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ABSTRACT

We investigate how the dynamical state of molecular clouds relates to host galaxy environment,
and how this impacts the star formation efficiency in the Milky Way and seven nearby galaxies. We
compile measurements of molecular cloud and host galaxy properties and determine mass-weighted
mean cloud properties for entire galaxies and distinct subregions within. We find molecular clouds
to be in ambient pressure-balanced virial equilibrium, where clouds in gas-rich, molecular-dominated,
high-pressure regions are close to self-virialization, whereas clouds in gas-poor, atomic-dominated,
low-pressure environments achieve a balance between their internal kinetic pressure and external pres-
sure from the ambient medium. The star formation efficiency per free-fall time of molecular clouds
is low ∼0.1%−1% and shows systematic variations of 2 dex as a function of the virial parameter and
host galactic environment. The trend observed for clouds in low-pressure environments—as the so-
lar neighborhood—is well matched by state-of-the-art turbulence-regulated models of star formation.
However, these models substantially overpredict the low observed star formation efficiencies of clouds
in high-pressure environments, which suggests the importance of additional physical parameters not
yet considered by these models.

Keywords: ISM: clouds — ISM: kinematics and dynamics — ISM: structure — galaxies: ISM —
galaxies: star formation — stars: formation

1. INTRODUCTION

Stars form in molecular clouds. For galaxies on the
star formation main sequence (see reviews by Blanton
& Moustakas 2009; Renzini & Peng 2015), the molecu-
lar gas mass (Mmol) and star formation rate (SFR) are
tightly correlated (see reviews by Kennicutt & Evans
2012; Krumholz 2014). This tight correlation holds for
entire galaxies (Kennicutt 1998; Young et al. 1995; Sain-
tonge et al. 2011a) and down to kiloparsec-scale regions
(Bigiel et al. 2011; Leroy et al. 2013a), below which
differences in the evolutionary state of individual star-
forming regions introduces significant scatter (Schruba
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et al. 2010; Onodera et al. 2010; Feldmann et al. 2011;
Kruijssen & Longmore 2014; Kreckel et al. 2018).
For main sequence galaxies, the molecular gas deple-

tion time, τdep = Σmol/ΣSFR, is of order 1−2 Gyr (Leroy
et al. 2013a) and has experienced only modest evolu-
tion through cosmic times (Saintonge et al. 2013). This
implies that star formation on galactic scales is highly
inefficient, with only a few per cent of a galaxy’s gas
mass being converted to stars per free-fall time over
the disk scale height (Krumholz et al. 2012). Impor-
tantly, τdep shows systematic second-order variations:
longer τdep are found in massive, bulge-dominated spi-
ral galaxies (Saintonge et al. 2011b; Shi et al. 2011),
early-type galaxies (Wei et al. 2010; Davis et al. 2014)
and (potentially) low-mass dwarf galaxies (Hunt et al.
2015; Amoŕın et al. 2016; Grossi et al. 2016; but see
Filho et al. 2016) while shorter τdep are found in (many)
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galaxy centers (Leroy et al. 2013a) and gas-rich early-
universe galaxies (Tacconi et al. 2013, 2018). Under-
standing what regulates the (in-)efficiency of star forma-
tion and results in the observed gas–SFR relationship,
its normalization (i.e., τdep), and variations thereof in
different galactic environments is therefore a key task to
understand galaxy evolution.
Disk equilibrium models try to explain a galaxy’s SFR

by a dynamical balance of gravitational forces promot-
ing star formation and energy and momentum feedback
by recently formed stars counteracting gravitational col-
lapse (Toomre 1964; Ostriker et al. 2010; Kim et al. 2011;
Hopkins et al. 2011; Romeo & Wiegert 2011; Faucher-
Giguère et al. 2013; Agertz et al. 2015; Hayward & Hop-
kins 2017; Krumholz et al. 2017). In these models, the
SFR self-regulates to produce stellar feedback just suf-
ficient to keep the galaxy’s gas disk in vertical pressure
and energy balance and marginally stable against radial
instabilities. As the radial and vertical distribution of
stars, gas, and dark matter in the galaxy vary, so does
the SFR per unit gas mass needed to maintain equilib-
rium. This leads to different values of τdep in galaxy
centers, outer disks, and dwarf galaxies (see above ref-
erences).
Limitations of these models have been the depen-

dence on phenomenological star formation prescriptions
and a highly uncertain feedback efficiency. They have
also tended to adopt a simplified modeling of the ISM
structure relevant to gravitational instability (Romeo &
Wiegert 2011; Agertz et al. 2015) and treat the cold,
star-forming gas in a simple way. To date, the fraction
of cold molecular, star-forming gas has been represented
either as a pressure-regulated (Ostriker et al. 2010; Kim
et al. 2011) or shielding-regulated two-phase medium
(Krumholz 2013), with little distinction between differ-
ent physical states within the molecular gas. Recently,
the first models have been presented that also consider
the dynamical state (i.e., gravitational boundedness) of
the cold, star-forming gas in a galactic context (Semenov
et al. 2016; Krumholz et al. 2018). However, a fully self-
consistent theory of galactic and cloud-scale properties
with essentially no meaningful free parameters remains
to be developed.
Turbulent cloud models attempt to predict the

galaxy’s SFR from the star formation efficiency (SFE)1

of individual turbulent molecular clouds (Eq. 8; Krumholz
& McKee 2005; Padoan & Nordlund 2011; Hennebelle
& Chabrier 2011; Federrath & Klessen 2012). These

1 In turbulent models, the SFE is typically defined as the frac-
tion of molecular gas mass converted to stars over some fiducial
timescale, which is usually the gravitational free-fall time.

represent the smaller-scale complement to the disk equi-
librium models. In these models the mean density, grav-
itational boundedness, and Mach number play a central
role as they define the cloud’s density structure, bal-
ance of kinetic and gravitational energy, and the mass
in self-gravitating dense clumps where stars form. Star
formation in these clouds progresses on a few dynamical
timescales, typically parameterized by the gravitational
free-fall time (τff ∝ ρ−0.5), though at a low efficiency
per free-fall time, εff ≈ 1% (Krumholz & Tan 2007).
Observable properties of molecular clouds, such as

their size (R), velocity dispersion (σv), and surface
density (Σ), offer a snapshot view of their dynamical
state, which the models employ to predict the cloud’s
SFE. Early observational work in the Milky Way sug-
gested a common set of cloud properties described by
the size–line width relation, virial equilibrium, and con-
stant surface density (Larson 1981; Solomon et al. 1987).
Though supported by early extragalactic observations
(Rosolowsky et al. 2003; Bolatto et al. 2008), subsequent
observations revealed substantial variations in the prop-
erties of molecular clouds in the Galactic center (Oka
et al. 2001; Shetty et al. 2012; Kruijssen & Longmore
2013; Walker et al. 2016; Kauffmann et al. 2017), the
inner and outer Milky Way (Heyer et al. 2009; Rice
et al. 2016; Miville-Deschênes et al. 2017), and across
nearby star-forming galaxies (Hughes et al. 2013a; Dono-
van Meyer et al. 2013; Leroy et al. 2013b; Colombo et al.
2014; Leroy et al. 2015, 2016; Sun et al. 2018). Mean-
while, starburst galaxies and merging systems have long
been observed to show high surface and volume densi-
ties (e.g., Downes & Solomon 1998; Wilson et al. 2003,
among many others). Today it is clear that there is no
common set of cloud properties but that these system-
atically vary with galactic properties. We are still in
the early stages of understanding how these variations
in cloud properties affect a cloud’s SFE.
The turbulence regulated models of star formation

have been designed to match the SFRs found in (ideal-
ized) numerical simulations of ISM turbulence (Padoan
& Nordlund 2011; Padoan et al. 2012; Federrath 2013,
and many others). Their validation by observations re-
mains inconclusive, however. The models agree with ob-
servations of (mostly low-mass) star-forming regions in
the solar neighborhood (see compilations by Federrath
& Klessen 2012; Hennebelle & Chabrier 2013; Krumholz
2014; Padoan et al. 2014). Subsequent studies of larger
giant molecular cloud (GMC) samples in the Milky Way
and the LMC revealed inconsistencies between the ab-
solute SFR predicted by these models and observations.
These studies also found significant scatter in the SFE of
individual clouds, far in excess to what the models pre-
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dict (these have been attributed to an accelerating SFR
along a cloud’s time evolution), and only a weak de-
pendence of the SFE on cloud properties (Murray 2011;
Evans et al. 2014; Lee et al. 2016; Vutisalchavakul et al.
2016; Ochsendorf et al. 2017). Comparing cloud popu-
lation averages to the SFR-per-H2 and εff in M51, Leroy
et al. (2017a) also found a poor match to the predictions
of turbulent models. The sense of the correlations be-
tween cloud properties and εff in M51 appears opposite
that present in some of the models. They also found
lower absolute values of εff than either the models or
Galactic observations. A recent study of star formation
in Galactic center clouds finds the turbulence regulated
models to agree with observations but they also stress
that the attempt of falsifying the models is obstructed
by the lack of consensus on the values of their free pa-
rameters (Barnes et al. 2017).
The above results demonstrate that we are still in the

early stages of confronting turbulent models with obser-
vations. And the link between the disk equilibrium mod-
els and the cloud properties relevant to the turbulent
models remains even less well understood. Extensive ob-
servational and theoretical work is required to establish
the link between the galactic SFR, disk structure, cloud-
scale gas properties, and star formation on the scale of
individual clouds. In the coming years, we expect that
uniform surveys of diverse environments with ALMA
will play a major role in such experiments. For example,
the ongoing PHANGS-ALMA survey2 (“Physics at High
Angular-resolution in Nearby GalaxieS with ALMA”;
A. K. Leroy et al., in preparation) is mapping molecu-
lar gas via CO(2-1) emission at cloud scales in a large
sample of 74 nearby star-forming galaxies. This allows
for a uniform statistical analysis of ISM and cloud prop-
erties and their connection to star formation (Sun et al.
2018; Utomo et al. 2018, and work in preparation by
M. Chevance et al.; E. Rosolowsky et al.; E. Schinnerer
et al.; A. Schruba et al.; J. Sun et al.; D. Utomo et al.).
At the moment, however, a valuable, largely untapped

resource exists in the form of recent large surveys of
molecular clouds in the Milky Way and the nearest
galaxies. In this paper, we synthesize the current best-
in-class single galaxy GMC studies, estimate the envi-
ronments hosting the cloud populations, and compare
them to theoretical expectations for the dynamical state
and star formation efficiency of the gas. We present a lit-
erature compilation of galactic disk and molecular cloud
properties for the Milky Way and seven local galaxies.
We use these to address two main questions:

2 For information on PHANGS, see http://phangs.org

How does the dynamical state of the gas depend on
environment? We compare the cloud’s dynamical state
(i.e., the observed virial parameter) to its expected value
if the cloud is in pressure equilibrium with its local galac-
tic environment. Similar comparisons have been per-
formed, e.g., for dense clumps inside Galactic molecular
clouds (Bertoldi & McKee 1992), for whole molecular
clouds in the Milky Way (Field et al. 2011), for the LMC,
M33, and M51 (Hughes et al. 2013a, 2016). Here we ex-
tend this work to a sample of eight local galaxies broken
into several discrete environments.
How does the apparent star formation efficiency per

free-fall time (εff) relate to the properties of the lo-
cal cloud population? We relate mass-weighted average
cloud properties to the gas depletion time (Mmol/SFR)
for each of our targets. We contrast these to the predic-
tions of a suite of turbulence regulated models of star
formation as summarized in Federrath & Klessen (2012).
This synthesis should represent the most complete,

most direct link between environment and cloud dynam-
ical state, and the most general test of turbulent models
of star formation to date.
We start by reviewing the virial theorem that defines

the cloud’s dynamical state (Section 1.1) and the tur-
bulent star formation models (Section 1.2). Then we
present our literature compilation of galactic and cloud
properties (Section 2, Table 1), link the cloud’s dynam-
ical state to galactic environment (Section 3.1), and
compare the SFR predicted by the turbulence regulated
models to the observed SFR (Sections 3.2 and 3.3). We
conclude by giving an outlook on future work (Section 4)
and summarizing our findings (Section 5).

1.1. Virial Theorem for Molecular Clouds

The energy balance and thus dynamical state of a
molecular cloud is described by the virial theorem. For
a non-magnetized, isothermal, self-gravitating spherical
cloud immersed in a uniform external medium, the virial
theorem is (e.g., Spitzer 1978)

1

2

d2I

dt2
= 2(T − TS) +W . (1)

Here I is the moment of inertia within the cloud’s vol-
ume. The kinetic energy of the cloud is 2T = 3Mσ2

v,
with σv being the one-dimensional velocity dispersion
of the gas. The surface term of the kinetic energy is
2TS = 4πR3Pext, where Pext refers to the ambient gas
pressure. The self-gravitational binding energy of the
cloud isW = −ΓGM2/R, where Γ is a geometrical form
factor. Γ = 0.6 for a constant density sphere (assumed
here) and 0.73 for an isothermal sphere of maximal crit-
ical mass (Elmegreen 1989). The gravitational constant
in our units is G = 1/232.5 M�−1 pc km2 s−2.

http://phangs.org
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The sign of d2I/dt2 determines whether the cloud will
contract or expand, so that the balance of the terms
on the right-hand side defines its imminent dynamical
evolution. Following Bertoldi & McKee (1992, and many
others), we use the dimensionless viral parameter

αvir, obs =
2T
|W| =

3σ2

πΓGRΣ
=

Pint

Pself
(2)

to describe the relative importance of the cloud’s kinetic
energy and gravitational energy. In a complementary
way, we express the theoretically expected virial param-
eter for a cloud in pressure equilibrium with its ambient
medium by

αvir, theo = 1 +
2TS
|W| = 1 +

Pext

Pself
. (3)

Here we have also defined the cloud’s internal kinetic
pressure

Pint = 3ρσ2
v (4)

and the pressure related to the cloud’s self-gravitational
binding energy

Pself =
Γ

2

πG

2
Σ2 . (5)

Here Σ refers to the mass surface density of the cloud.
We estimate the ambient midplane gas pressure from

the weight of the gas in the combined gaseous and stel-
lar potential, assuming vertical hydrostatic equilibrium
(Elmegreen 1989, see also Blitz & Rosolowsky 2004; Os-
triker et al. 2010; Field et al. 2011; Kim et al. 2013)

Pext =
πG

2
Σ2

ism

(
1 +

σism

σ�

Σ�

Σism

)
. (6)

Here Σism and Σ� are the average surface densities of
the diffuse interstellar medium and stars, and the ratio
σism/σ� reduces the gravitational force exerted by stars
onto the gas according to the differences in gaseous and
stellar scale heights.
Following Ostriker et al. (2010) and Kim et al. (2013)

we assume that the diffuse ISM provides the pressure
onto molecular clouds. We calculate the average surface
density of the diffuse ISM as

Σism = Σatom + (1− fgmc)Σmol , (7)

where fgmc is the fraction of molecular gas in the
adopted GMC catalog (Table 1). This treatment
assumes that all atomic gas is diffuse and that all
GMCs are self-gravitating and so not part of the diffuse
medium. Our treatment neglects the likely minor con-
tribution of bound GMCs to the galactic disk potential
(see Ostriker et al. 2010, for a complete treatment).

We also assume that the contributions of cosmic rays
and magnetic fields play a minor role in supporting the
gaseous disk (cf. Elmegreen 1989).

1.2. Theories of Star Formation in Molecular Clouds

The turbulence regulated star formation models pre-
dict the SFR in a galaxy or part of a galaxy by scaling
the ratio of cloud mass, Mgmc, and free-fall time, τff by
the star formation efficiency per free-fall time, εff ,

SFR = εff
Mgmc

τff(ρ)
. (8)

Here the free-fall time is given by

τff(ρ) =

(
3π

32Gρ

)1/2

, (9)

and is evaluated either at the mean cloud density or in
a multi-scale fashion at the volume density of each gas
parcel inside the cloud.
We consider the models by Krumholz & McKee (2005,

hereafter KM05), Padoan & Nordlund (2011, PN11),
and Hennebelle & Chabrier (2011, HC11) in the form3

presented by Federrath & Klessen (2012, their table 1;
see also Padoan et al. 2014), as well as the simplified
empirical fit to the PN11 model by Padoan et al. (2012,
P12).
These models derive εff by integrating the cloud’s den-

sity distribution to obtain the mass fraction above some
critical density for collapse. That mass fraction is then
compared to the free-fall time to generate a rate of star
formation. The models differ on how the density distri-
bution and the critical density for collapse depend on
the mean physical properties of a cloud, i.e., the virial
parameter (αvir), the sonic Mach number4 (M), the tur-
bulence driving parameter (b), the relative strength of
thermal and magnetic pressure (β). They also differ re-
garding whether the free-fall time is calculated at a fixed
density (single free-fall time models) or at the local den-
sity along the density distribution (multi free-fall time
models).
To compare the models with observations, we need

to choose values of their free parameters. Here we
adopt the fiducial parameters from the original works:
εcore = 0.5, φt = 1.91, φx = 1.12, θ = 0.35, and

3 We note that the Krumholz & McKee model differs in KM05
and Federrath & Klessen (2012, FK12) by the definition of the
sonic length scale λs: the former use the one-dimensional velocity
dispersion while the latter use the three-dimensional one. Here we
adopt the KM05 definition implying SFEs per free-fall time that
are a factor ∼10 larger than for the FK12 definition. We note that
Barnes et al. (2017) adopt the FK12 definition.

4 In this paper we adopt three-dimensional Mach numbers.
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ycut = 0.1. Note that Federrath & Klessen (2012)
derived significantly different values for these parame-
ters using magnetohydrodynamical turbulent box sim-
ulations. We adopt the following default cloud proper-
ties: M = 10, typical for modestly supersonic molecular
gas (Padoan et al. 2014) and Milky Way GMCs (Heyer
et al. 2009), b = 0.4 found for a mix of solenoidal and
compressive forcing (Federrath et al. 2010), and negli-
gible magnetic fields, β → ∞ (Crutcher 2012). We will
also consider the effect of varying these quantities about
their default values. We treat the virial ratio as known,
determined by observations.

2. DATA

Table 1 presents our compilation of galaxy- and cloud-
scale measurements. Together these allow us to assess
(a) the relationship between the cloud’s dynamical state
and local galactic environment and (b) SFE per free-fall
time as a function of the local cloud population.
As the table shows, surveys of the molecular gas

with resolution to study individual molecular clouds now
cover a suite of individual nearby galaxies. Compared
to the first studies targeting the local group (see review
by Fukui & Kawamura 2010) these have improved res-
olution and sensitivity and span a larger range of en-
vironments within galaxies. We combine surveys of the
LMC (using MOPRA; Wong et al. 2009), M33 (using the
IRAM 30-m; Gratier et al. 2010; Druard et al. 2014),
M31 (using CARMA; Caldú-Primo & Schruba 2016;
Schruba et al. in preperation), the lenticular galaxy
NGC4526 (Utomo et al. 2015), M51 (using NOEMA;
Schinnerer et al. 2013; Pety et al. 2013), the central
starburst in NGC253 (Leroy et al. 2015), and the nearby
dwarf spiral NGC300 (Kruijssen et al. 2019a; Schruba et
al. in preperation).

2.1. Galaxy Properties

Our galaxy sample comprises eight local galaxies span-
ning a wide range of stellar mass and morphology. We
include one dwarf irregular: the LMC, two low-mass spi-
rals: M33 and NGC300, two massive spirals: the Milky
Way and M51, one starburst galaxy center: NGC253,
one green-valley galaxy: M31, and one lenticular galaxy:
NGC4526.
We compile global measurements of the stellar mass

(M�), atomic (Matom) and molecular gas mass (Mmol),
and star formation rate (SFR) from the literature or
we derive them from our own data. Our sample covers
about two orders of magnitude in various host galaxy
properties: M� = 2×109 − 1011 M�, SFR = 0.03 − 4.2
M� yr−1, sSFR = 2×10−12−2×10−10 yr−1, and fgas =
Mgas/(Mgas +M�) = 0.01− 0.5.

We subdivide our galaxies into local galactic envi-
ronments, separating central regions, inner disks, and
outer disks. These different regions have different sur-
face densities and ISM properties, which may affect the
cloud properties and star formation efficiency. Table 1
presents the local environments for each target.
For each environment, we determine the local galac-

tic properties at the median galactocentric radius of the
respective cloud sample (see below). We use radial pro-
files of each tracer, with their total flux pinned to the
global properties, to determine the surface densities of
stars (Σ�), atomic (Σatom) and molecular gas (Σmol),
star formation rate (Σsfr), and the (vertical) velocity dis-
persions of the stellar and gaseous disks (σ� and σgas).
The range in local galactic properties is even broader

than the range of global ones. Our sample covers Σ� =
25 − 4000 M� pc−2, Σatom = 3 − 18 M� pc−2, Σmol =
2 − 1000 M� pc−2, Σsfr = 1.5 − 3500 M� pc−2 Gyr−1,
and molecular depletion time τdep = 0.2−4.4 Gyr. From
these local galactic properties we derive the ambient gas
(midplane) pressure, Pext as defined in Section 1.1.

2.2. Cloud Properties

These extragalactic surveys approach the detail of the
CfA-Chile survey of the Milky Way (Dame et al. 2001,
∼30 pc at the Galactic Ring), typically with sensitivity
to clouds with molecular gas mass as low as ∼ 104 −
105 M�. They also use different telescopes and achieve
different physical resolution and sensitivity, and in some
cases use different tracers of the molecular gas. As a
result, our combined data set is heterogeneous in nature.
Whenever we had access to the original data sets,

we extracted the measurements ourselves. We use an
updated version of the CPROPS code5 (Rosolowsky &
Leroy 2006; Leroy et al. 2015). The code identifies emis-
sion peaks with signal-to-noise ≥ 5 in two adjacent chan-
nels. Then it assigns adjacent pixels to an emission peak
until an intensity level is reached where the pixel cannot
be uniquely assigned to one peak. Finally, the properties
of a cloud are determined from the intensity-weighted
moments. These are corrected for the effects of blend-
ing and finite sensitivity assuming that the cloud can be
approximated as a three dimensional Gaussian. Then
the measured size and line width are corrected for the
intrinsic spatial and spectral resolution of the data.
When the original data were not available or re-

extraction was not feasible, we adopt the literature mea-
surements scaled to our assumed distances.

5 https://github.com/akleroy/cpropstoo

https://github.com/akleroy/cpropstoo
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We define the macroscopic cloud properties as follows:

Radius : R = 1.91
√
σxσy (10)

Luminous Mass : M = αCOLCO (11)

Virial Mass : Mvir =
5σ2

vR

G
(12)

Surface Density : Σ = 0.77
M

πR2
(13)

Volume Density : ρ = 1.26
M

4/3πR3
(14)

We note that all masses and densities in this paper in-
clude the contribution of heavy elements. σx and σy

in Eq. (10) denote the size of a cloud (defined by the
intensity-weighted second moment along the two spatial
axes).
From these macroscopic cloud properties we derive the

cloud’s free-fall time, τff , and turbulent crossing time,
τcross = R/

√
3σv (for one-dimensional velocity disper-

sions), as well as the cloud’s internal turbulent pressure,
Pint, and the self-gravitational pressure, Pself , as defined
in Eqs. 4−5.
We note that the definitions of the macroscopic cloud

properties (Eqs. 10−14) and the definitions of the cloud
virial parameter and internal pressures (Eqs. 2−5) bear
minor inconsistencies in the geometric factors describ-
ing the density distribution of the molecular clouds, i.e.,
constant, 1/r, or Gaussian density profiles. For now we
accept this to match common definitions and account
for these differences as part of the systematic uncertain-
ties (see below). In the future we intend to remedy this
inconsistency by determining the geometric factors from
higher dynamic range data obtained with ALMA.
To derive molecular cloud masses, we have adopted

the standard Galactic CO(1-0)-to-H2 conversion factor:
αCO = 4.35 M� pc−2 (K km s−1)−1 (which includes a
correction for heavy elements) for the Milky Way disk,
M31, M51, NGC4526; for the low mass galaxies LMC,
M33, and NGC300 we adopt twice this value (Wong
et al. 2011; Druard et al. 2014; Kruijssen et al. 2019a).
For M33 we further adopt a CO(2-1)-to-CO(1-0) bright-
ness temperature ratio of 0.8 (Druard et al. 2014).
For the Milky Way center and NGC253 molecular gas
masses are derived from optically-thin dense gas tracers
and dust continuum (Leroy et al. 2015; Walker et al.
2015).
The above method to calculate cloud properties reme-

dies as best as possible the signatures of inhomoge-
neous resolution and sensitivity between our different
data sets. Despite this effort, we note that peak iden-
tification methods such as CPROPS naturally tend to
identify structures with size similar to the native res-

olution of the data set (Table 1; see also Leroy et al.
2016).
For each of the local galactic environments defined in

Section 2.1 and Table 1, we derive mass-weighted aver-
age cloud properties. We note that for the calculation
of the mass-weighted averages the order in which cloud
properties and averages are calculated matters. We cal-
culate all macroscopic cloud properties (Eqs. 10−14),
the pressure related quantities and thereof derived ‘ob-
served’ and ‘predicted’ virial parameter (Eqs. 2−6) for
each cloud individually and then determine their mass-
weighted average. We have tested whether our results
depend on this methodology by calculating the virial
parameter and pressure quantities from mass-weighted
average cloud properties instead and find no major dif-
ference.
This sample-averaging resembles the methodology de-

scribed in Leroy et al. (2016) and distinguishes our work
from previous studies. Appropriate averaging over all
clouds in a galactic environment highlights the impact
of environment on the mean cloud properties. Previous
studies have plotted the entire cloud population, often
emphasizing offsets among scaling relations. This shows
the full dynamic range of cloud properties (that is fre-
quently interpreted to reflect the time evolution of the
clouds; e.g., Murray 2011; Lee et al. 2016; Padoan et al.
2017) but can obscure the dependence of cloud proper-
ties and star formation on environment.
Our study also expands the range of galactic envi-

ronments for which cloud properties and star formation
models have been tested. Most work so far has focused
on single targets, either the Milky Way (Field et al. 2011;
Murray 2011; Vutisalchavakul et al. 2016; Barnes et al.
2017) or individual selected local galaxies (Utomo et al.
2015; Leroy et al. 2017a; Ochsendorf et al. 2017; Schruba
et al. 2017). The best synthetic work today, by Hughes
et al. (2013a), had only three high quality data sets avail-
able.

2.3. Uncertainties and Error Propagation

We account for uncertainties in the cloud properties,
their sample averages, and the galactic disk parameters.
We consider (a) statistical uncertainties due to finite
signal-to-noise (S/N) and uncertain sensitivity correc-
tions, (b) statistical uncertainties due to sample variance
when determining the mass-weighted averages, and (c)
systematic uncertainties in the mass-to-light conversion
factors and the adopted geometric factors.
Because the statistical uncertainties in the cloud prop-

erties are not always available (from the literature), we
adopt typical uncertainties derived from in-hand data
sets. We estimate these based on our application of
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the CPROPS code to cases where we have the original
data cube (including extrapolations to the zero noise
level; see Rosolowsky & Leroy 2006; Leroy et al. 2015,
and the CPROPS documentation). For our typical case
of marginally resolved clouds detected at peak S/N ∼
5−10, we find logarithmic uncertainties of 0.1 dex for
R; 0.15 dex for σv; 0.25 dex for Mvir; 0.3 dex for Mlum,
Σ, τff ; and 0.35 dex for αvir.
We derive uncertainties in the (mass-weighted) aver-

ages by a Monte-Carlo analysis which accounts for (i)
sample variance by bootstrapping, and (ii) statistical
uncertainties by perturbing the cloud properties. In this
work, we do not study resolution or completeness effects
but work with the best current data at their native reso-
lution. We plan to investigate these effects in the future.
See Sun et al. (2018) for more analysis of the possible
impact of these factors.
Many of our calculations rely on knowledge of the

mass of gas or stars. These are affected by system-
atic uncertainty in the light-to-mass conversion. For the
CO-to-H2 conversion factor, we adopt an uncertainty of
0.2 dex for massive galaxies. For smaller galaxies, with
metallicity Z � 0.5Z� (i.e., LMC, M33, NGC300), we
treat the CO-to-H2 conversion factor as uncertain by
0.3 dex. For the 3.6μm-to-M� factor, we adopt a fixed
uncertainty of 0.15 dex.
Different assumptions in cloud geometries (e.g., con-

stant, 1/r, or Gaussian density profiles) lead to addi-
tional systematic uncertainties of 0.15 dex in radius and
0.10 dex in line width. We analytically (or numerically
for the sample averages) propagate the uncertainties
from the input parameters to the derived parameters.
Note that we do not account for the covariance among

the uncertainties. This implies that our quoted uncer-
tainties represent conservative upper limits.
In general, we find that the statistical uncertainties

on the properties of individual molecular clouds are sig-
nificantly suppressed by our approach of determining
sample averages and often reduce to � 0.05−0.10 dex,
with the exception of galactic environments with very
small cloud catalogs (i.e., NGC253). Therefore, the sys-
tematic uncertainties dominate our formal error budget.
However, we note that these systematic uncertainties
are expected to bias parameters in the same way for
many/all galaxies in our sample, and thus should again
be interpreted as conservative upper limits on the un-
certainties. In the following figures, we show these two
types of uncertainties: colored error bars account for
all sources of uncertainties except for systematic ones,
whereas grey error bars also include systematic uncer-
tainties.

3. RESULTS

In Table 1 we present our compilation of cloud proper-
ties in context for the Milky Way and seven local galax-
ies. The table includes global galaxy properties that de-
scribe our galaxy sample and can be used to reference
to other samples. The local galaxy properties give the
galactic disk properties at the median galactocentric ra-
dius of our cloud sample; these quantities set the am-
bient medium pressure and the molecular gas depletion
time. The local cloud properties list the mass-weighted
mean properties of the cloud population and the frac-
tion of molecular mass in each cloud catalog. The pres-
sure parameters state the mass-weighted clouds’ turbu-
lent and self-gravitational pressures, and the ambient
medium pressures by the stellar and gaseous disks. We
use these measurements to study the dependence of the
clouds’ dynamical state on local galactic environment,
to assess their star formation efficiency, and to test the-
ories of star formation in turbulent clouds.

3.1. Dynamical State of Molecular Clouds and
its Dependence on Galactic Environment

Figure 1 illustrates the relationship between the dy-
namical state of molecular clouds and local galactic en-
vironment. The x-axis shows the virial parameter, αvir,
(Eq. 2) derived from the observed balance of the clouds’
kinetic and self-gravitational pressures (Eqs. 4−5). The
y-axis shows the value of αvir predicted for virialized
clouds in external pressure equilibrium (Eq. 3). Data
points show the mass-weighted average of the cloud pop-
ulation for each region that we study (Section 2.2). Er-
ror bars represent the statistical uncertainties and sam-
ple variance (in color) and also including systematic un-
certainties (in grey; Section 2.3).
A main finding of this paper is the close relationship

between αvir, obs and αvir, theo. We find a median ra-
tio of ∼0.83 and scatter of ∼0.3 dex. In our data, the
scaling between αvir, obs and αvir, theo is stronger than
the relationship between internal kinetic pressure, Pint,
and the pressure associated with self-gravity, Pself . It
is also stronger than the scaling between internal ki-
netic pressure, Pint, and external pressure Pext. In our
data, both of those pressure scalings exhibit a disper-
sion of ∼0.5 dex. That scatter in the pressure–pressure
scalings appears to originate from a systematic trend
between Pself/Pext with Pint.
Put another way, Figure 1 implies that molecular

clouds in local galaxies are in virial equilibrium once the
confining external pressure is accounted for (i.e., diago-
nal dotted line). But they are not necessarily in a sim-
ple virial equilibrium set only by the clouds’ self-gravity
(i.e., vertical dashed line). The local galactic environ-
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Figure 1. Virial parameter, αvir, of molecular clouds de-
rived from the observed balance of the clouds’ kinetic and
self-gravitational pressures (x-axis) and as predicted for viri-
alized clouds in external pressure equilibrium (y-axis). Data
points show the mass-weighted average of the cloud popula-
tion of an entire galaxy or a distinct subregion therein. Error
bars represent the statistical uncertainties and sample vari-
ance (in color) and also including systematic uncertainties
(in grey). The color-coding shows whether atomic or molec-
ular gas dominates the ISM. Virialized clouds confined only
by self-gravity lay along the vertical, dashed line; those con-
fined by external pressure along the diagonal, dotted line.

ment has a clear and substantial imprint on the dynam-
ical state of molecular clouds. We find the (sample av-
eraged) virial parameter to have large (factor ∼15) sys-
tematic variation among our galaxies and distinct subre-
gions therein, and we find that these variations are sig-
nificantly larger than all sources of uncertainty. In some
environments, clouds have virial parameters near unity
(i.e., the bottom left part of Figure 1). These clouds
appear virialized considering only their self-gravity and
external pressure has no major impact. In other environ-
ments, clouds have virial parameters of ∼3−10 (i.e., the
top right part of Figure 1), indicating these clouds have
kinetic energies much larger than their self-gravitational
energies. These clouds are either unbound and transient,
or they are pressure-confined.
These systematic variations in the dynamical state of

molecular clouds link to properties of the local galactic
environment. We qualitatively break our sample into
two classes of clouds, living in two different types of

Table 2. Two Classes of Clouds & Environments

Property Pressurized Self-gravitating

Pext [K cm−3] 5×103 − 3×104 4×104 − 7×107

Σstar [M� pc−2] 25− 170 200− 4000

Σgas [M� pc−2] 10− 23 17− 103

Rmol 0.1− 0.7 5− 200

Σgmc [M� pc−2] 10− 30 102 − 104

αvir, obs 3− 10 0.7− 3

Note—The table lists the full range of the environmental (top)
and cloud (bottom) properties for the two classes of clouds
and galactic environments (see text).

environments. We list the approximate properties of
these two classes in Table 2.
To first order, “self-gravitating” clouds have high sur-

face densities (Σgmc ≈ 102−104 M� pc−2) and are
found in high ambient pressure environments (Pext ≈
4×104−7×107 K cm−3) as in the central and inner Milky
Way, M51, NGC253, and NGC4526. Despite the high
ambient pressure in their environments, these clouds ap-
pear nearly virialized considering only their self-gravity
and internal motions.6

High virial parameter, (externally) pressurized clouds
have low surface densities (Σgmc ≈ 10−30 M� pc−2)
and reside in low ambient pressure environments (Pext ≈
5×103 − 3×104 K cm−3) as in the outer Milky Way,
LMC, M31, M33, and NGC300. These clouds appear
virialized only once external pressure terms are taken
into account.
The dependence of the clouds’ virial parameters on

their surface densities is also apparent when considering
clouds of different masses. To investigate this, we have
considered sub-samples of clouds with masses within log-
arithmic bins between 104 M� and 108 M�. We find
that lower mass clouds (Mgmc = 104−106 M�) have
high virial parameters (αvir ≈ 2−10), while massive
clouds (Mgmc = 106−108 M�) have low virial param-
eters (αvir ≈ 1−3). One can thus say that the more
massive a cloud is, the more likely it is to have high sur-
face density and therefore decouple dynamically from
its environment. However, the threshold when this de-
coupling sets in is a strong function of the density of

6 For the Galactic Centre, we only consider clouds on the ‘dust
ridge’ of the ‘100-pc stream’ (Walker et al. 2015), which contains
the highest-density clouds in the region. For clouds at larger galac-
tocentric radii, we expect a larger influence of the external pressure
(e.g., Kruijssen et al. 2014).
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clouds’ ambient medium (see also Meidt et al. 2018, and
in prep.).
The color coding in Figure 1 highlights one major dif-

ference distinguishing the environments where the two
classes of clouds are found. Color indicates whether the
ISM is predominantly composed of atomic or molecular
gas. The figure shows that the “pressurized” clouds are
more likely to be found in parts of galaxies where atomic
gas makes up most of the neutral interstellar medium.
Such systematic variations in cloud properties with en-

vironment have been suggested by molecular cloud sur-
veys in the inner and outer MilkyWay (Heyer et al. 2001,
2009; Field et al. 2011) and seen contrasting M33, M51,
and the LMC by Hughes et al. (2013b, 2016). Here, we
roughly triple the sample of galaxies studied and synthe-
size Milky Way measurements and extragalactic work.
This larger data set clearly shows that the dynamical
state of molecular clouds depends on environment in a
systematic way.
Our results also agree with recent work by Leroy et al.

(2016) and Sun et al. (2018). Those papers present a
similarly large dynamic range in the virial parameter of
molecular gas in nearby galaxies. They adopt the pixel-
based analysis method developed by Leroy et al. (2016)
and measure the gas surface density and line width at
fixed spatial scales of ∼45−120 pc, which with an as-
sumption on the beam filling factor and the gas ex-
tent along the line of sight treces the virial parameter.
They also find that molecular gas in massive, molecular
gas dominated spiral galaxies has αvir ∼ 2 (i.e., energy
equipartition) while the gas-poor, atomic gas dominated
galaxies M31 and M33 have αvir ∼ 3−10. This agree-
ment is partially by construction, because Leroy et al.
(2016) and Sun et al. (2018) analyze the same M31, M33,
and M51 data that we consider here.
Sun et al. (2018) suggest several possible drivers for

the high apparent αvir in M31 and M33 including (a)
beam dilution of molecular clouds much smaller than
their 45−80 pc measurement scale or (b) the impact of
the ambient pressure from the interstellar medium (as
we argue here). In this work, we require emission peaks
to be (at least marginally) spatially resolved to directly
measure their size, line width, and surface densities. Our
CPROPS methodology has its own biases, as it tends to
find beam sized objects and leads to incompleteness in
the measurements. But our measurements offer a strong
indication that even resolved clouds in these galaxies ap-
pear “pressurized,” so that beam dilution is not the sole
reason for the high αvir values. We argue that these
high virial parameters are indeed a sign of pressure con-
finement by the diffuse ambient medium in atomic-gas

dominated galaxies like M31, M33, NGC300, and the
LMC.
Moreover, Figure 1 provides substantial evidence in

favor of the hypothesis by Elmegreen (1989) that the
cloud’s dynamical state is linked to the ambient gas
pressure set by vertical hydrostatic equilibrium (Eq. 6).
However, our definition of Pext differs from Elmegreen’s
one by a constant7 and in only considering the diffuse
ISM to provide the ambient gas pressure in the mid-
plane (Eq. 7)8. A number of alternative expressions for
the ambient pressure confining molecular clouds have
been proposed (Chieze 1987; Bertoldi & McKee 1992;
Wolfire et al. 2003; Blitz & Rosolowsky 2006; Koyama
& Ostriker 2009; Ostriker et al. 2010; Kim et al. 2011,
and others). These expressions differ in assumptions on
the structure of the ISM, the size of atomic shielding
layers around molecular clouds, the effect of magnetic
fields, and the scale height of cosmic rays; leading to
predictions of the ambient gas pressure that differ by
a factor of a few. Unfortunately, these differences are
comparable to the systematic uncertainties in our mea-
surements of the cloud and environmental parameters,
which precludes a firm conclusion as to which expression
matches our observations best (cf. Hughes et al. 2016).
We will investigate this topic in more detail using sensi-
tive cloud-scale mapping of the molecular gas obtained
by the PHANGS-ALMA survey.

3.2. Star Formation Efficiency of Molecular Clouds
and Whole Galaxies

We also infer the star formation rate and molecular
gas depletion time for each region studied. By compar-
ing this to the average cloud properties, we can compare
these against measurements of the star formation effi-
ciency (SFE) on galactic scales and predictions of star
formation theories in the literature (Section 3.3).
Figure 2 shows the SFE per dynamical time, εdyn, as a

function of the virial parameter, αvir. εdyn = τdyn/τdep
is the ratio of the local dynamical timescale, τdyn, to
the global molecular gas depletion timescale, τdep =
Mmol/SFR determined over the range of galactocentric
radii of the cloud populations. Thus, εdyn expresses the

7 We do not reduce the total midplane gas pressure by the
relative contributions from cosmic rays and magnetic fields, for
which Elmegreen (1989) assumed relative contributions of 0.40
and 0.25, respectively. Instead, we assume the vertical scale height
of cosmic rays and magnetic fields to be larger than the scale height
of the neutral gas, such that they have minimal stabilizing effect
on the weight of the neutral gas disk.

8 The diffuse ISM mass is defined as the total neutral gas mass
minus the gas mass within molecular clouds, i.e., we assume a mi-
nor contribution of molecular clouds to the galactic disk potential
(e.g., Ostriker et al. 2010).
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Figure 2. Star formation efficiency, εdyn, as function of
the virial parameter, αvir, and the related ratio of free-fall
and turbulent crossing time, τff/τcross (top x-axis). Data
points show the mass-weighted average of the cloud popula-
tion of an entire galaxy or a distinct subregion therein. Error
bars represent the statistical uncertainties and sample vari-
ance (in color) and also including systematic uncertainties
(in grey). The color-coding shows whether atomic or molec-
ular gas dominates the ISM (as in Figure 1). Dashes lines
show theoretical predictions for the scaling of εdyn with αvir

or τff/τcross, respectively (see text).

fraction of molecular gas converted to stars per dynam-
ical timescale. εdyn represents a slight generalization of
the εff discussed in Section 1.2, which treated the grav-
itational free-fall time as tdyn.
In Figure 2, each data point shows the mass-weighted

average of the cloud population for one of our regions.
For each region, we show two data points that consider
different local dynamical timescales, τdyn, i.e., either the
free-fall time, τff (diamond symbols), or the turbulent
crossing time, τcross (square symbols). For the points
adopting τdyn = τff , we also show the statistical un-
certainty including sample variance (colored error bars)
and the full uncertainty range including also systematic
uncertainty (grey error bars). The uncertainties for the
data points including τcross are comparable, but omitted
for clarity. As in Figure 1, data points are color-coded
to indicate whether atomic or molecular gas dominates
the ISM. All data values shown here can be found in Ta-
ble 1. The top axis of the figure re-expresses the virial
parameter, αvir, as (τff/τcross)

2
= π2Γαvir/8, adopting

our fiducial Γ = 0.6.

Low SFE per dynamical time: Figure 2 shows that
(i) εdyn varies between 0.05%− 3%, (ii) these variations
are much larger than any source of uncertainty (and
are therefore real), and (iii) there is no strong differ-
ence whether τdyn is set to τff or τcross. The values of
εdyn are low in an absolute sense, with only 0.1%− 1%
of the molecular gas mass converted to stars per col-
lapse time. They are in good agreement with previous
studies connecting cloud-scale τff to the disk-averaged
τdep in the Milky Way (Murray 2011; Vutisalchavakul
et al. 2016), in M51 (Leroy et al. 2017a), or in a sam-
ple of massive spiral galaxies (Utomo et al. 2018). Our
measurements are also in good agreement with studies
of the kpc-scale distribution of dense gas, bulk molecu-
lar gas, and recent star formation in samples of nearby
galaxies (Garćıa-Burillo et al. 2012; Usero et al. 2015).
They are often but not always lower than the typical
εff ∼ 0.5% − 2% found by studies focused on Galactic
star-forming clouds (Evans et al. 2014; Heyer et al. 2016;
Lee et al. 2016; Barnes et al. 2017)—a discrepancy that
we attribute to their selection bias on currently star-
forming clouds while neglecting quiescent clouds that
dominate the molecular gas budget on Galactic scales
(see section 3.2.3 in Leroy et al. 2017a). Our results
are significantly (∼25×) smaller than the recent mea-
surement of εff ∼ 5% − 25% for star-forming clouds
in the LMC (Ochsendorf et al. 2017). The underlying
cause for this difference remains unclear, however, the
short global molecular gas depletion time of the LMC
(τdep ≈ 0.4 Gyr; Jameson et al. 2016) likely plays a role.
Scatter and systematic trend in the SFE per dynam-

ical time: In addition to overall low εff , we also find
nearly two orders of magnitude large dynamic range in
εff . Despite this large scatter in our full sample, our
previous differentiation between clouds in low and high-
pressure environments (or equivalently between atomic
or molecular gas dominated regions as highlighted by
the color coding of data points) suggests that molecular
clouds in low-pressure, atomic-dominated regions (the
orange-red symbols) follow a common trend between
εdyn and αvir such that regions with with small virial
parameter (αvir ∼ 1−3) have the largest observed SFE
per free-fall time (εff ∼ 1% − 3%), while clouds with
large virial parameter (αvir ∼ 5−10) have systemati-
cally lower SFE per free-fall time (εff ∼ 0.1% − 0.7%).
For the other class of clouds living in high-pressure,
molecular-dominated regions (the blue symbols), we ob-
served among the lowest values for the SFE per free-fall
time (εff ∼ 0.05% − 0.5%) and find no clear trend with
the clouds’ virial parameters.
A large dynamic range in εff has been measured study-

ing individual clouds in the Milky Way and the LMC
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(Lee et al. 2015; Murray & Chang 2015; Ochsendorf et al.
2017). These variations have been interpreted as the
evolution of individual clouds. But our measurements
average over large areas and many molecular clouds in
distinct evolutionary states. They must reflect system-
atic differences among our targets.
Free-fall or crossing time as fiducial timescale of gravi-

tational collapse and star formation: The models of tur-
bulence regulated star formation discussed in Section 1.2
motivate the free-fall time to be the relevant time scale
for star formation. While we do find τdep to be corre-
lated with τff , we note that the correlation of τdep with
τcross is equally strong. This finding paired with the
large scatter in εff , does not support the view that the
gravitational free-fall time alone is a reliable predictor
of the star formation rate of real molecular clouds in the
disk of galaxies—in addition τcross, αvir, and other phys-
ical parameters see to play an important role. The com-
mon assumption (especially in numerical simulations) of
a constant SFR per free-fall time of order εff ∼ 1%−10%
with small 0.4 dex scatter (e.g., Krumholz & Tan 2007)
does not seem to hold universally across all galactic en-
vironments present in the nearby galaxy population. As
discussed above, this conclusion agrees with work study-
ing individual systems, which have raised similar con-
cerns about the predictive power of τff .
Role of Diffuse Molecular Gas: Our calculation of εdyn

depends on the ability to compare the integrated molec-
ular gas depletion time to timescales derived from the re-
solved cloud population. This could potentially be com-
plicated by any non-star-forming, diffuse molecular gas.
Evidence for diffuse molecular gas comes from studies of
the spatial and spectral distribution of CO emission in
galaxies which estimate it to account for � 50% of the
total molecular gas (e.g., Pety et al. 2013; Caldú-Primo
et al. 2013; Caldú-Primo & Schruba 2016; Roman-Duval
et al. 2016, see also Hygate et al. 2019 proposing a new,
physically motivated method to identify diffuse emission
that is unrelated to the current star formation process).
We derive τdep from the total molecular gas mass,

Mmol, as is commonly done. If the molecular gas not
in our cloud catalog is indeed in a diffuse phase that
is not (immediately) participating in the star formation
process, then the instantaneous depletion time for the
clouds that we study will be shorter. Mmol, and so τdep,
would be scaled down on average by a factor fgmc ∼ 0.3.
εdyn would be scaled upwards by a factor of ∼3. Apply-
ing such a correction would approximately conserve the
difference between low- and high-αvir targets, since the
relative shift between the two is a factor of � 1.5, so that
our main conclusions remain unchanged. Such a correc-
tion might help reconcile our observations with some of

the Milky Way work, but without understanding the in-
teraction of GMCs and diffuse gas, the physical meaning
of such a correction is unclear (e.g., do the two repre-
sent different parts of a cloud’s life cycle or distinct,
long-lived phases).

3.3. Comparison to Theoretical Models

Figure 2 shows the “single free-fall time” version of
the KM05, PN11, P12, and HC11 models (introduced
in Section 1.2) as dash-dotted curves. Overall, the
models have the tendency to predict εdyn larger than
what we observe, sometimes overpredicting the obser-
vations by ∼1−2 orders of magnitude. The discrep-
ancy is largest for clouds in high-pressure environments
with small αvir ≈ 1−2 (i.e., the inner, gas-rich disks
of galaxies) that have εdyn ≈ 0.05%−0.5% which is
∼2 dex below the model predictions. For clouds in low-
pressure environments—for which we already noted the
finding of an anti-correlation between εdyn and αvir—the
KM05 (see also footnote 3) and P12 models are in good
agreement with our observations, whereas the PN11 and
HC11 models predict a similar trend but with εdyn values
that are ∼1 dex higher than observed. What is apparent
from Figure 2 is that none of the models can match all
our measurements, i.e., clouds in low and high-pressure
environments, by a single relationship.
Figure 3 investigates whether the additional model pa-

rameters (M, b, and β) can be adjusted to improve the
agreement with our observations (as shown in Figure 2).
In each panel, we show the SFE per dynamical time,
εdyn, predicted by the KM05, PN11, and HC11 models9

as function of the virial parameter, αvir. In each panel,
we vary one of the three additional model parameters.
The left column shows the model predictions for the sin-
gle free-fall time formulation and the right column for
the multi free-fall time ones. From top to bottom, the
varied model parameters are: the turbulent Mach num-
ber (M), the turbulence driving parameter b, and the
plasma β describing the strength of the turbulent mag-
netic field (β →∞ for negligible magnetic fields). While
varying one of these parameters, we keep the other two
fixed at their default values; the considered ranges are
M = 2−50, b = 0.3−1.0, β = 0.1−104, which repre-
sent the maximum plausible ranges for the here studied
galactic environments (e.g., Federrath & Klessen 2012;
Padoan et al. 2014).
We find that the turbulence regulated models of star

formation (with the exception of the HC11 model) strug-

9 The P12 model is a simplification of PN11 and does not in-
clude dependencies on additional model parameters and is there-
fore omitted here.



Galactic Environment and Star Formation 13

Figure 3. Star formation efficiency, εdyn, as function of the observed virial parameter, αvir, and the related ratio of free-fall
and turbulent crossing time, τff/τcross (top x-axis) (same data as in Figure 2) for the single-free-fall (left panels) and multi-
free-fall (right panels) models. The three panels from top to bottom show how the models vary within (plausible) ranges of
the unconstrained model parameters: sonic Mach number, M, turbulence driving parameter, b, and the plasma β parameter
describing the strength of the turbulent magnetic field (β → ∞ implies no magnetic fields). In each panel, we vary one of the
three parameters while keeping the other two fixed at their default values (see text).
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gle to match the observed systematic variations in SFE
per dynamical time for any plausible range in their
four model parameters (αvir, M, b, or β) without an
ad hoc adjustment of the overall normalization of the
models. We can rule out that variations in αvir or β
alone can reproduce the spread in the observed εdyn val-
ues. Variations in M and b cover a (somewhat) larger
range of εdyn but still smaller than the observed range
in εdyn. Thus, simultaneous variations in several pa-
rameters would be needed for the models to match the
observations. This would require gas-rich, inner galaxy
disks (commonly having αvir ≈ 1− 2) to have low Mach
number (M ∼ 2−5), predominantly solenoidal turbu-
lence driving (b ∼ 0.3−0.4), or non-negligible turbulent
magnetic pressure (β < 10). On the other hand, gas-
poor, outer galaxy disks (having αvir ≈ 3 − 20) would
require high Mach number (M ∼ 10−50), mostly com-
pressive turbulence driving (b ∼ 0.5−0.8), and negligible
turbulent magnetic pressure (β > 100). These parame-
ter ranges represent predictions for future observations,
under the assumption that current turbulent star for-
mation theories accurately describe the star formation
rates in the environments considered.
Each of the above conditions must be satisfied in order

to reconcile the turbulent cloud models with our obser-
vations. Encouragingly, it is reasonable to expect an
increased degree of solenoidal turbulence driving (due
to shear, e.g. Krumholz & Kruijssen 2015; Kruijssen
et al. 2019b) or elevated magnetic pressures (e.g., Pil-
lai et al. 2015; Federrath et al. 2016) towards galac-
tic centres. However, the requirement of a low Mach
number in the inner disks of galaxies stands against flat
or falling radial velocity dispersion profiles observed in
nearby galaxies (e.g., Wilson et al. 2011; Caldú-Primo
et al. 2013; Mogotsi et al. 2016; Sun et al. 2018) or sim-
ple disk-center decompositions carried out for the Milky
Way (e.g., Oka et al. 2001; Shetty et al. 2012; Kruijssen
& Longmore 2013). This means that the data points at
low αvir and low εff (bottom left in Figure 3) are out of
reach of the considered models.
Overall, we conclude that if one searched for a descrip-

tion of the SFE per free-fall time that works in all en-
vironments found in nearby galaxies, then the simplest
model of a constant εdyn ∼ 1% matches the observations
at least as good as any of the more sophisticated mod-
els that we tested. If one considers only low-pressure
environments—such as the solar neighborhood—then
the turbulence regulated models can provide a supe-
rior description of the observations with respect of a
constant εdyn as long as the model’s fudge factors (in
particular the overall normalization) are appropriately
adjusted (this requirement has also been pointed out by

Leroy et al. 2017a; Ochsendorf et al. 2017). However, in
the vein of Barnes et al. (2017), we have to conclude that
the falsification of these star formation theories is cur-
rently obstructed by the lack of consensus on the values
of their free parameters.
In line with several recent studies, our observations

show that current models of turbulence regulated star
formation—based on idealized assumptions of cloud-
scale density structure and turbulence, and assuming
a stationary star formation rate—do not fully capture
observations across a diverse range of galactic and ex-
tragalactic star-forming environments (Lee et al. 2016;
Barnes et al. 2017; Leroy et al. 2017a; Ochsendorf et al.
2017). The discrepancy may reflect observational limi-
tations in constraining the relevant physical parameters
(e.g., uncertain mass-to-light conversion and beam di-
luted measurements), however, it could also be of physi-
cal origin in that cloud-scale turbulent properties insuf-
ficiently reflect the dynamic “boundary” conditions of
star-forming molecular clouds and that additional large-
scale processes are relevant (e.g., implying environmen-
tal changes in the sonic and Alfénic Mach number and
the nature of turbulence driving). Moreover, it may im-
ply the relevance of other parameters (e.g., the cloud
lifetime or feedback efficiency) that have not yet been
considered by analytic theories.

4. OUTLOOK

Within the next years, it will become possible to study
the relationship between galactic structure, ISM proper-
ties, and star formation in unprecedented detail. With
ALMA, we can now map the molecular gas (traced
by CO emission) at cloud-scale resolution across en-
tire galaxies (and samples thereof). Performing homo-
geneous analyses of such data with refined methodol-
ogy (e.g., Leroy et al. 2016) can lead to accurate de-
terminations of ISM properties such as the virial state
of gas (Sun et al. 2018). Comparison of these proper-
ties in smaller (kpc-scale) patches of galaxies allows a
more accurate description of (their correlation with) the
local galactic host environment. Additionally, observa-
tions with VLT/MUSE and JWST can trace early (mas-
sive) star formation, which enables studies of individual
star-forming clouds as routinely performed in the Milky
Way. Observations of higher critical density tracers
(e.g., HCN) provide information on the gas density dis-
tribution. While cloud-scale mapping of dense gas trac-
ers remains a challenge even with ALMA, coarser (kpc-
scale) observations provide valuable insight too (e.g.,
Usero et al. 2015; Bigiel et al. 2016; Gallagher et al.
2018), and can be further refined by modeling of the un-
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resolved ISM structure (Leroy et al. 2017b). All these
steps are goals of the PHANGS2 collaboration.
In addition, observations that zoom in on the clouds

in both H i and CO tracers are desired. Especially for
diffuse clouds dominated by ambient pressure, it is of in-
terest to know their internal structure, look for gravita-
tional bound cores, and search for H i shielding envelopes
around CO-bright cores. A first such assessment has
been possible using parsec-scale CO observations with
ALMA of star-forming regions in the Local Group dwarf
galaxy NGC 6822 (Schruba et al. 2017). Moreover, we
want to know whether the CO is a continuous part of an
H i turbulent cascade or whether the chemical transition
coincides with a transition in energy balance.
To further expand and test the model of turbulence

regulated star formation, it is desirable that the model
fudge-factors, which so far have been constrained with
idealized, turbulent box simulations and vary signifi-
cantly between different calibrations (e.g., Federrath &
Klessen 2012), are calibrated with galaxy-scale simula-
tions. Moreover, we require predictions along the evo-
lutionary tracks of star-forming clouds to interpret the
scatter in cloud-scale resolved observations. Direct ob-
servational constraints on the evolutionary timeline of
molecular clouds and the efficiency of stellar feedback
are currently being derived (e.g., Kruijssen & Long-
more 2014; Kruijssen et al. 2018, 2019a; Chevance et al.
2019). Additionally, obtaining Mach number measure-
ments across a wide dynamical range of spatial scales
(i.e., through the size-linewidth relation) will provide
critical input for testing the role of turbulent energy
driving and dissipation in turbulent star formation mod-
els. This will require high dynamic range ALMA ob-
servations. Finally, these different aspects need to be
brought together to form a self-consistent theory that
connects both galactic and cloud-scale ISM structure
and star formation; with first progress underway (e.g.,
Ostriker et al. 2010; Semenov et al. 2016; Krumholz et al.
2018, and others).

5. SUMMARY

We have built the largest compilation of measured
molecular cloud properties and their galactic host en-
vironments, covering the Milky Way and seven nearby
galaxies. Using mass-weighted mean molecular cloud
properties for entire galaxies or distinct subregions
therein, we study (a) the environmental dependence
of the dynamical state of molecular clouds, and (b) the
impact of the clouds’ dynamical state on the global star
formation activity, which we use to test analytic mod-
els of turbulence regulated star formation. Our main
findings are:

• Molecular clouds are in ambient pressure-balanced
virial equilibrium. In gas rich, molecular-dominated,
high-pressure regions of galaxies, clouds are near
virialization considering only their self-gravity
(αvir ≈ 1 − 2). Clouds in lower surface density,
atomic gas dominated, low-pressure environments
have Pint ∼ Pext (resulting in αvir ≈ 3 − 20) and
are thus pressure confined.

• The SFE per free-fall time is low (εff ≈ 0.1%−1%),
has significant (1 − 2 dex) scatter, and systemat-
ically varies with αvir and host galactic proper-
ties. For low-pressure, atomic-dominated regions
we find a common trend (anti-correlation) between
εff and αvir.

• Models of turbulence regulated star formation can
provide a good match to the observations when
considering only low-pressure, atomic-dominated
regions and allowing for an ad hoc adjustment in
the overall normalization. The low observed εff for
clouds in high-pressure, molecular-dominated re-
gions is not well reproduced by these models even
when considering the maximal plausible range in
the additional model parameters (Mach number,
turbulence driving, and magnetic field strength)
that could not be constrained by the available
data. This suggests the importance of additional
physical parameters not yet considered by these
models.

We highlight that studies linking cloud-scale ISM
properties, star formation, and their galactic environ-
ment are in their infancy. Within the next years, we ex-
pect many more insights from multi-wavelength, cloud-
scale imaging surveys of nearby galaxies with ALMA,
VLT/MUSE, and JWST. At the same time, the expan-
sion of numerical simulations and analytic modeling to
multi-scale models will be indispensible for interpreting
the observations and building a self-consistent theory of
galactic and cloud-scale ISM properties and star forma-
tion.
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Lee, E. J., Miville-Deschênes, M.-A., & Murray, N. W.

2016, ApJ, 833, 229, doi: 10.3847/1538-4357/833/2/229

Leroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136,

2782, doi: 10.1088/0004-6256/136/6/2782

Leroy, A. K., Walter, F., Sandstrom, K., et al. 2013a, AJ,

146, 19, doi: 10.1088/0004-6256/146/2/19

Leroy, A. K., Lee, C., Schruba, A., et al. 2013b, ApJL, 769,

L12, doi: 10.1088/2041-8205/769/1/L12

Leroy, A. K., Bolatto, A. D., Ostriker, E. C., et al. 2015,

ApJ, 801, 25, doi: 10.1088/0004-637X/801/1/25

http://doi.org/10.1051/0004-6361/201628123
http://doi.org/10.1093/mnras/stw2888
http://doi.org/10.1088/2041-8205/743/2/L29
http://doi.org/10.1088/0004-637X/770/2/150
http://doi.org/10.1093/mnrasl/slw168
http://doi.org/10.1146/annurev-astro-082214-122324
http://doi.org/10.1051/0004-6361/201527681
http://doi.org/10.1088/0004-637X/699/2/1092
http://doi.org/10.1086/320218
http://doi.org/10.1111/j.1365-2966.2011.19306.x
http://doi.org/10.1088/0004-637X/779/1/46
http://doi.org/10.1088/0004-637X/779/1/44
http://doi.org/10.1051/0004-6361/201526553
http://doi.org/10.1093/mnras/stz1779
http://doi.org/10.1051/0004-6361/201423480
http://doi.org/10.3847/0004-637X/825/1/12
http://doi.org/10.1146/annurev-astro-082708-101823
http://doi.org/10.1093/mnras/stv517
http://doi.org/10.1051/0004-6361/201527041
http://doi.org/10.1051/0004-6361/201628088
http://doi.org/10.1146/annurev-astro-081811-125610
http://doi.org/10.1086/305588
http://doi.org/10.1088/0004-637X/743/1/25
http://doi.org/10.1088/0004-637X/776/1/1
http://doi.org/10.1088/0004-637X/693/2/1346
http://doi.org/10.3847/2041-8213/aad77d
http://doi.org/10.1093/mnras/stt1634
http://doi.org/10.1093/mnras/stu098
http://doi.org/10.1093/mnras/stu494
http://doi.org/10.1093/mnras/sty1128
http://doi.org/10.1038/s41586-019-1194-3
http://doi.org/10.1093/mnras/stz381
http://doi.org/10.1093/mnras/stt1780
http://doi.org/10.1016/j.physrep.2014.02.001
http://doi.org/10.1093/mnras/sty852
http://doi.org/10.1088/0004-637X/745/1/69
http://doi.org/10.1093/mnras/stv1670
http://doi.org/10.1093/mnras/stw3195
http://doi.org/10.1086/431734
http://doi.org/10.1086/509101
http://doi.org/10.1051/0004-6361:20020017
http://doi.org/10.1088/0004-637X/800/1/49
http://doi.org/10.3847/1538-4357/833/2/229
http://doi.org/10.1088/0004-6256/136/6/2782
http://doi.org/10.1088/0004-6256/146/2/19
http://doi.org/10.1088/2041-8205/769/1/L12
http://doi.org/10.1088/0004-637X/801/1/25


18 Schruba, Kruijssen, Leroy

Leroy, A. K., Hughes, A., Schruba, A., et al. 2016, ApJ,

831, 16, doi: 10.3847/0004-637X/831/1/16

Leroy, A. K., Schinnerer, E., Hughes, A., et al. 2017a, ApJ,

846, 71, doi: 10.3847/1538-4357/aa7fef

Leroy, A. K., Usero, A., Schruba, A., et al. 2017b, ApJ,

835, 217, doi: 10.3847/1538-4357/835/2/217

Licquia, T. C., & Newman, J. A. 2015, ApJ, 806, 96,

doi: 10.1088/0004-637X/806/1/96

—. 2016, ApJ, 831, 71, doi: 10.3847/0004-637X/831/1/71

Longmore, S. N., Bally, J., Testi, L., et al. 2013, MNRAS,

429, 987, doi: 10.1093/mnras/sts376

Lucero, D. M., Carignan, C., Elson, E. C., et al. 2015,

MNRAS, 450, 3935, doi: 10.1093/mnras/stv856

Lucero, D. M., & Young, L. M. 2013, AJ, 145, 56,

doi: 10.1088/0004-6256/145/3/56

Meidt, S. E., Schinnerer, E., Garćıa-Burillo, S., et al. 2013,
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Miville-Deschênes, M.-A., Murray, N., & Lee, E. J. 2017,

ApJ, 834, 57, doi: 10.3847/1538-4357/834/1/57

Mogotsi, K. M., de Blok, W. J. G., Caldú-Primo, A., et al.
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Muñoz-Mateos, J. C., Sheth, K., Regan, M., et al. 2015,

ApJS, 219, 3, doi: 10.1088/0067-0049/219/1/3

Murray, N. 2011, ApJ, 729, 133,

doi: 10.1088/0004-637X/729/2/133

Murray, N., & Chang, P. 2015, ApJ, 804, 44,

doi: 10.1088/0004-637X/804/1/44

Nakanishi, H., & Sofue, Y. 2016, PASJ, 68, 5,

doi: 10.1093/pasj/psv108

Nieten, C., Neininger, N., Guélin, M., et al. 2006, A&A,
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