F .

Each formation node f sources Nf separate paths, where Nf is the net
increase in cloud number generated at f . For each separate path initiation,
the cloud lifetime is calculated via the recursive function NEXTSTEP (lines
7-8). In the first call to the function NEXTSTEP(f, 0), the cloud lifetime is
initialised to zero.
• Line 9: Define the function NEXTSTEP, taking a node n and a cloud

lifetime τlife as inputs.
• Lines 10-11: Define the local variables for node n. The set of children

of n is given by Cn and the set of parents is given by Pn. As such, the
numbers of children/parents at node n are given by the sizes of the sets.
• Line 13: Calculate the number of MC outcomes at node n. This is

equal to the number of child nodes (outgoing paths) if n is a formation node
(θsplit(n) > θmerge(n)), equal to the number of parent nodes (incoming
paths) if n is a destruction node (θsplit(n) < θmerge(n)), and equal to
either quantity if n is an intersection node (θsplit(n) = θmerge(n)). In
general, it is therefore given by the maximum value of θsplit and θmerge.
• Line 15: Calculate the number of MC outcomes that result in path

termination at n. This is equal to zero if n is a formation node or an inter-
section node, and equal to the reduction in the node number, θmerge(n)−
θsplit(n), if n is a destruction node. In general, it is therefore given by the
reduction in node number at any node, with a lower limit of zero.
• Lines 16-18: Use the random number rn for node n to choose the first

path taken at node n by the first trajectory in the loop over f ∈ F to access
n. The index of the outcome is k.
• Line 19: Cycle the path taken according to how many times node n has

already been accessed. For example, if node n hasNoutcomes = 3 possible
MC outcomes and has already been accessed In = 1 time and taken the
outcome k = 2, then the outcome is updated as k = (2 + 1) mod 3 = 0.
• Line 20: Update the number of times that node n has been accessed,

for the next iteration.
• Lines 21-22: For a destruction node, the firstNterm outcomes are des-

ignated as cloud destructions. The path/recursion is terminated and we re-
turn the cloud lifetime τlife. For any other node type, Nterm = 0 and so
this option is not accessed.
• Lines 23-25: If the path has not been terminated in the preceding if-

clause, proceed to the (k − Nterm)th child node of n by continuing the
recursion on this node. Iterate the cloud lifetime by the time interval ∆t
and pass both arguments back to the start of the function.

Figure A1. Schematic illustrating the positions of the cloud-formation
nodes fi; i = 1...5 and cloud-destruction nodes dj ; j = 1...5 in a single
component of the FLAT cloud evolution network. Formation nodes gener-
ate a net increase in cloud number, while destruction nodes correspond to a
net decrease.
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Figure A2. Schematic illustrating 3/16 unique Monte Carlo realisations of
trajectories through one connected component of the FLAT cloud history
graph, obtained via the application of Algorithm 1. The probability of ob-
taining each trajectory, relative to the case of a perfectly-straight path (no
mergers or splits) is given by the number at each formation node. The illus-
tration emphasises that a trajectory becomes exponentially less-likely as it
passes through more mergers and splits. There are fewer Monte Carlo real-
isations containing such paths, although all of the Monte Carlo realisations
(including the three depicted here) are equally-likely.

Figure A3. Schematic illustrating the MC outcomes at different types of
node in the cloud evolution network. Destruction nodes are coloured orange
(nodes a-d), formation nodes are coloured blue (e-h), and nodes that gener-
ate no net change in cloud number are coloured green (nodes i-j). The prob-
abilities of the different MC outcomes in each case are given by the arrow
labels. In the case of destruction nodes, a fraction (θmerge−θsplit)/θmerge

of the total MC outcomes result in termination of the cloud evolutionary
path, illustrated by grey crosses.
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Chapter 6

Conclusions

In this thesis, we have investigated the physics of giant molecular clouds with the aim
to understand the connection of their properties and lifecycles to the galactic environ-
ment on large scales, and on smaller scales to the star formation occurring within them.
In so doing, we have provided some stepping stones along one possible path connecting
observations of galactic-scale star formation to the sub-galactic processes that drive it.
Specifically, we have found that giant molecular clouds in Milky Way-like environments
are decoupled from galactic dynamics, and instead have internal star-forming properties
that evolve in accordance with their own self-gravity. Their lifetimes and star formation
efficiencies are driven by the process of collapse and subsequent dispersal by stellar feed-
back, leading to an evolutionary sequence that is hierarchically-structured in both space
and time.

In the first section of this chapter, we present a brief overview the main results from
each of the preceding chapters. In the second section, we bring these results back into
the wider context of the existing literature, to determine what we have learned from
this work. Finally, we present the possible future directions to be taken, to extend our
findings and to contribute to the development of a global, coherent view of galactic star
formation.

6.1 Summary
In this section, we provide a summary of each of the chapters following the introduc-
tion of Chapter 1, highlighting the salient points and conclusions without the burden of
methodological detail.

Chapter 2
In Chapter 2 we put forward a hypothesis to be tested: that giant molecular cloud prop-
erties and lifetimes are set exclusively by large-scale galactic-dynamical processes. This
hypothesis creates a framework on which to hang the remainder of the work presented in
this thesis, as it leads to two testable conclusions:

1. Dynamically-dependent molecular cloud properties vary systematically across a pa-
rameter space spanned by the degree of galactic shear β, the degree of gravitational
stability Q, the orbital angular velocity Ω of the host galaxy, and the stellar con-
tribution ϕP to the mid-plane pressure (Elmegreen, 1989).
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2. The characteristic average molecular cloud lifetime in a particular galactic-dynamic
environment is the sum of the Poisson rates of the different dynamical processes, if
these are assumed to be independent of one another, and to destroy just one cloud
at a time. This also varies throughout the same parameter space (β,Q,Ω, ϕP).

The above theoretical framework avoids making assumptions about the exact nature of
a giant molecular clouds: a common problem in theories of cloud evolution, as related in
Chapter 1. Instead, it relies on the assumption that on average, molecular clouds survive
for time-scales comparable to those of the galactic-dynamical processes considered, so
that they may be affected by these processes. This assumption is corroborated by obser-
vations (Blitz et al., 2007; Corbelli et al., 2017; Engargiola et al., 2003; Kawamura et al.,
2009; Kruijssen et al., 2019; Meidt et al., 2015; Miura et al., 2012; Murray, 2011). We also
find that we must assume that clouds are large-enough and of a low-enough density that
they are not simply dominated by their own local self-gravity, as we find this time-scale
to be universally-shorter than all other galactic-dynamical time-scales considered. This
is a point to which we return in Chapters 3 and 4.

One of the nice things about this theory is that it depends on just three observable
properties of the host galaxy: the galactic rotation curve, and the velocity dispersions
and surface densities of the gas and stellar components. As a first test of the approach,
we calculate the expected galactic-dynamical cloud lifetime in four different galaxies for
which these observables are available: M31, M51, M83 and the Milky Way. We find a
median cloud lifetime of ∼ 64 Myr in M31, of ∼ 21 Myr in M51, between 15 and 100
Myr in M83 and between 30 and 40 Myr in the Milky Way. These numbers are promising
given that they are in the right ballpark for observed giant molecular cloud lifetimes: in
particular the profile of cloud lifetimes with galactocentric radius in M51 is consistent
with observations (Meidt et al., 2015).

The work presented in this Chapter provides a testing bed to be addressed by the
simulations presented in Chapters 3 and 4. It is extremely simple in its ignorance of
any physical processes other than dynamical ones, and in its ignorance of the non-linear
interactions between such processes. We leave the full complexity of a realistic interstellar
medium to be addressed via the numerical simulations, with which we can test conclusions
(1) and (2) in Milky Way-like environments.

Chapter 3
Chapter 3 is a simple application of the theoretical framework presented in Chapter 2 to
the particular case of the Milky Way’s Galactic centre, otherwise known as the Central
Molecular Zone. This region of the Galaxy is of particular interest to studies of molecular
gas physics, due to its elevated pressure, temperature, molecular gas abundance and
density, relative to most other observable environments. In fact, it has been considered
that the Central Molecular Zone could be a useful nearby litmus test for the physics of
molecular gas in high-redshift galaxies, which display similarly-high pressures.

To apply the analytic theory, we use the observed rotation curve of Launhardt et al.
(2002), and obtain the degree of gravitational stability from the numerical simulation
of the Galactic centre by Krumholz et al. (2017). In doing so, we divide the Central
Molecular Zone into two galactic-dynamical regimes:

1. A shear-dominated regime, extending over the majority of the Galactic centre’s
volume, from ∼ 0-45 pc and from 120-500 pc. In this regime, the time-scale for
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galactic shear is much shorter than the time-scale for gravitational free-fall at the
Toomre scale/disc scale-height. In this region we predict that the internal rota-
tion and azimuthal stretching induced by galactic differential rotation can provide
support against gravitational collapse, in line with the low observed star formation
efficiencies at these radii.

2. A gravity-dominated regime known as the ‘100 pc-stream’, accounting for the ma-
jority of the Galactic Centre’s molecular gas density, from ∼ 45-120 pc. Here the
gravitational free-fall time-scale is much shorter than any other dynamical time-
scale, leading to cloud collapse and star formation.

At the interface between these two regimes, as gas flows inwards towards radii of ∼
100 pc, we find that all of the galactic-dynamical time-scales attain comparable values.
In particular, the time-scale for orbital epicyclic perturbations is only a factor of a few
longer than the shear time-scale in the shear-dominated regime, and it overtakes shear
in dominance at the same time as the gravitational free-fall time-scale drops. We can
make an estimate of the number of clouds that will suffer tidal compressions on this
interface, as is proposed in the observational and numerical literature (Henshaw et al.,
2016; Kruijssen et al., 2015; Longmore et al., 2013a), and find this number to be around
20 per cent. The other 80 per cent of clouds should, on average, undergo gravitational
collapse and destruction by stellar feedback before such a pericentre passage can occur.

The work presented in this paper is an example of a simple analytic calculation of
the probabilities associated with different modes of dynamical giant molecular cloud
evolution, via the linear theory presented in Chapter 2. It is this stochastic argument
that will be tested, using the full complexity of numerical simulations, in Chapters 4
and 5.

Chapter 4
The measured internal properties of giant molecular clouds are observed to vary signifi-
cantly as a function of their large-scale galactic environment (Bigiel et al., 2016; Chevance
et al., 2020; Colombo et al., 2019; Heyer et al., 2009; Leroy et al., 2017, 2013b; Roman-
Duval et al., 2010; Sun et al., 2020, 2018; Usero et al., 2015; Utomo et al., 2018). In
this third chapter of the thesis, we present numerical simulations of both giant molecu-
lar clouds and their parent HI clouds across a range of galactic-dynamical environments
that span the parameter space presented in Chapters 2 and 3. We examine the time-
independent properties of the molecular cloud sample, and leave the analysis of the time-
dependent cloud lifecycle to be explored in Chapter 5. At this stage, we study clouds
in Milky Way-like galaxies exclusively, and leave as future work the extension of our
framework to other galaxy types and redshifts.

The over-arching result of this chapter is that the giant molecular clouds across Milky
Way-like environments are highly over-dense, over-pressured and as such decoupled from
galactic dynamics in their turbulent and star-forming properties. This relates back to
the finding in Chapter 1: given a sufficient local density, the local gravitational free-
fall time-scale is much shorter than the time-scales of all large-scale galactic-dynamical
processes, and clouds are destroyed via collapse before they can become dynamically-
coupled. However, we do find that the rotational properties of the same giant molecular
clouds vary systematically with the influence of galactic rotation and shear, relative to
the influence of gravity on the Toomre scale. That is, as the time-scale for galactic shear
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decreases relative to the hydrostatic pressure of the galactic disc, clouds are on average
spun up in the prograde rotational direction by the influence of the Coriolis force. They
are also slightly elongated along the azimuthal direction by galactic differential rotation,
and their velocity dispersions become ever more tangentially-biased. Nevertheless, these
effects are not of sufficient magnitude to provide support against the collapse of the
clouds, which we find to have universally inward-pointing streaming motions.

By contrast, the HI clouds examined in this Chapter display significant large-scale
dynamical correlations, both in their rotational and in their turbulent properties. This
is due to their much lower densities and turbulent pressures, which are comparable to
the hydrostatic pressure of the galactic mid-plane. We hypothesise that the dynamical
imprints in the rotational properties of the molecular clouds in our sample are in fact
inherited from their progenitor HI clouds by virtue of the conservation of angular mo-
mentum. These galactic-dynamical trends in the HI cloud population also highlight a
productive avenue for future investigation: in galaxies with higher mid-plane hydrostatic
pressures, the molecular gas will have a larger filling-factor, alower over-pressure and a
lower over-density, predisposing it to a greater degree of galactic-dynamical interaction.
We propose that in order to see galactic-dynamical coupling of the turbulent and star-
forming properties of giant molecular clouds, we should look to higher-mass galaxies than
the Milky Way, and to higher-pressure regions within smaller galaxies, such as galactic
bars and spiral arms.

Chapter 5
A key advantage of performing numerical simulations is that they allow for the analysis
of the time-dependent evolution of complex astrophysical systems, which are not directly
accessible from observations performed over a human life-span. In Chapter 5 we extend
the analysis of static cloud properties presented in Chapter 4, by characterising the
full life-cycles of the giant molecular clouds identified in our simulated Milky Way-like
galaxies. For each identified population of clouds, we obtain the evolutionary history
in the form of a ‘cloud evolution network’ involving every molecular cloud identified at
time-steps of 1 Myr. Analysis of the structure of each cloud evolution network reveals
that it is highly-substructured in both space and time. Across two orders of magnitude
in spatial scale, we find scaling relations for the molecular cloud lifetime, the collapse
time-scale before which self-gravity is balanced by stellar feedback, and the rate of cloud
mergers.

The characteristic molecular cloud lifetime in our simulations varies from values of
10 Myr, at cloud scales equal to and larger than the gas disc scale-height, up to 20 Myr
at cloud scales of around 10 pc. It obeys a scaling relation of the form

τlife/Myr =

{
48(ℓ/pc)−0.3 if ℓ < 100 pc
13 if ℓ > 100 pc,

where ℓ is the median cloud scale and τlife is the characteristic cloud lifetime. We show
that the sloped part of the scaling relation results directly from self-gravitation: clouds
collapse to a state of maximum pressure, density and star formation rate, before the
pressure exerted by stellar feedback overcomes their self-gravity, and they are dispersed.
The process of collapse occurs on a time-scale that is proportional to ℓ−0.6, by virtue of
the fact that smaller, denser clouds require a higher level of stellar feedback in order to be
dispersed. The process of dispersal occurs on a time-scale of 3 Myr that is approximately
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independent of the spatial scale. We interpret this as a coincidental cancelling of two
effects: (1) the higher density of smaller star-forming regions, which tends to lengthen the
time-scale, and (2) the higher level of star formation reached in these regions, which tends
to shorten the time-scale. Finally, the flat part of the scaling relation (τlife ∼ 13 Myr) is
consistent with the crossing time of the gas disc scale-height, indicating that clouds at
scales larger than ℓ ∼ 100 pc are not self-gravitating in our simulations. This result can
also be seen in the scaling relation of the cloud virial parameter.

The rate of cloud mergers in our simulations is relatively frequent, with a maximum
value of 0.1 Myr−1 at the smallest spatial scales. The merger rate scales with the crossing
time between cloud centroids, and we find its scaling relation to be well-described by su-
personic turbulence within a fractally-structured interstellar medium. We determine the
fractal index using clouds identified at the native resolution of our simulations, yielding a
value of D ∼ 1.54. Despite the frequency of cloud mergers, we find that at the numerical
mass resolution of our simulations (900 M⊙), they have no effect on the turbulent or
star-forming properties of the interacting clouds, relative to the case of clouds evolving
in isolation. In our simulations, we therefore conclude that cloud interactions do not
appreciably enhance the galactic star formation rate.

Finally, we examine the dependence of time-dependent molecular cloud properties on
the galactic-dynamical environment, and find in accordance with the results of Chapter 4
that the molecular cloud lifetime is decoupled from dynamical influences. The cloud
merger rate, on the other hand, is well-correlated with the absolute velocity differential
between giant molecular clouds in the inertial frame, possibly indicating that galactic
differential rotation plays a role in stirring turbulence on galactic scales.

6.2 Context and future work
The aim of this thesis has been to study giant molecular clouds as the communica-
tion channels between galactic scales and the sub-cloud physics of star formation. In
Chapters 2-5, we have built up a narrative that begins with a simple analytic theory to
quantify the large-scale influence of galactic dynamics on molecular clouds (Chapters 2
and 3). In Chapter 4 we have constructed a systematic, numerical experiment to test
the concrete predictions of this theoretical framework, and have used it to interpret the
environmental variation of a large population of simulated clouds. Finally, in Chapter 5
we have connected back to galactic scales, showing that the molecular cloud lifetime is
scale-dependent for self-gravitating gas, and bound from below by the crossing time of
the thin-disc scale-height. In the following sub-sections, we highlight the two general
conclusions that we have reached in this work, drawing together the results summarised
in Section 6.1. By relating these to current work in the field of star formation, we suggest
possible avenues of research to pursue in the future.

6.2.1 Coupling to galactic dynamics is pressure- and density-
dependent

In its aim to pin down the physical relationship between giant molecular clouds and
their large-scale galactic environments, a central topic addressed in this thesis has been
the role of galactic dynamics in shaping the molecular cloud lifecycle. In the simple
analytic theory put forward in Chapter 2, we derived five time-scales associated with
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key dynamical processes in the interstellar medium: galactic shearing (τβ), gravitational
free-fall (τff,g), radial orbital excursions due to epicyclic perturbations (τκ), spiral-arm
and galactic-bar interactions (τΩP

), and interactions between clouds, otherwise known
as ‘cloud-cloud collisions’ (τcc). Each of these time-scales is around an orbital time in
length, so if molecular clouds survive for a few orbital times (on the order of 5-50 Myr on
average, as observed), then galactic dynamics has time to play a role in their evolution.
However, it is immediately clear from the analytic theory (see Figure 3 of Chapter 2)
that if molecular clouds are locally self-gravitating, with free-fall time-scales τff,cl that are
much shorter than the mid-plane free-fall time-scale τff,g, then they will be dynamically-
decoupled. In order for this to occur, the densities (and therefore turbulent pressures) of
these clouds must significantly exceed the density and hydrostatic pressure of the galactic
mid-plane.

In Chapter 4, we presented a set of Milky Way-like numerical simulations to span
the galactic-dynamical parameter space over which the time-scales (τβ, τff,g, τκ, τΩP

,
τcc) vary. The physical properties for the statistical set of ∼ 80, 000 giant molecular
clouds retrieved from these simulations show that they are highly over-dense and over-
pressured relative to the galactic mid-plane, by one hundred times and twenty-five times,
respectively. According to the theory of Chapter 2 they should therefore be dynamically-
decoupled, and indeed we find upon analysis of their properties (Figures 18 and 21-25
of Chapter 4) that their turbulent and star-forming properties are independent of all
galactic-dynamical time-scales. The only properties that display dynamical correlations
are those that are associated with molecular cloud rotation within the galactic mid-
plane (namely cloud elongation, angular momentum and velocity dispersion anisotropy):
dynamical imprints which may be inherited from the lower-density parent HI clouds, via
the conservation of angular momentum. The conclusion that the giant molecular clouds
in Milky Way-like galaxies are dynamically-decoupled is hammered home in Chapter 5,
in which we examine the time-evolution of the same set of numerically-simulated clouds
and demonstrate that below the gas-disc scale-height at ∼ 100 pc, all are gravitationally
bound and collapsing. They are inert to the constant mergers and interactions that result
from the hierarchical, fractal structure of the interstellar medium (Figure 9 of Chapter 5),
proceeding to star formation on approximately a local free-fall time-scale. They are
dispersed by the resulting stellar feedback on a time-scale of around ∼ 3 Myr. The
molecular gas survival time below the scale-height increases as the cloud scale decreases,
due to the higher level of star formation required to unbind the gas from its self-gravitating
state.

Although the numerical simulations presented in this thesis are limited to Milky Way-
pressured galaxies and so to dynamically-decoupled molecular clouds, a clue to the be-
haviour and galactic-dynamical coupling of clouds in higher-mass galaxies is provided by
the analysis of HI clouds in Chapter 4. These have an over-density of just seven times and
an over-pressure of just three times relative to the galactic mid-plane, and correspond-
ingly display clear dynamical trends in their turbulent properties (velocity dispersions,
turbulent pressures and virial parameters). That is, they are dynamically-coupled. The
observational work of Sun et al. (2020), showing a dependence of the average molecular
gas turbulent pressure on the hydrostatic pressure of the galactic mid-plane, therefore
points the way towards environments for future study, in which our simulated molecu-
lar clouds would display lower levels of over-pressuring, by virtue of their larger filling
factors within the galactic disc. Indeed, the result that dynamical-coupling depends
on the mid-plane properties of the host galactic environment is one that has recently
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been demonstrated explicitly in observations by Chevance et al. (2020) across a sample
of nine nearby disc galaxies. These authors find a threshold for dynamical coupling in
the molecular gas surface density ΣH2 which scales with the galaxy mass and mid-plane
hydrostatic pressure. Dynamical coupling sets in at ΣH2 ≥ 8 M⊙ pc−2 and influences
the lifetimes of molecular clouds at spatial scales of ∼ 100 pc. Ultimately, a thorough
study of the influence of galactic dynamics on molecular clouds will require observations
and numerical simulations that span several orders of magnitude in galaxy mass, spatial
scale, mid-plane pressure and structure. Specifically, galaxies with molecular gas surface
densities of ΣH2 ≥ 8 M⊙ pc−2, or mid-plane hydrostatic pressures of P > 104.5 kBKcm−3,
are the obvious next galactic targets for the kind of analysis presented in Chapters 4
and 5. In addition to high-mass nearby galaxies, such environments can be found at
high-redshifts (Madau and Dickinson, 2014), or in the higher-density environments of
spiral arms or galactic bars.

6.2.2 Molecular cloud time-scales are scale-dependent below the
gas disc scale-height

In Chapter 5, we have derived detailed cloud evolution networks from our numerically-
simulated galaxies, exploring the cycle of molecular cloud evolution in Milky Way-like
galaxies as a function of time, and crucially, of spatial scale. The spatial dependence
of the star formation time-scale is certainly not a new concept, and has been observed
for decades across a variety of different galactic environments (de la Fuente Marcos and
de la Fuente Marcos, 2009; Efremov and Elmegreen, 1998; Elmegreen, 2000; Elmegreen
and Efremov, 1996). It leads to the increased decoherence, on small spatial scales, of
overdensities in molecular gas and star formation tracers (Bigiel et al., 2008; Leroy et al.,
2013b; Schruba et al., 2011) that can be used to constrain molecular cloud lifetimes in
observations (Kruijssen and Longmore, 2014; Kruijssen et al., 2019, 2018). However,
the scaling relations we have presented for the cloud lifetime and cloud merger rate
have also highlighted the usefulness of examining explicitly the variations in simulated
molecular cloud lifetimes and properties with spatial scale, especially given that numerical
simulations can probe spatial scales over a wide range of galactic environments that
observations can only reach in single, nearby targets. By virtue of producing a scaling
relation for the characteristic molecular cloud lifetime, we have been pointed towards
the physical origin of this time-scale for clouds smaller than the disc scale-height (the
competition between self-gravity and stellar feedback) relative to clouds larger than the
disc scale-height (which are destroyed on the turbulent crossing time of the disc). The
scaling relation can also be used to characterise the star formation efficiencies of the self-
gravitating clumps, by proxy of their longer collapse time-scales. In the case of the cloud
merger rate, the form of the scaling relation has revealed that cloud interactions can be
explained by supersonic turbulence within a fractally-structured interstellar medium, and
we have also interpreted the role of galactic differential rotation in this context.

In this vein, the last few years have seen a number of theoretical studies charac-
terising galactic star formation as a function of spatial scale and temporal evolutionary
cycling (Caplar and Tacchella, 2019; Krumholz et al., 2012; Semenov et al., 2017, 2018,
2019; Tacchella et al., 2020), matched by the shunning of cloud-identification thresholds in
favour of fixed-resolution measurements in observations of molecular gas properties (Leroy
et al., 2013b; Sun et al., 2020, 2018). The spatial variation of the correlation between
molecular gas and stellar over-densities over a wide range of spatial scales has now also
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been used by Chevance et al. (2020); Kruijssen et al. (2019) to derive cloud lifetimes at
the disc scale-height from observed maps of CO and H-α emission. Measurements such
as these can be used to calibrate simulated scaling relations of molecular gas properties
and time-scales, and in turn, the simulations can be used to extend these data to higher
resolutions, to investigate the physics at smaller scales.

Connecting spatial scales in this way is one of the general aims toward which the
work in this thesis has been directed, as outlined in Chapter 1. That is, we started out
with the idea that the time-scales associated with localised regions of star formation on
sub-galactic scales may provide clues to the physics that drive star formation on galactic
scales. The opportunity to extend the spatial range of observations to the smallest scales
that can numerically be resolved is an exciting and potentially-fruitful avenue for future
research.
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