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Abstract

We compare measurements of star formation efficiency to cloud-scale gas properties across the PHANGS— ALMA
sample. Dividing 67 galaxies into 1.5kpc scale regions, we calculate the molecular gas depletion time
7-5“6‘;,1 = Yot/ Zser and the star formation efficiency per freefall time ¢ 1 = 7/ Tg;‘;} for each region. Then we test

how 7'3;‘}’,1 and 7! vary as functions of the regional mass-weighted mean molecular gas properties on cloud scales

(60~150 pc): gas surface density, (X% velocity dispersion, (0S/%%), virial parameter, (a$1"%), and gravitational

vir
freefall time, (7§°). (7§°"%) and Tg;%' correlate positively, consistent with the expectation that gas density plays a

key role in setting the rate of star formation. Our fiducial measurements suggest T{]"e‘;' oc (7§05 and
mol

egr ~ 0.34%, though the exact numbers depend on the adopted fitting methods. We also observe anticorrelations
between Tf}}fg and (X%9) and between Tgé(;)l and (0<% All three correlations may reflect the same underlying link
between density and star formation efficiency combined with systematic variations in the degree to which self-

gravity binds molecular gas in galaxies. We highlight the Tﬁ‘g‘f}—(oﬁﬁg‘ﬂ relation because of the lower degree of
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correlation between the axes. Contrary to theoretical expectations, we observe an anticorrelation between 7

cloud mol

(o) and no significant correlation between e ° and («

cloud

Leroy et al.

mol

dep and

). Our results depend sensitively on the adopted CO-

to-H, conversion factor, with corrections for excitation and emissivity effects in inner galaxies playing an
important role. We emphasize that our simple methodology and clean selection allow for easy comparison to
numerical simulations and highlight this as a logical next direction.

Unified Astronomy Thesaurus concepts: Star formation (1569); Disk galaxies (391); Interstellar medium (847);

Molecular gas (1073)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Stars form from clouds of molecular gas, with star formation
and molecular gas well-correlated across nearby galaxies (e.g.,
T. Wong & L. Blitz 2002; F. Bigiel et al. 2008; A. K. Leroy
et al. 2008; A. Schruba et al. 2011; R. C. Kennicutt &
N. J. Evans 2012). Thanks to new surveys by the Atacama Large
Millimeter/submillimeter Array (ALMA), we now know that
the =100pc “cloud-scale” properties of molecular gas—
including surface density, velocity dispersion, and dynamical
state—vary systematically, responding to and reflecting their
galactic environment (e.g., J. Sun et al. 2018; A. Schruba et al.
2019; J. Sun et al. 2022; E. Schinnerer & A. K. Leroy 2024). So
far, observations only weakly constrain how these variations in
cloud-scale gas properties affect the process of star formation. In
other words, a major open question in the field of star formation
remains: “How do the properties of the parent molecular clouds
affect the efficiency and rate of star formation?”’

The initial properties of a cloud of gas should affect the rate
at which stars form. In a given environment and at fixed mass,
denser clouds will be more tightly bound by self-gravity. A
cloud with a higher mean density, p°"¢, will also have a
shorter corresponding cloud-scale gravitational freefall time,

mol
cloud — /37 /(32Gp™°") and might be expected to collapse to

ff - mol
form stars faster, all other things being equal. For motions

dominated by supersonic, isothermal turbulence, the cloud-
scale velocity dispersion (which reflects the Mach number via
M o 0%y relates to the width of the density distribution
(e.g., E. Vazquez-Semadeni 1994; P. Padoan & A. Nordlund
2002). Meanwhile, the density distribution sets the fraction of
high-density, gravitationally bound gas (e.g., M. R. Krumholz
& C. F. McKee 2005). The densest molecular gas is observed
to be the immediate site for star formation and to correlate with
tracers of star formation in the Milky Way and other galaxies
(Y. Gao & P. M. Solomon 2004; C. J. Lada et al. 2010;
S. Garcia-Burillo et al. 2012; N. J. I. Evans et al. 2014,
M. J. Jiménez-Donaire et al. 2019). The balance between
kinetic and gravitational energy, often expressed as the virial
parameter, o =2K/U, will also affect the ability of gas to
collapse and form stars. In both analytic theory and numerical
simulations, a;, plays a main role in setting ¢ when all other
factors are equal (M. R. Krumholz & C. F. McKee 2005;
P. Padoan et al. 2012; C. Federrath & R. S. Klessen 2013;
J.-G. Kim et al. 2021), though models in which star formation
is dynamically triggered (e.g., Y. Fukui et al. 2021) or in which
clouds exist in a state of approximate freefall (e.g.,
E. Vazquez-Semadeni et al. 2024) also remain viable.
Observationally, this picture is less clear. Despite decades of
studies of molecular cloud properties, there are relatively few
quantitative, large-scale comparisons between the efficiency of
star formation and the cloud-scale properties of molecular gas.
The studies that do exist mainly concentrate on a single region or

galaxy, and often focus on a few specific prototype spiral
galaxies (e.g., M51, M83, IC342; S. E. Meidt et al. 2013;
A. K. Leroy et al. 2017a; A. Hirota et al. 2018; M. Querejeta
et al. 2023) with A. Schruba et al. (2019) and J. Sun et al. (2022)
almost the only two studies that compare cloud properties,
7'{1‘;‘1’)1 = M,,1/SFR, and ¢ = T3¢/ Tfjne(;,l across significant samples
of galaxies and environments. Overall, these works find mixed
or weak evidence for any general correlation between eg and vy,
(A. K. Leroy et al. 2017a; A. Schruba et al. 2019). Even the
relationship of Tfj‘gf,l to cloud-scale mean density, expressed as
Ty, Often appears weaker than the theoretically expected
T(’;‘e‘; o 7 or even nonexistent (A. K. Leroy et al. 2017a;
M. Querejeta et al. 2023; J. Sun et al. 2023).

Milky Way studies of local clouds demonstrate a clear
connection between the distribution of gas density in a cloud and
star formation activity (J. Kainulainen et al. 2009; C. J. Lada
et al. 2010, 2012; N. J. I. Evans et al. 2014). However, most of
these studies target a narrow range of environments with limited
statistical power, partially because of the difficulty of accessing
the spatially or time-averaged efficiency of star formation from
our position within the Milky Way. In one of the most general
studies to date, N. J. Evans et al. (2022) considered clouds across
the whole Milky Way disk and found evidence of a correlation
between awi and e They also showed that this conclusion
depends on methodology, particularly the approach used to
estimate molecular gas mass.

In this paper, we attempt to take a next logical step
addressing this question by comparing star formation activity to
cloud-scale gas properties using the largest homogeneous
cloud-scale data set on molecular gas in galaxies, PHANGS-
ALMA (A. K. Leroy et al. 2021). Specifically, we compare the
molecular gas depletion time (T(‘j‘;‘l’} = M,,,1/SFR), and the star
formation efficiency per freefall time (e = 73/ rg‘;;,') to the
mass-weighted mean molecular gas properties on cloud scales.
This paper builds on previous work using PHANGS-ALMA
and acts as a direct follow-up to J. Sun et al. (2022), but
represents the first systematic attempt to correlate the cloud-
scale gas properties with Tf{‘éf,' and g across the whole data set.

We adopt the cross-scale methodology developed in
A. K. Leroy et al. (2016), A. K. Leroy et al. (2017a),
A. Schruba et al. (2019), J. Sun et al. (2020a), and J. Sun
et al. (2022). This approach, described in Section 2, breaks
galaxies into ~kiloparsec-sized regions and summarizes the
smaller-scale molecular gas properties via mass-weighted
averages. These properties include mass surface density
(2cloudyy velocity dispersion ((o<1%9)), and the dynamical state
of the gas expressed via the virial parameter ((aSi"%)). We
compare these gas properties to the regional mean molecular gas
depletion time (ng;}) and star formation efficiency per

gravitational freefall time (¢[I”). By working with these

kiloparsec-sized regions, we average out the time evolution of
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individual star-forming regions, which causes systematic
changes in their apparent T('jne‘;)l and €M (see A. Schruba et al.
2010; A. K. Leroy et al. 2013; V. A. Semenov et al. 2018, 2021;
J. M. D. Kruijssen et al. 2019; M. Chevance et al. 2020; J. Kim
et al. 2022). In practice, estimating Ysgr at this resolution also
allows us to reduce stochasticity and utilize infrared (IR) data
with limited ~15" angular resolution. This approach should be
simple to reproduce in numerical simulations and easy to apply
to other data sets.

We present our core results in Section 3. We find that the
estimated gravitational freefall time and molecular gas
depletion time show the expected correlation, but the details
depend sensitively on the adopted CO-to-H, conversion factor.
This same relationship manifests as anticorrelations between
T(‘};‘I’} and the cloud-scale surface density and velocity
dispersion. On the other hand, our results comparing the virial
parameter to 7'{1“6‘;)1 and the star formation efficiency per freefall
time seem to suggest that star formation becomes more efficient
when the virial parameter is higher. This is opposite to
theoretical expectations for turbulent gas clouds, which predict
more efficient star formation for lower virial parameter.

In discussing the results, we suggest a path forward on this
topic. We highlight rigorous comparison between observations
and numerical simulations as an immediately possible, highly
promising next step. In this regard, we emphasize that our
measurements are easy to reproduce in simulations of galaxies,
and we give a concrete checklist to do so in Appendix A. On
intermediate timescales, we also discuss the need for next-
generation data sets that cover diverse environments with much
higher physical resolution, high completeness, and reliable
cloud-scale indicators of star formation activity.

2. Data and Methods

We measure how star formation efficiency correlates with
diagnostics that trace the physical state of molecular gas across
local galaxies. To do this, we compare cloud-scale (/= 150 pc
FWHM resolution) gas properties to the mean molecular gas
depletion time over 1.5 kpc diameter hexagonal regions, which
collectively cover the area mapped by the PHANGS-ALMA
survey (A. K. Leroy et al. 2021). PHANGS-ALMA targeted
nearby (d <20Mpc), low to moderately inclined (i <75°),
relatively massive (log,, M, /M 2 9.75, star-forming (log,, M.,/
SFR > —11yr ") galaxies and offers a representative view of
massive galaxies on or near the star-forming main sequence.

We conduct our analysis using the high-level data products
(“the PHANGS mega-tables”) assembled by J. Sun et al. (2022,
2023). They break galaxies into individual subgalactic regions
and then measure a rich set of galaxy structural, stellar, and
ISM properties in each region. Here we consider their main
data product, which breaks 80 massive, star-forming disk
galaxies from PHANGS-ALMA into individual 1.5kpc
hexagonal regions. Within each region, the “mega-tables”
record star formation activity, the total molecular gas mass, and
the mass-weighted mean averages of cloud-scale gas proper-
ties. We summarize the quantities relevant to our analysis
below and in Table 1 and refer to J. Sun et al. (2022) and J. Sun
et al. (2023) for detailed descriptions of how all other quantities
are calculated. Appendix A gives a step-by-step guide to
reproduce our measurements, e.g., to compare numerical
simulations to PHANGS-ALMA.

The core data sets aggregated by J. Sun et al. (2022) that
contribute to our measurements are: the PHANGS-ALMA CO

Leroy et al.

Table 1
Experiment Summary

Mass-weighted Region-averaged Cloud-scale Gas Properties
(Mass-weighted Averages Estimated in Each 1.5 kpc Diameter
Region Based on CO (2-1) Emission)

(ycloudy Cloud-scale molecular gas mass surface density in M, pc 2.
Estimated from CO (2-1) line intensity using aZg' from
E. Schinnerer & A. K. Leroy (2024).
Corrected for completeness and inclination following J. Sun et al.
(2022).
(i Soudy Gravitational freefall time in years.
Calculated via 74 = \/m
and p = 3MPSA™/(4TR).
Ryix = min [£/2, (*Hino1/(8 cosi))!/3] following J. Sun et al.
(2022).
(ocloudy Cloud-scale velocity dispersion in kilometers per second.

Calculated via the CO (2-1) line effective width and corrected for
inclination and completeness.
Dimensionless virial parameter a;, = 2K/U considering only
gas self-gravity.
Calculated via a$l2™ = 502, Ryix/ (fGMEE™).

< cloud>

vir

Region-averaged Quantities Related to Star Formation Efficiency
(calculated by averaging all emission in each large 1.5 kpc diameter region)

E;‘L‘, Mean molecular gas surface density over each 1.5 kpc region in
M pc’z.
e Mean star formation rate surface density over each 1.5 kpc region
in M., yr ' kpe ™%
Tdme(;,l Molecular gas depletion time in years, defined
as Tim = Ton/Sehk-
emol Dimensionless star formation efficiency per freefall time, defined

as E;?OI — <T?éOUd>/T([;:;;)la-

CO-to-H, Conversion Factor
(following E. Schinnerer & A. K. Leroy 2024 and based on references given in

the text)
ago' Calculated via agomw X f(Z) X g(5,) X Ry(Zsrr) ™!
abomw =4.35 M pc~? (K km s~!)~!; Milky Way CO (1-0) conversion
factor (A. D. Bolatto et al. 2013)
f@ =(Z/Z>)""?; metallicity-dependent “CO-dark” term
F{ON) =(max (X,, 100 My, pc=2)/100 M, pc=2)~02% ; “starburst”
emissivity term following I.-D. Chiang et al. (2024)
Ryi(Zspr)  =0.65(Zspr/0.018 M, yr—' kpe=2)*125 with min 0.35, max 1.0;

CO line excitation term

Data Selection
(requiring cloud-scale CO flux completeness foomp > 0.5, and (xcloudy > 20
M. pe?)
At ¢ = 150 pc, this selection scheme yields 841 independent, 1.5 kpc
hexagonal regions in 67 galaxies

Notes. Calculations and database described in detail in J. Sun et al. (2022) and
J. Sun et al. (2023). Conversion factor treatment described in E. Schinnerer &
A. K. Leroy (2024). i refers to galaxy inclination, ¢ to cloud-scale data
resolution (beam FWHM), H,,,; to the assumed FWHM vertical thickness of
the molecular layer, Mrlr’leo?m = Ef,l,g;'d Apeam With Apeam = 70%/(41n2).

a _mol

e combines region-averaged properties and mass-weighted cloud-scale
properties. See Section 3.6 for discussion.

(2-1) maps (A. K. Leroy et al. 2021); ground-based
narrowband Ha maps (A. Razza et al. 2025, in preparation;
see E. Schinnerer et al. 2019; H.-A. Pan et al. 2022;
M. Querejeta et al. 2024); GALEX (D. C. Martin et al. 2005)
ultraviolet images compiled by A. K. Leroy et al. (2019); the
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Estimate T
integrated
over each

1.5 kpe
diameter

region.

Estimate cloud-scale
properties from CO at
150 pc resolution then
conduct a mass-weighted
average across region.

Figure 1. Illustration of our experiment over a region in a CO (2-1) peak
intensity map from PHANGS-ALMA. We cover each galaxy with 1.5 kpc

diameter hexes. Within each region, we measure the average Tﬁ“e‘;l We also

measure the surface density, line width, gravitational freefall time, and virial
parameter at higher 150 pc resolution. Then within each region, we weight
these by mass and calculate the mass-weighted average 150 pc value for each
property, which we write (X*'°"%). See Table 1 and J. Sun et al. (2022, 2023).

Wide-field Infrared Survey Explorer (WISE; E. L. Wright et al.
2010) 3.4-22 ym images compiled by A. K. Leroy et al.
(2019); and IRAC 3.6 um images (K. Sheth et al. 2010;
M. Querejeta et al. 2021). We adopt distances and orientation
parameters for all PHANGS-ALMA targets as measured and
compiled by P. Lang et al. (2020), G. S. Anand et al. (2021),
and A. K. Leroy et al. (2021).

2.1. Cloud-scale Gas Properties

To assess the physical state of molecular %as we use cloud-
scale (physical beam size £ = 150 pc) imaging™* of the CO (2-1)
line, which traces the bulk of the molecular gas. Within each
region of each galaxy, we measure four gas properties for each
individual line of sight where CO is detected. Then, we weight
each line of sight by the local gas surface density to derive
mass-weighted, region-averaged molecular gas properties. This
mass-weighting scheme, illustrated in Figure 1, is intended to
yield estimates of the physical condltlons that set the star
formation rate per unit gas, i.e., Tdep, in the region. It has been
described in detail by A. K. Leroy et al. (2016, 2017a),
D. Utomo et al. (2018), and J. Sun et al. (2022). We refer to
quantities computed via this cross-scale averaging as (X¢oud),
indicating original measurements on cloud scales followed by
weighted averaging over the 1.5 kpc hexagonal regions.

We focus on four gas properties, summarized in Table 1, that
should be relevant to the efficiency of star formation:

1. Cloud-scale molecular gas surface density (Eglg}‘d). The

molecular gas mass per unit area relates to the density of
the gas, its gravitational potential, and its shielding from
external radiation.

2. Gravitational freefall time (75°"Y). Based on X% and an
estimated line-of-sight depth for the gas (see discussion
of Rpix below), J. Sun et al. (2022) estimated the mass

volume density, p°1°“d, and the corresponding gravita-

tional freefall time 75°*Y. Note that the region averaging

34 Following, e.g., E. Schinnerer & A. K. Leroy (2024), we refer to
observations that match the beam to the size of a massive molecular cloud
as “cloud-scale” imaging, in contrast to “resolved cloud” imaging or “resolved
galaxy” imaging.

Leroy et al.

for 7§ follows a weighting scheme that ensures

TE‘Q‘;} oc (759 for a fixed e ! (see J. Sun et al. 2022).

3. Cloud-scale molecular gas velocity dispersion (o).

Within individual clouds, turbulence is expected to make a
significant contribution to the CO line width (although at
these scales, we may also worry about blending of multiple
distinct components, bulk motions due to the galactic
potential, or collapse of clouds; e.g., J. C. Ibifiez-Mejia
et al. 2016; S. E. Meidt et al. 2018; J. D. Henshaw et al.
2020). In cases where the line width is dominated by
supersonic, isothermal turbulence, the gas velocity
dispersion (reflected by the line width) should be
proportional to the Mach number of the turbulence (e.g.,
see M.-M. Mac Low & R. S. Klessen 2004). This, in turn,
relates to the expected width of the gas density distribution
(e.g., P. Padoan & A. Nordlund 2002). All other things
being equal, a broader density distribution should lead to
more dense, potentially star-forming gas.

4. The virial parameter is S The virial parameter

oir = 2K /U o 02/(Zmol Reloud) expresses the ratio
of kinetic energy to potential energy associated with self-
gravity in the gas (see F. Bertoldi & C. F. McKee 1992;
C. F. McKee & E. G. Zweibel 1992, though see discussion
for alternate interpretations in J. Ballesteros-Paredes 2006).
Gas with a lower virial parameter should be prone
to collapse and therefore more susceptible to star
formation. Many theories of turbulence-regulated star
formation predict an anticorrelation between aSl"d and
5?}“’1 (e.g., P. Padoan & A. Nordlund 201 1; C. Federrath &
R. S. Klessen 2012), and a similar relationship is also seen
in simulations (P. Padoan et al. 2012; J.-G. Kim et al.
2021). As with 782, o<l requires adopting a relevant

size scale, Rpy.

For both 75" and a1, we require an adopted size scale
(see Table 1) Following J. Sun et al. (2022), we take the
relevant scale to be Ryix = (¢*Hpoi/(8 cosi))/? at the fiducial
¢ =150 pc resolution, with H,,, = 100 pc. This assumes that
the mass measured in each beam is spread over the entire beam
and over a line-of-sight depth of Hyy/cosi, with
Ho1 =100 pc being the adopted molecular gas disk scale
height (e.g., M. Heyer & T. M. Dame 2015). In a similar
analysis targeting M51, A. K. Leroy et al. (2017a) explored the
difference between fixed and dynamical estimates of H and
found qualitatively consistent results between the two
approaches. Moreover, J. Sun et al. (2022) showed a good
overall match between results for an object oriented analysis,
where size is measured from morphological analysis, and this
sight line based approach. For more information on Ry, as
well as the definition, calculation, and physical meaning of
these and other quantities, see discussions in J. Sun et al.
(2020b), J. Sun et al. (2022), E. Rosolowsky et al. (2021), and
E. Schinnerer & A. K. Leroy (2024).

The main difference here compared to J. Sun et al. (2022) or
E. Rosolowsky et al. (2021) is that we adopt the new CO-to-H,
conversion factor agg' recommended by E. Schinnerer &
A. K. Leroy (2024).%° This prescription, which we reproduce in
Table 1, attempts to account for excitation variations,
emissivity variations, and metallicity effects based on

35 - - .
Our aco estimates are calculated region-by-region, so when we conduct
region averages, we assume a fixed aco within each region.
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synthesizing work by A. D. Bolatto et al. (2013), G. Accurso
et al. (2017), M. Gong et al. (2020), C.-Y. Hu et al. (2022),
J. Sun et al. (2020a), J. Sun et al. (2022), J. S. den Brok et al.
(2021), A. K. Leroy et al. (2022), Y.-H. Teng et al. (2023), and
I.-D. Chiang et al. (2024). In practice, it resembles a refined
version of the aco recommended by A. D. Bolatto et al.
(2013). To assess the impact of this choice, we also run our
analysis using a fixed Galactic aco. We discuss that the choice
of acp exerts a large impact on our results in Section 3.5.

2.2. Star Formation Rate per Unit Gas

We compare region-averaged cloud-scale gas properties to
two measures of the efficiency with which molecular gas forms
stars. The molecular gas depletion time,

kpc

mol __ mol

dep — kac ’ (1)
SFR

expresses the time needed for current star formation to
consume the molecular gas reservoir without replenishment.

Here YXP and Y% are the mean molecular gas and star

formation rate surface densities over the whole large 1.5 kpc

averaging aperture.”® Although 7316‘;,1 is formally a timescale, the

physical meaning here is that it expresses the star formation
rate per unit molecular gas mass. That is, (Tﬁ‘e‘}’,l)*1 is the
“specific” star formation rate of molecular gas, so that a short
TC‘};‘;} indicates a high rate of star formation per unit
molecular gas.

We also compute the star formation efficiency per freefall

time,

cloud
()

6}?0 = 7_mol ’ @)
dep

cloud

mol with the gravitational freefall time, 75",

which contrasts 7 e
estimated from the cloud-scale CO imaging. ¢ 5! expresses the
efficiency of star formation relative to uninhibited gravitational
collapse. This is viewed as a theoretically important quantity (e.g.,
C. F. McKee & E. C. Ostriker 2007; C. Federrath & R. S. Klessen
2012, 2013; M. R. Krumholz 2014) and is often implemented as a
controlling parameter in subgrid models for star formation in
numerical simulations (e.g., N. Katz 1992; P. F. Hopkins et al.
2011; J.-h. Kim et al. 2014; O. Agertz et al. 2021; V. A. Semenov
et al. 2021). Nonetheless, we caution that comparing ¢! to
cloud-scale gas properties unavoidably involves plotting highly
correlated quantities against one another, because they all depend
on the same cloud-scale CO imaging data.

As with the cloud-scale gas properties, we estimate >,
from PHANGS-ALMA CO (2-1) imaging using our adopted
CO-to-H, conversion factor. At the 1.5 kpc resolution where
we calculate >, and T(‘{‘e(l’jl, PHANGS-ALMA yields high
significance CO detection for almost every region, and CO flux
completeness at low resolution plays little role in our data
selection. By default, we estimate Xgggr combining Ha
narrowband measurements and WISE 22 ym mid-infrared
emission. These measurements follow F. Belfiore et al.
(2023) as implemented by J. Sun et al. (2023) using

36 Specifically, as in J. Sun et al. (2023), we convolve both ¥,,; and Xggr to
share a matched Gaussian kernel with FWHM equal to the hex diameter and
then sample the value of those convolved maps at the hex center.
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narrowband Ha maps from A. Razza et al. (2025, in
preparation) and 22 ym WISE4 maps from A. K. Leroy et al.
(2019). When Ha maps are not available, we instead combine
GALEX FUV emission and WISE 22 ym emission, and in a
handful of cases, we use only WISE 22um emission. Both
J. Sun et al. (2023) and M. Querejeta et al. (2024) have both
considered star formation scaling relations in this data set and
have shown that using narrowband Ha and/or Ha+22 ym
matches the results using the “gold standard” Very Large
Telescope (VLT)/MUSE maps to ~0.1 dex accuracy (though
see discussion about next steps in Section 4.6).

2.3. Data Selection and Completeness

Measuring X804 eloud “and 1% requires detecting and

characterizing CO (2-1) emission over individual high-
resolution lines of sight. In particular, robust detections are
required to estimate the velocity dispersion, oy,, and virial
parameter, ;. PHANGS-ALMA has sensitivity to detect
individual ~10° M, GMCs in each 60-150 pc beam (see
details in A. K. Leroy et al. 2021). However, over many
regions, much of the CO flux appears associated with lines of
sight that have lower surface brightness. This means only a
fraction of the total CO flux in each 1.5 kpc region will enter
our high-resolution cloud-scale gas property measurements.
J. Sun et al. (2022) calculated this CO flux “completeness,”

Icloud

Zhigh S/N mask"CO

co _
fcomp = cloud 3
qull region”CO

by comparing the flux associated with individually detected
high signal-to-noise sight lines (the numerator) to the total CO
(2-1) flux®’ (the denominator). A high fcigl , means that our
cloud-scale measurements capture the physical conditions of

the bulk molecular gas, which is relevant to the overall Tg::;l in

the region. Conversely, a low fcf)gl > indicates that we merely
sample the “tip of the iceberg” and that our cloud-scale
measurements are not representative and may have little
relevance to region-averaged star formation activity.

J. Sun et al. (2022) corrected the measured cloud-scale
surface density and (7§°"%) in each hexagonal region to account
for the effects of completeness by assuming a lognormal
probability distribution function for the surface density, in good
agreement with observations (see that paper). However, this
implies that in regions with very 1ow fcomp, the measured cloud
properties will represent a rather aggressive extrapolation.
With this in mind, we consider a region appropriate for the
current analysis if the cloud-scale CO (2-1) completeness
£0 > 50%.

comp
Figure 2 shows fcggp in PHANGS-ALMA as a function of

(x¢cloudy " Based on this figure, we impose a (XS%Y) cut at

20 M., pc? in addition to requiring f cop > 50%. This yields

comy

a uniform data set and avoids the case where a few high
completeness galaxies dominate low (X%) bins and drive our
results on their own. Table 1 reports the number of hexagonal

regions and galaxies that survive these cuts. Applying this

37 This total flux is well-measured by summing the PHANGS-ALMA data,
which include short- and zero-spacing data, without any aggressive high-
resolution masking.
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Table 2
Measurements for Individual Regions at £ = 150 pc in 1.5 kpc Diameter Regions

mol
T dep

mol
i

Galaxy Radius 74 (G ado! i loggM. logoSFR  (Sor) (75 (oher) (e el (g
(kpe)  (Gyn)  (norm.) <fj;r§°sf,> © M) Moyrh)  Mope?) My (kms ) (norm.)
ES0097-013 0.0 0.11 0.35 1.73 64.3 10.5 0.6 182.0 3.57 24.5 7.38 0.0339 1.23
ES0097-013 1.54 0.42 1.42 3.26 64.3 10.5 0.6 25.0 9.4 8.1 4.93 0.0223 0.81
ES0097-013 3.36 0.99 3.32 6.65 64.3 10.5 0.6 54.0 6.69 6.0 1.04 0.0068 0.25
1C1954 0.0 0.92 0.66 5.26 57.1 9.7 —0.4 32.0 7.32 7.1 5.44 0.008 1.28
1C1954 1.82 1.71 1.23 8.29 57.1 9.7 —-0.4 25.0 8.57 4.7 3.17 0.005 0.8
1C1954 1.82 1.41 1.02 8.14 57.1 9.7 —0.4 22.0 9.13 4.6 3.67 0.0065 1.04
IC1954 1.97 1.52 1.1 8.29 57.1 9.7 —-0.4 29.0 7.98 5.2 3.65 0.0052 0.84
1C1954 1.97 1.54 1.11 8.42 57.1 9.7 —-0.4 25.0 8.66 5.1 3.87 0.0056 0.9
1C1954 2.76 1.44 1.04 9.43 57.1 9.7 —-0.4 21.0 9.31 4.6 3.56 0.0065 1.03

Note. This is a stub. The full table is available as a machine-readable table. Columns: (1) galaxy name, (2) galactocentric radius, (3) molecular gas depletion time, (4)
molecular gas depletion time normalized to galaxy average, (5) CO (2-1) to H, conversion factor, (6) galaxy inclination, (7) galaxy integrated stellar mass, (8) galaxy
integrated star formation rate, region-averaged mass-weighted molecular gas: (9) surface density, (10) gravitational freefall time, (11) line width, and (12) virial
parameter, (13) star formation efficiency per freefall time, (14) star formation efficiency per freefall time normalized to galaxy average.

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 2. The fraction of total CO (2-1) emission detected at high signal to
noise in each aperture, ff)g p 38 function of the mass-weighted mean cloud-
scale surface density, (X5%9). The binned data show the median and 16th-84th
percentile range in fc?)gp considering all regions. Completeness rises as a
function of the mass-weighted mean cloud-scale surface density, with scatter
reflecting variation in distance to the target and data quality. We analyze

regions with £C0 > 0.5 and (%9 > 20 M, pc >

comp

criteria to the £ = 150 pc resolution PHANGS-ALMA data set
in J. Sun et al. (2022), we select 841 regions in 67 galaxies.

2.4. Correlation Analysis, Binning, Fitting, and Uncertainties

While parameterized fitting and correlation analyses provide
useful insights, we would like to first emphasize the region-by-
region measurements as our key products. These represent our
best estimates of 7'{{1;;)1, €Ml and gas properties with a well-
understood selection function for a representative set of nearby
galaxies. We present the full measurement set in Table 2.

Appendix A summarizes this section in a simple, step-by-step

guide that can be used to reproduce matched measurements
from simulations or other data sets.
We treat the cloud-scale gas properties as independent

variables and measure how 71° and ¢! (the y-axis) vary as a

P
function of these mass-weighted average gas properties (the x-

axis). We measure Spearman’s rank correlation relating T('};‘I’Dl

and €™ to each property and fit y as a function of x for each

gas property using the functional form
y=m(x —xo) +b “

where y refers to either log,, 7 or log, ¢!, x to the log;, of
one of the gas properties that we consider. We calculate x, as
the median of the x data, then maximize the log-likelihood to
infer m and . We also include an intrinsic scatter term in the
fit, but this tends to be very small given our adopted uncertainty
estimates (see below). We therefore report o, the robustly
estimated rms residual of the data about each fit.

Because we average over large regions selected to have high
(x¢cloudy " the formal statistical uncertainty associated with any
individual measurement is small. Instead, systematic effects
dominate our uncertainties. In deriving the calibrations that we
use for Xgpg, F. Belfiore et al. (2023) found ~0.15 dex point-
to-point scatter between the estimators that we use and “gold
standard” extinction corrected Ha estimates from MUSE
(A. K. Leroy et al. 2019 found similar scatter comparing to
S. Salim et al. 2016). Our aco estimate heavily leverages the
work of L.-D. Chiang et al. (2024), who found ~0.2 dex scatter
between their dust-based aZg' and the fit to local conditions
that we employ. Combining the uncertainties, we consider any
individual 7'{{1;;)1 estimate to be uncertain by ~0.3 dex due to
uncertainties in our ability to estimate star formation rates and
molecular gas masses. We consider molecular gas surface
densities to be uncertain by 0.2dex at any scale, and

it X Lo to be uncertain by 0.1 dex. The main systematic

uncertainty on the mass-weighted line width, (c%%), is related
to measurement technique and correction for sensitivity biases
(see J. D. Henshaw et al. 2016; E. Koch et al. 2018;
E. Rosolowsky et al. 2021); we consider these (o<1%%) values
to be uncertain by ~0.15dex. When we include these
uncertainty estimates in the fitting described above, we find

little or no need for an intrinsic scatter term. This may imply
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that the estimates are slightly conservative, i.e., too large, but
they do appear grounded in the current literature.

We observe significant galaxy-to-galaxy scatter in our data,
meaning that individual galaxies trace out offset relationships
in the TH‘e‘;,] versus gas properties parameter space. This situation
is common in resolved studies of star formation scaling
relations (e.g., see A. K. Leroy et al. 2013) and likely reflects a
mixture of physical scatter due to unplotted additional
parameters and/or systematic uncertainties that operate galaxy
by galaxy (e.g., calibration uncertainties, uncertainties in the
adopted aco, SFR calibration uncertainties, etc.). We account
for this in two ways. First we estimate uncertainties on our fits
using a “per galaxy” bootstrapping approach, where we
repeatedly re-draw N galaxies from the parent sample and refit
the relation between rg;‘;,‘ and gas properties. Second, we
construct a version of our plots in which we first normalize the
Tc’{;‘; or e[ for each region by the mean Ta‘;‘;,l or e[ for the
galaxy in which that region resides and then analyze the
normalized results. We calculate the mean Tdme(;)l or e used for

normalization by a molecular mass (Eﬁﬁfl

over the selected regions for that galaxy.

For each variable pair (x, y), we distill the median and 16th—
84th percentiles in y as a function of x. To do this, we apply
two-dimensional Gaussian kernel density estimation (KDE) to
the data, allowing the bandwidth to be chosen using the default
“Scott’s rule” implement in scipy (this typically yields
bandwidths of <0.3dex). We evaluate the density on a
regularly spaced grid spanning the full range of the data in x
and y. Then, we calculate the median and 16th—84th percentile
range in y for each value of x in this grid. The results visually
match the spine and span of the data well. We fit lines to the
median trends, but found them to be similar to those found
fitting the data and only report the fits to the data.

We emphasize that the choice to fit y (i.e., 7'3;(;,1 or ) while
treating x (cloud-scale gas properties) as an independent
variable has a significant impact on our results. Our data show
significant scatter compared to the dynamic range in both x and
v, and many of the correlations that we examine are relatively
weak. Fitting x as a function of y or conducting a bivariate fit
would yield different results. Our adopted scheme is motivated
by the desire to address the question “Given some cloud-scale
gas properties, how well can we predict rg;‘;,' ?” (see Section 1).
Our selection (Section 2.3) also imposes a strong selection in x,
which would need to be carefully accounted for in any bivariate
fit (see, e.g., A. K. Leroy et al. 2013) but does not affect our
adopted approach. The key point for the reader is that rigorous
comparison to our fitting results should consider the same
formulation of dependent and independent variable.

Finally, note that we examine many cases with correlated
axes. In some cases, this correlation is explicit, e.g.,
et oc (S0 ~03). In other cases, e.g., Th versus (SSoit),
the correlation depends on a cross-scale relationship between
Yot and (24 'In many cases, our adopted aco affects both
axes. We indicate our expectations for covariance with a vector
in each plot along with the typical uncertainties.

) weighted average

3. Results

Our selection yields gas properties, molecular gas depletion
times, and estimates of the star formation efficiency per freefall
time for 841 independent 1.5 kpc-sized regions in 67 galaxies
with properties measured at £= 150 pc resolution (we also
make measurements using higher-resolution CO data, though
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Table 3
TH‘E‘[’)] and Cloud-scale Gas Properties

X Rank. Corr. m Xo b o
9.33 0.3
log, o (75" 0.3 0.49 6.85 9.31 0.26
(normalized) 0.38 0.4 e e 0.18
log, (Xdoud) —0.34 —0.28 1.66 932 0.25
(normalized) —0.41 —-0.22 e e 0.17
log,{olond) -0.3 —0.46 0.74 9.32 0.26
(normalized) —0.31 —0.28 e e 0.18
log, o (asioud) —0.29 —0.2 0.52 9.32 0.26
(normalized) -0.29 —0.12 e e 0.19

Note. Results correlating T&l%l with cloud-scale gas properties for our fiducial

sample of regions with high gas surface density. Cloud-scale properties
measured at 150 pc resolution, and our best estimate aco. Fit has form
y = m(x — xp) + b. Quantities defined in Table 1. Normalized results first

normalize Tdme‘;,l by the galaxy-average value.

Table 4
T:ﬂ;g and Cloud-scale Gas Properties for Fixed aco

X Rank. Corr. m Xo b o

9.4 0.28
log, o (T4 —-0.17 -0.19 6.85 9.38 0.27
(normalized) —0.03 —0.02 e e 0.16
log, o (Saondy 0.13 0.08 1.66 9.38 0.27
(normalized) —0.03 —0.01 “e “e 0.16
log, (oo 0.14 0.2 0.74 9.37 0.27
(normalized) 0.09 0.07 e b 0.16
log, o (aSioud) 0.18 0.08 0.52 9.37 0.26
(normalized) 0.21 0.05 e e 0.16

Note. Results correlating 7'3“;;1 with cloud-scale gas properties for our fiducial

sample of regions with high gas surface density. Cloud-scale properties
measured at 150 pc resolution, and a fixed, Milky Way aco. Fit has the form
y = m(x — xo) + b. Quantities defined in Table 1. Normalized results first

normalize THZ,‘]’,I by the galaxy-average value.

for fewer galaxies, and provide these in Appendix B). Table 1
summarizes the selection and other details of the experiment.
Our core results are the measurements of and relationships
between Tdm;]’;, €M and cloud-scale gas properties. We present
the measurements in Table 2, summarize the correlation
analyses in Tables 3, 4, and 5, and illustrate the results in
Sections 3.1-3.6, but first we show the properties of our
selected regions in Figure 3.

The left panel in Figure 3 shows the region-averaged Ysgg as
a function of X, for our working data set. These
measurements do not involve cloud-scale information but
simply show the resolved molecular Kennicutt—Schmidt
relation at 1.5 kpc scales. Our selected regions span more than
an order of magnitude in Xggr and X,,. The selected data
agree well with the power-law fit by J. Sun et al. (2023), shown
by the dashed line,* in which Yggr o .12, This slope reflects

3 Our CO-to-H, conversion factor follows the prescription in E. Schinnerer &
A. K. Leroy (2024) while J. Sun et al. (2023) adopts the prescription by
A. D. Bolatto et al. (2013) among others. Figure 3 shows that the two yield
comparable results here.
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Figure 3. Analyzed region in key parameter spaces. Left panel: Xgpr — Y01 Space, i.e., the resolved molecular Kennicutt—Schmidt relation. Gray points show all
1.5 kpc hexes in the J. Sun et al. (2022) database. Red points show regions selected for our analysis based on their completeness and cloud-scale surface density
(Section 2.3, Figure 2, Table 1). Dark points with error bars show the median and 16th—84th range Xggg in bins of X,,,. Our selection imposes a bias toward
molecular-gas rich regions, but within the covered part of parameter space, our analyzed regions reflect the overall sggr — Xy,01 Scaling seen in local galaxies (J. Sun
et al. 2023). Right panel: cloud-scale mean (oSo84) / ng,f as a function of (X% (the “Heyer—Keto relation” capturing the mean dynamical state of molecular clouds)
for the same regions, using the same symbols as the left panel. Selected data show ~1 dex dynamic range in region-averaged gas and SFR surface density, >1.5 dex

range in (E;ﬂ‘d), and ~1 dex span in (Uﬁi‘(’,}ld)/Rplx, and they reflect the overall set of high surface density regions found in nearby, star-forming galaxies well.

2009; M. Heyer & T. M. Dame 2015; J. Sun et al. 2018, 2020b;
E. Schinnerer & A. K. Leroy 2024). As a result of this, (X¢09)

and (o8%9) are signiﬁcantly correlated, and we will see similar

Table 5
eml and Cloud-scale Gas Properties

X Rank. Corr. m X0 b o
YT 0.29 relationships between Tdep and these two quantities.
log, o (Tl 0.11 0.15 6.85 —2.43 0.28 While (269} and (o1%09) show a strong correlation, there is
(normalized) —0.06 —0.03 0.18 still substantial scatter and significant deviations from the
o fiducial Heyer—Keto relation. In particular, a subset of regions
1ogio{Xinoi) 0.0 0.0 1.66 —244 0.28 show enhanced (09%%) at fixed (X%9). The gas in these
(normalized) 005 001 019 regions has high (aS9") oc (0990)2 /(Ryix Z698) and  thus
logyo{omai®) 0.02 0.01 0.74 —2.44 0.28 appears less bound by self-gravity. These high (aS"d) data
(normalized) 0.01 —0.01 0.19 often come from the inner parts of galaxies and show high
log;g (aSko") 0.14 01 052 045 027 (x¢loudy " There, stellar gravity can more strongly affect the
(normalized) 0.17 0.05 0.18 molecular gas dynamical state, and unresolved streaming

motions and shadowing of multiple components may also
contribute to the observed broad CO line width (S. E. Meidt
et al. 2013, 2018; J. Sun et al. 2018, 2020b; J. Henshaw et al.
2025, in preparation). We return to this point in more detail in
Section 3.4.

Note. Results correlating e 7' with cloud-scale gas properties for our fiducial
sample of regions with high gas surface density. Cloud-scale properties
measured at 150 pc resolution, and our best estimate aco. Fit has the form
y = m(x — xo) + b. Quantities defined in Table 1. Normalized results first
normalize ¢! by the galaxy-average value.
3.1. Molecular Gas Depletion Time as a Function of
Gravitational Freefall Time
that the highest surface density regions in our targets also have
the shortest Tm%l
The right panel in Figure 3 presents a complementary view,

Figure 4 plots TS‘C%] as a function of the region-averaged

cloud-scale gravitational freefall time, (7§{*Y). All other things

now with cloud-scale information. It shows mass-weighted,
region-averaged, cloud-scale velocity dispersion normalized

by the adopted size scale, (aﬁl‘(’)‘fdﬂRmx, as a function of the

clowdy " Our selection also

cloud-scale surface density, (X;9)
samples >1.5dex in (Z%9) and ~1dex in (¢2%9). On
average our target regions follow the “Heyer—Keto” relation

f o9o?/Ray oc (S, This is expected among gas
structures with similar dynamical state, i.e., similar o,
values (illustrated by the solid black lines; see M. Heyer et al.

being equal, higher-density gas should form stars faster, and the
characteristic time for the gas to collapse under its own gravity,
7ir o< p 03 o (ZEY-05 hag been considered a key timescale
in this context.

Figure 4 does show a correlation between Tdep and (7§°9),
with Spearman rank correlation coefficient 0.3 and p-value
<0.001. Gas with higher density (low (7)) coincides with
regions that show higher star formation rate per unit gas (low

m"l) The blue line showing fixed € 1! shows that a single ¢3!
can reasonably describe the bulk of the measurements. Most of
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Figure 4. Region-averaged molecular gas depletion time, Tdme‘}’,l, as a function of cloud-scale mean freefall time, (75°"“). Points show measurements for individual
1.5 kpc regions, and the black lines show the median and 16th—84th percentile range estimated as described in Section 2.4. The red line shows the best fit to the data
(Table 3), with thin traces showing fits to versions of the data set that bootstrap resample the set of included galaxies. For comparison, the blue line shows the

expectation for a fixed e ' (i.e., T oc (7§
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axes (see Section 2). The left panel shows results for 74, as measured directly from the data. The right panel shows the same data set, but first normalizes each 7
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)), and the black error bar indicates typical uncertainties with an arrow showing the sense of correlation between the
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measurement by the mean 74, for that galaxy, thus removing the galaxy-to-galaxy scatter from the left plot. 7gg, and (7™') correlate with each other, but the slope is

shallower than that predicted for fixed ¢ 1.

the data lie within 0.3 dex (i.e., a factor of 2) of the blue line
(consistent with results using the same data set in J. Sun et al.

2023). A fixed €I thus provides a reasonable approximate

description of the data. But in detail, ¢ %' tends to be somewhat

higher (i.e., the points lie below the blue line) at high (7§°"%),
corresponding to low density. This manifests as a best-fit

T('}L‘S—(Tlﬁ}"“d) relation with slope m = 0.49 (the red line, Table 3).

This is shallower than the 73‘;‘; oc (1Y) expected for fixed
6}}"’1, though we reiterate that this specific slope depends on the

choice to fit T(Te(i,l while treating (7§°"Y) as the independent

variable (see Section 2.4). 1
mo.

The right panel in Figure 4 also shows 74, as a function of

(7§°"9) but first normalizes Téne%l by the galaxy-average value.

Normalizing leads to an even sharper correlation (Table 3),
with the rank correlation coefficient increasing to 0.38 after

normalization. This indicates that Tﬁ‘e‘;,l correlates well with Tdme(;,l

within individual galaxies. The best-fit 7'([;16%1 — (75} slope

becomes slightly shallower after normalization (Table 3),
m = 0.4, but the overall picture appears similar as in the left
panel.

Figure 5 shows why normalizing by galaxy-average T(ri"e‘[’)l

sharpens the Tfi“e‘;,l — (7§loudy relation. We plot binned results for

individual galaxies before any normalization in the left panel.
To a large extent, galaxies trace offset relations in the

T(’;;‘S—(Tlﬁ}"”d) space. This reflects some overall correlation of

7'3;‘;,1 with host galaxy properties, with a general sense that

lower-mass galaxies show shorter ng‘;,l (i.e., darker lines tend to

appear lower in Figure 5). This might reflect real physics, or
might reflect that the metallicity dependence in our aco
prescription remains too weak (because metallicity correlates

with M,; R. Maiolino & F. Mannucci 2019). Global variation
of ng;)l as a function of M, has been considered extensively
(see, e.g., A. Saintonge et al. 2011, 2017; A. Saintonge &
B. Catinella 2022; A. Schruba et al. 2012; A. K. Leroy et al.
2013; L. J. Tacconi et al. 2020). For our purposes, the key

points are that (1) (7§{**) variations do not appear to explain all

of the observed galaxy-to-galaxy scatter (nor do <2§,§g‘fd>,

(oloudy “or av;, variations), and (2) 7'('};‘;)1 correlates with (7§

more strongly within individual galaxies.

In the right panels in Figures4 and 5, after normalization,
most galaxies lie together along a common relation, with
individual regions showing rms scatter ~0.2 dex about the
median trend. This represents ~+/2 times lower scatter than we
find before normalizing, implying that about half the total
scatter in ng‘}’,l can be attributed to galaxy-to-galaxy scatter,
while the rest represents scatter within individual galaxies. This
resembles results from previous work on Tdme(:)l and kiloparsec-
scale star formation scaling relations by A. K. Leroy et al.

(2013) and M. J. Jiménez-Donaire et al. (2019).

3.2. Molecular Gas Depletion Time as a Function of Cloud-
scale Surface Density and Line Width

Figure 6 shows Tfj‘fc‘;,l as a function of cloud-scale gas surface

density, (X994 and velocity dispersion, (0%%9). Table 3

reports results for the corresponding correlation analysis. 7'3“;;,1
anticorrelates with both quantities. Surface density and velocity
dispersion represent more direct observables than (7§°'9), and
we therefore view these as our most fundamental results. They
should be easy to reproduce by applying our methodology to

simulations or other data sets (following Appendix A).
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Figure 5. Traces of individual galaxies in the same 7'3"0‘1’)1 — (1) space shown in Figure 4. Each colored line shows the median trend for an individual galaxy, with
color indicating the total stellar mass of that galaxy (M,). The left panel shows these traces in the TEL‘;,I vs. (T?}"“d) space. In the right panel, we first normalize Td'";,‘,' by
the mean value for each galaxy, thus removing overall galaxy-to-galaxy scatter in T('}L‘l’,l. Individual galaxies show trends with a similar positive correlation to the

overall median but significant galaxy-to-galaxy scatter in the slope, the range of (75°"Y) covered, and their mean T{gl’)l‘

8.0 L

To first order, Figures 4 and 6 could be viewed as three The expected scaling between (o<1%%) and (X% appears in
different manifestations of the same underlying relationship our data (see Figure3 and J. Sun et al. 2018, 2020b;
between gas density and star formation efficiency. Because™ E. Rosolowsky et al. 2021). We indicate power laws with the

mol __ rlow ﬁducigl slqpes (Equations (6) and (8)) as plqe lines in Figure 6.
Tdep = —mal As in Figure 4, most of the data lie within 0.3 dex of the
o fiducial relationships, though our fit relations again have
T = \/ ™/ (8GE5" / Ratoua) &) shallower slopes compared to the expectations for fixed e,
: . _ mol cloud
so that for a fixed e and size scale, ?ciﬁpji,:fn 1:21 st_atgjclot:}i(sp.ezzed) Ofni formTiep_()‘4<62mo%oz
T(rlnecl)jl o (xcloudy-05, (6) ng;)l — (0%1%9) (compared to —1 expected). Again, we caution
that the adopted methodology affects the precise value of the fit
The expected anticorrelation with (o€%9) emerges because for slopes.
fixed dynamical state, o (“the Heyer—Keto relation”; see Our results for the Tdme(}))l — (Soei) relationship match

M. Heyer et al. 2009; J. Sun et al. 2018; E. Rosolowsky et al. limited previous measurements. In M51, A. K. Leroy et al.
2021; E. Schinnerer & A. K. Leroy 2024), ¥,.o1 and oy are (2017a) found ey oc (S5a1¢) ' (using fixed aco). Adopting

related as the A. D. Bolatto et al. (2013) CO-to-H, prescription, similar
to what we use here, the J. Sun et al. (2023) fit to the

ol = «| o R 2E72mo ) “freefall time regulated star formation” relation yields S§hs o

; (Sabs/(T5)073, which implies 7 oc (SHof) 1% to

where f is a geometrical factor related to the cloud density The oc (Saot?) %37 depending on the precise dependence of
d.istribution (Table 1). Since gmel X /Zmor at given a;, and (rél°ud) on XX Our fit value lies intermediate in this regime.
size scale, we expect They also used the PHANGS-ALMA data set, so this does not

represent an independent measurement, but they did use a
different selection and fitting methodology.

We emphasize the T{j';‘}’,l versus (o590 anticorrelation as a
3 Here we discuss general scalings among cloud properties, not our specific useful and new way to approach this topic. This anticorrelation

observables, and so omit the averaging notation. is physically expected for fixed ¢ }?Ol, fixed dynamical state

d loud\ |
Tmol € (Tl ) - ®
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both (£8%4) and (gdou

mol

potentially resolution compared to other measurements.

clouds (Equation (8)). This first-order expectation does not
involve any turbulence physics, it simply reflects that the gas

velocity dispersion traces the underlying gravitational potential
of the clouds.

This T{{;‘}’,l versus (o<1%) relationship is particularly intriguing

because aco only affects the vertical axis,*” so that these plots
have less built-in covariance between the axes than most of the
other relationships we consider (though see below). Moreover,

40 However, note that there could be a subtle second-order effect due to

variations in aco within a region, which might affect the weighted averaging
scheme.

)(see Table 3), showing a slope shallower than expected for fixed e 7. Given the underlying relation among (X8%4), (58944) and (

and the plots in Figure 4 all express highly related trends. We highlight the T(’j‘g —
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as a function of region-averaged cloud-scale surface density (top panels) and line width (bottom panels). As in Figure 4, the left panels show the
while in the right panels, measurements are normalized by the galaxy-average 71!

dep» Which removes galaxy-to-galaxy scatter in 7 (see

P
are as in Figure 4. TE:;,] anticorrelates with

mol mol T%}OUd> ’ these

) relation, shown in the bottom row, because it depends less on aco and

ff >

cloud
<Umol

cloud
<Jmol

) may not depend as sensitively on resolution as (3¢%4),
In the limit of an isolated, low-mass, unresolved cloud, ALMA
might still measure an accurate CO line width given enough
sensitivity, whereas in this situation (X% will be strongly
affected by beam dilution.

We note that near galaxy centers, the blending of multiple
clouds along the line of sight can be a concern, especially at our
resolution (E. Rosolowsky et al. 2021, J. Henshaw et al. 2025,
in preparation). When estimating the CO line width using
moment methods, this can lead the moment-based line width to
reflect the inter-cloud dispersion rather than the line width of
any individual component (S. M. R. Jeffreson et al. 2022;
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Figure 7. T?e‘;] as a function of region-averaged cloud-scale virial parameter, {a1"%). The contents follow Figures 4 and 6. As in those plots, the left panel shows 7'3:}’,]
without any normalization, while in the right panel, measurements are first normalized by the galaxy-average T{i"e‘g. The blue line here shows expectations for fixed
78°ud and varying <" following P. Padoan et al. (2012). The data show an anticorrelation between TH:;,I and ("), This has the opposite sense compared to the
physical expectation that gas more bound by self-gravity (lower ;) should form stars more effectively. The anticorrelation likely reflects that gas in high surface

density, inner regions of galaxies is significantly affected by the stellar potential.

J. Henshaw et al. 2025, in preparation). Our line-width partially attributed to the importance of stellar gravity to
measurements are not second moments but “effective widths” molecular gas dynamics in the inner parts of galaxies.
(M. H. Heyer et al. 2001; A. K. Leroy et al. 2016; J. Sun et al. Observations suggest that the high stellar and gas mass
2022) derived from the ratio of the line integral to the peak, densities lead to high gas pressures in the inner parts of
o = Ico/ \/ﬂlpk. This has less sensitivity to any inter-cloud massive galaxies. This pressure then turns the overwhelming
dispersion but will still be biased high in the case of bulk of gas molecular (e.g., T. Wong & L. Blitz 2002; L. Blitz
multivelocity components. It will be interesting to explore & E. Rosolowsky 2006; A. K. Leroy et al. 2008;
how different line-width measures correlate with Tdme%l and are C. Eibensteiner et al. 2024). This can lead to the emergence
important to match methodology when comparing to our of a “diffuse,” high-velocity dispersion medium, in which the
measurements. gas is bound by the larger-scale galactic potential. This large-

scale potential is dominated by stellar gravity, not by its own
self-gravity. The high stellar densities in the inner regions of

3.3. Molecular Gas Depletion Time as a Function of Cloud- galaxies can rival the gas density even within molecular
scale Virial Parameter complexes, playing an important role in force balance (e.g.,
Figure 7 shows ng];l as a function of <a$§‘r’“d>, the region- S. E. Meidt et al. 2Q18; J. Sun et al. 2020a; L. Liq et al. 2021).
mean cloud-scale virial parameter. Theoretical models of star Moreover, observations suggest that stellar density correlates
formation in turbulent clouds make a clear prediction that, all with molecular gas morphology, additional support to the view
other things being equal, Tgé%l should correlate with (aSloud). that stellar gravity exerts an important dynamical effect (L. Liu
This reflects that more gravitationally bound gas should form et al. 2021; T. A. Davis et al. 2022).
stars more effectively. In Figure 7, the dashed line shows the The denser, inner regions of galaxies show high ay;
expected relationship from P. Padoan et al. (2012) for fixed because, following standard practice for molecular cloud
(r¢ludy:  gimilar predictions would arise from, e.g., studies, our (a<°"d) only accounts for gas self-gravity. In cases
M. R. Krumholz & C. F. McKee (2005) or C. Federrath & where the stellar gravity dominates, (a1"?) will not capture the
R. S. Klessen (2012, 2013). Our observations do not show the true dynamical state of the gas. The expectations mentioned in
predicted correlation. In fact, we observe a significant Sections 1 and 2, including the blue line from P. Padoan et al.
anticorrelation between rg;‘;} and (oY), such that gas less (2012) in Figure 7, emerge from theories of turbulent gas-only
bound by self-gravity appears to form stars more efficiently. clouds, and do not typically account for a realistic galactic
We find a best-fit slope of m = —0.29, though this drops to potential or conditions typical of dense inner galaxies.
m = —0.12 after we normalize each galaxy by its mean 7'{1“‘;)1. Our result has the opposite sense of the trend measured in
Though contradictory at first glance, this observation fits M51 by A. K. Leroy et al. (2017a), where the expected
well with our current understanding of gas properties in the correlation between 74 and (aSi"!) was present. Our results

context of galaxy structure. We see that short T(Te(;,l regions often mol

: (that find no overall correlation between e[ and (aSid)
correspond to galaxy centers, which also show high (") below) do agree with their results in M51 and those of

(J. Sun et al. 2020b, 2022). This high (a"d) can be at least A. Schruba et al. (2019) studying molecular cloud populations

12
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in eight galaxies. M51 may be relatively rare in that the highest
(aSloudy are driven by streaming motions along the spiral arms,
which correspond to regions of suppressed star formation
(S. E. Meidt et al. 2013). This may represent a distinct physical
case from the high (aS"d) seen in the centers of late type
galaxies, which are not generally associated with suppressed
star formation. The high o™ found in early-type galaxies,
which are associated with suppressed star formation may
represent yet a third regime (T. G. Williams et al. 2023; A. Lu
et al. 2024)

A related effect where (a°"Y) misses the full picture has
been discussed in the context of HI-dominated, low surface
density parts of galaxies by J. Sun et al. (2018, 2020b) and
A. Schruba et al. (2019), following G. B. Field et al. (2011).
There, atomic gas may make significant contributions to the
cloud mass, or molecular gas may simply represent the dense
subset of a larger turbulent neutral medium. Our selection
largely excludes such regions (see Sections 2.3 and 3.4),
because PHANGS-ALMA lacks the surface brightness
sensitivity to achieve high flux completeness at high resolution
in such environments. This represents an area for future
investigation, and likely relates to why we find results with the
opposite direction from the Milky Way work by N. J. Evans
et al. (2022). Their analysis pivots on the behavior of gas at
relatively large galactocentric radii and low Yggr compared to
what we study here and, as they discuss, depends sensitively on
the metallicity dependence of aco.

34. T('j"e‘;, Gas Properties, and Galactocentric Radius

As a general rule, high Zmol can be found in the inner regions
of galaxies, with the highest values at galaxy centers (e.g.,
J. S. Young & N. Z. Scoville 1991; J. S. Young et al. 1995;
M. W. Regan et al. 2001; N. Kuno et al. 2007; M. Querejeta
et al. 2021). The same is true for L% and €% (e.g., S. Jogee
et al. 2005; J. Sun et al. 2020b, 2022; J. D. Henshaw et al.
2023). Figure 8 shows the cloud-scale gas properties and Tf}é%l
as functions of galactocentric radius in our data set.

All of these properties of interest show clear radial trends.
The innermost 1.5 kpc hexes show high (X4 high (o¢loud),

mol T mol

high (a$}"®), and low 7o', Even outside the centers, (£50/)
and (o5
more weakly outside =4 kpc. The region-averaged («
determined by the ratio of (¢5%9)2/¥¢0 " shows a strong
radial trend, declining with increasing radius out to radius
>4 kpc (something already clear in the beamwise analysis of
J. Sun et al. 2020b; also see A. Hughes et al. 2025, in
preparation). In Sections 3.2 and 3.3, we noted that stellar
gravity likely plays an important role in the behavior of (a<lo"d)
Unresolved streaming or bulk motions may also affect (a$1"%)
(S. E. Meidt et al. 2013, 2018), though beam smearing is not
expected to exert a large impact at the resolution of PHANGS-
ALMA (P. Lang et al. 2020; J. Sun et al. 2020b).

Tﬁg also shows a radial trend with lower values in galaxy
centers. After normalization by the galaxy mean ng‘;,l, the

mol
dep

) decline with radius, though the properties vary

cloud>
vir />

strongest effect is lower central 74, compared to the disk

average. This radial trend in normalized ng;)l, which appears
relatively flat with a moderate central depression and large
scatter, is consistent with similar measurements for the
HERACLES sample by A. K. Leroy et al. (2013) and analysis
of the COMING survey by K. Muraoka et al. (2019). The low
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mol

central 7ge, in PHANGS-ALMA has previously been shown
by Y.-H. Teng et al. (2024), who also demonstrated that this
result depends critically on the treatment of aco (see also
A. K. Leroy et al. 2013; J. S. den Brok et al. 2023). We expand
on this in Section 3.5.

The regularity of the trends in Figure 8 reinforce that the
cloud-scale gas properties couple to the overall disk structure.
Over the last decade, observations have shown that the
~50-150 pc resolution proper’ties of molecular gas, including
yeloud and Plovd o 3301 02, correlate with the large-scale
properties of the galaxy disk (A. Hughes et al. 2013;
A. Schruba et al. 2019; J. Sun et al. 2018; J. Sun et al.
2020a, 2020b, 2022; E. Schinnerer & A. K. Leroy 2024).
J. Sun et al. (2022), in particular, provided an extensive series
of scaling relations that link cloud-scale gas properties,
measured using pixel statistics and cloud-finding methods, to
the local kiloparsec-scale conditions in the gas disk (reviewed
in E. Schinnerer & A. K. Leroy 2024).

This regularity in the variation of gas properties in disks
means that the correlations between Tdep (or €2y and any
cloud-scale gas properties almost always have hidden variables

related to galactic structure. To show this, Figure 9 shows 779

dep
as a function of (7§°"%) again (as Figure 4), but now coloring

the points as a function of galactocentric radius. A clear radial
trend is visible in the plot, demonstrating that because of the
link between gas properties and ~kpc scale environment in real
galaxies, this plot focused on small-scale conditions in the gas
cannot be easily separated from the rest of galactic structure.
We return to this in Section 4.3.

Figures 8 and 9 also highlight that the inner regions of
galaxies are critical to achieve dynamic range in both Tg;‘;l and
the cloud-scale gas properties. These are the source of our high
(32998, high (o193). high (t12*), low (75/°%), low 71! points.
As noted above, extreme conditions in inner galaxies are well
established. In high-mass, barred galaxies, the central regions
often represent distinct dynamical environments with high
surface and volume densities and deep stellar potential wells
(e.g., J. Kormendy & R. C. J. Kennicutt 2004; S. E. Meidt et al.
2018; M. Querejeta et al. 2021; T. A. Davis et al. 2022;
E. Schinnerer & A. K. Leroy 2024). These regions also show
enhanced CO emissivity (e.g., K. M. Sandstrom et al. 2013;
Y.-H. Teng et al. 2022, 2023; J. S. den Brok et al. 2023;
L.-D. Chiang et al. 2024), which manifest as variations in aco.
The nature of our sampling scheme, in which each region covers
equal area in the galaxy disk, means that these key environments
are covered by relatively few data points. It is worth keeping the
importance of these scarcer low ng;,l, high (290 high (ooud)
points in mind when examining the plots.

Note that the enhanced densities and shorter Tm%l conditions
observed in galaxy centers refer to the gas, which is often
concentrated into bar-fed central molecular zones. Viewed
more broadly, massive galaxies often show depressed specific
star formation rates, SFR/M,, in their inner regions (F. Belfiore
et al. 2018; S. L. Ellison et al. 2018). In massive galaxies with
bulges, this can reflect the presence of gas-free regions with
low Xgpr. In follow-up work, H.-A. Pan et al. (2024) suggested
a longer Tdep in the central regions of main-sequence galaxies
compared to their disks (both L. Lin et al. 2022; H.-A. Pan
et al. 2022 and T. A. Davis et al. 2014 also noted longer Tﬁ‘e‘f} in
the inner parts of green valley galaxies, but these are not our
focus). As discussed in Section 3.5 and Y.-H. Teng et al.
(2024) and A. K. Leroy et al. (2013), the treatment of aico has a
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Figure 8. Depletion time and mass-weighted mean gas properties as a function of galactocentric radius. Individual points show measurements and central
galactocentric radius for individual 1.5 kpc diameter regions (a small amount of scatter has been added to the galactocentric radius for display purposes). The black
lines show the median and 16th—-84th percentile range as a function of galactocentric radius. Top-left panel: T';;;‘ appears depressed near galaxy centers and shows a
modest radial trend, though this appears weaker in the top-right panel when 'r('}:l’,l is first normalized by the galaxy average. Middle-left panel: the cloud-scale surface
density declines as galactocentric radius increases, with the highest values found in galaxy centers and a shallower decline with radius at large radii (consistent with
J. Sun et al. 2018, 2020b; E. Rosolowsky et al. 2021; J. Sun et al. 2022). The middle-right panel implies corresponding shorter (7§1°"%). Bottom-left panel: the cloud-
scale line width, (o€1°8), is also highest at galaxy centers and then declines with galactocentric radius. Comparing (X% and (o€1%9), the bottom-right panel shows
that (a<lo") is significantly enhanced in galaxy centers and shows a strong gradient as a function of galactocentric radius (see J. Sun et al. 2020b).

results of the correlation analysis between Tfi“e(;} and all

quantities for fixed aco. The fixed aco leads to a nearly

constant ng;,l, in contrast to the fiducial results with our best

large impact on inferred 7'31;}),1 for galactic centers, and we
consider the evidence for low aco in central molecular zones
strong. Still, reconciling these measurements will be an area

worth future investigation.

3.5. The Key Role of the CO-to-H, Conversion Factor

As described in Section 2, we repeat our analysis using a

fixed aco instead of our best estimate. Figure

results for the 7'{{1;1’)1 — (7goud

10 shows these

) relation, and Table 4 reports

14

estimate «co. This, in turn, leads to almost no correlation or
even an anticorrelation between T{j’?c‘]’} and (7§°"Y). Contrasting
this with Table 3, all relationships show weaker correlations
and slopes closer to 0.0 at fixed aco. Moreover, the actual
sense of the correlation changes in most cases. With fixed aco,

The! appears longer for high (£5%/Y) and high (o%o?). The
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times arises from the central regions. This is particularly clear in the plot with normalized Tdep in the right panel. Colors span from galactocentric radius

1 1
=== Fixed oico — 1 ;. T T T
—SL2Maco |, Q -

10:0 H= Fittoall data | %00 Ei 0:‘1:‘3
. 0.75_— 1t to all data

log1o Tgep [yr]

-0.25

logio ‘E(‘i’;‘[;' [norm. by gal. avg.]

~0.75 -

80 1 1 1 1 1 _125 1 1 1 1

’ 6.15 6.40 6.65 690 7.15 ' 6.15 6.40 6.65 690 7.15
logio (T§™") [yr]
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) calculated assuming a fixed CO-to-H, conversion factor, aco. Similar to Figure 4, the points show
individual regions, the purple lines and shaded region show the median and 16th—84th percentile range, and the green line shows the best fit. For comparison, the black
line shows the median trend using the variable oo from Figure 4. Adopting a fixed aco removes any overall correlation between T
slight anticorrelation in the left panel. Note that aco affects both Tdep (x aco) and (

mol cloud!
dep and <th

o and (7¢), and even leads to a
7o) (ocacd), but the effect on Tdep is stronger.
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cloud

viYY trend also reverses compared to our fiducial

sense of the («

case, with higher (a$l®Y) corresponding to higher T('}‘e(l’)l,
meaning less efficient star formation. All of these trends are
weak, however, especially when considering the 73;‘;} normal-
ized by the galaxy average.

Our fiducial aco treatment, adopted from E. Schinnerer &
A. K. Leroy (2024), accounts for variations in excitation and
emissivity (sometimes referred to as the “starburst” term) and
metallicity (the “CO-dark” term), similar to A. D. Bolatto et al.
(2013). For the present work, the excitation and emissivity
Varlatrons represent the key terms. In our prescription,
abg) o X902 where X, >100M,pc > (based on
L D Chiang et al. 2024), reflecting emissivity variations, and
ado! also xXghi® (based on A. K. Leroy et al. 2022; J. S. den
Brok et al. 2021; Y. Yajima et al. 2021; and in good agreement
with R. P. Keenan et al. 2025), reflecting excitation variations
affecting the CO (2-1)/CO (1-0) line ratio R,;. Because our
selection focuses on the high surface density parts of galaxies
(e.g., Figure3), these terms together significantly affect the
estimated molecular gas mass across our sample. The
metallicity term, which is critical to integrated galaxy
measurements, has a weaker effect here that primarily affects
the galaxy-to-galaxy scatter (e.g., Figure 5).

The impact of aco on Tdepl in galaxy centers has been noted
before (A. K. Leroy et al. 2013; J. S. den Brok et al. 2023;
Y.-H. Teng et al. 2023). In particular, in PHANGS-ALMA,
Y.-H. Teng et al. (2024) showed that accounting for the
emissivity terms in aco lead to much shorter Tﬁ"e‘; in galaxy
centers, and a much steeper, even multivalued Ygrr — Xm0l
relationship. J. Sun et al. (2023) showed a similar effect when
applying the A. D. Bolatto et al. (2013) aco prescription (which
includes an emissivity term) to PHANGS-ALMA. They showed
that including this term steepens the molecular Kennicutt—
Schmidt relation from Sgpr o L0, to Sgpg oc 312,

It is worth emphasizing the strong evidence for a variable
aco, and specifically for emissivity and excitation variations.
Both independent dust-based aco estimates (K. M. Sandstrom
et al. 2013; L.-D. Chiang et al. 2024) and multitransition,
multispecies spectral line modeling (F. P. Israel 2020;
Y.-H. Teng et al. 2022, 2023; R. P. Keenan et al. 2025) agree
that the CO emission per unit molecular gas mass is higher in
inner galaxies. Similarly, numerous observations agree that
high Xgpgr, inner regions of galaxies show enhanced CO
excitation (A. K. Leroy et al. 2009, 2013, 2022; J. S. den Brok
et al. 2021, 2023; Y. Yajima et al. 2021). All of this matches
physical expectations, and the sense of variations inferred for
merging galaxies with similar or even more extreme conditions
(see summary in A. D. Bolatto et al. 2013).

3.6. Correlation of €' with Cloud-scale Gas Properties

We plot our estimated ¢ as functions of cloud-scale gas

properties in Figures 11 and 12 and report results of our
correlation analysis in Table5. P. Padoan et al. (2012),
C. Federrath & R. S. Klessen (2012, 2013), B. Burkhart
(2018), and others all made predictions about how €% should
depend on cloud-scale gas properties for star formatron in
turbulent gas clouds.

Figure 11 and Table 5 show almost no relationship between
efol and either (X9%) or (0%1%9) " with rank correlation
coefficients and slopes both showing very small values. Put in
another way, within any reasonable level of uncertainty, a fixed

el with 0.3 dex (Table 5) scatter appears to be a sufficient
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Leroy et al.

description of our present data set. As with the Téne%l results, this

statement depends on our treatment of aco and data selection,
but Figure 11 and Table 5 represent our current best estimates.
For reference, the median ¢[1°' in Table 5 corresponds to 0.34%
of gas formed into stars per freefall time, and we measure
40.29 dex or a factor of 2 scatter across the sample. This agrees
well with earlier work on PHANGS—ALMA by D. Utomo et al.
(2018) and J. Sun et al. (2023). Indeed, this is almost, though
not exactly, the same measurement made in J. Sun et al. (2023).
The dependence of ¢ on (a<°") has been of interest in the
theoretical works mentloned above. These works predict an
anticorrelation, such that high (a<"d) leads to low el
Figure 12 shows this relationship for our data set, with the
curved dashed line indicating a simple expectation from

P. Padoan et al. (2012) for the case of fixed (7§*"%). As with
7'('}‘;1’)1 and (o) (Figure 7), we do not find the predicted
theoretical relationship. The data instead appear consistent with
a nearly fixed eJ°' over a relatively wide range of (al"d), or
perhaps even a mild positive correlation between eI and
(aSludy " As discussed in Sections 3.3, 3.4, and 4.5, this likely

Vll’

reflects that our measured (a$1*Y), which only accounts for gas
self-gravity, does not capture the true dynamical state of the gas
because it neglects stellar gravity.

Finally, we note that though theoretically convenient,
treating 6}}“’1 as the dependent variable can be problematic
from an observational perspective. This leads to correlated
axes, with cloud-scale density or a closely related quantity now
entering both axes. And the requirement to detect gas at cloud
scales to estimate 7' (required to calculate € ') means any
completeness or surface density cuts will 1ntr0duce selection
effects that affect both the x- and y-axes, as opposed to mostly
only affecting the x-axes when considering 7 ge, mol Given that the
same physics will manifest in analyses comparmg cloud-scale
gas properties to rgg;}, which already suffer from moderately
correlated axes, we recommend those measurements as a
cleaner point of comparison.

These correlated axes, along with our fairly narrow dynamic
range in cloud properties and selection, explain why the T(’j‘é‘;}
versus gas property measurements in Table 3 do not trivially
transform into the ¢ versus gas property measurements in
Table 5. That is, we find almost flat ¢ versus (3%) but the
slope of the 709 — (3¢90 yelation is shallower than the

dep
m = 0.5 expected for fixed e 2 (and similar for (¢5%'%)). Again,
we recommend focusing on the cleanly reproducible ng‘;}

results when comparing to our data (see Appendix A).

4. Discussion
4.1. What This Measurement Is

We present a correlation analysis relating cloud-scale gas
properties to the molecular gas depletion time across
PHANGS-ALMA. We apply a simple selection criteria and
use a reproducible methodology that aggregates high-resolution
gas properties using a mass-weighting scheme. This yields
measurements that average over large enough areas, such that
we expect to sample star-forming clouds in all evolutionary
stages and access the time-averaged molecular gas depletion
time. PHANGS-ALMA does a good job of sampling the
massive end of the z=0 star-forming main sequence
(A. K. Leroy et al. 2021), so our measurements should
represent a definitive view of region-by-region correlations
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Figure 11. Star formation efficiency per freefall time, 2!
row) line width, (<%
(x¢loudy and is an input to € 7°. The correlations between ¢ '
between 73“6‘;1 and cloud properties for the molecular gas-
dominated regions of z =0 massive star-forming disk galaxies.

We highlight our measurements of Tg;‘;} as a function of

(x¢cloudy and (0€1949), as these are closest to the empirical data and
also capture the key trends. While we provide power-law fits
(Tables 3 and 5), we encourage direct comparisons to our full
measurement set (Table 2 and Appendix B) as a more robust
approach.

These measurements should be easy to reproduce from
observations of other samples of galaxies or numerical
simulations. It seems useful to apply this method to numerical
simulations that track the time evolution and resolve the small-
scale structure of the ISM (e.g., K. Grisdale et al. 2018; O. Agertz
et al. 2021; F. Renaud et al. 2021; S. M. R. Jeffreson et al. 2022;

i (Equation (2)), as a function of cloud-scale gas properties, (top row) surface density, (E“lm‘d
ooi?). The points and symbols follow Figures 4, 6, and 7. Note that by construction, the axes here are anticorrelated because (

#° and cloud-scale gas properties appear weak or absent (Table 5).
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ol (), and (bottom

7éloud) is derived from

C.-G. Kim et al. 2023; S. M. R. Jeffreson et al. 2024). On the one
hand, our measurements offer a chance to benchmark such
simulations against real disk galaxies. On the other hand, the
higher physical detail and access to the time dimension and three-
dimensional geometry in simulations allow for both a clearer
physical interpretation of this type of measurement and the chance
to test how different physical prescriptions (e.g., different true
eml - dependence on (ai"Y), dependence on other phases or
processes like cloud collisions) would manifest (or not) in our
measurements.

4.2. What This Measurement Is Not

We do not measure the initial conditions and final outcomes
for individual clouds. Our cloud-scale measurements are
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Figure 12. Star formation efficiency per freefall time, ¢ ° (Equation (2)), as a function of region-averaged cloud-scale virial parameter (a$i"%). Points and symbols

vir
are the same as in Figures 4, 6, and 7. In both panels, we observe ¢ [i°! to weakly correlate with (ai"%), which goes opposite to the theoretical expectation that more
bound gas will form stars more effectively (the curved dashed line shows expectations for fixed (7§*) in a simulation of turbulent gas following P. Padoan

et al. 2012). As in Figure 11, the axes are correlated by construction via the dependence of both ¢ #°' and (<) on (X9%9). The simplest explanation for the

vir mol
observations is that the observed (aﬂf“d) reflects motions in the galactic potential rather than probing the fraction of dense, gravitationally bound gas (see S. E. Meidt

et al. 2018).

population averages. These aggregate high-resolution measure- variations in the mean of these distributions appear mostly
ments from PHANGS—-ALMA but do not distinguish between correlated with large-scale environment in coherent ways
clouds at different evolutionary stages. Most turbulence- (J. Sun et al. 2022; and see Section 3.4 and Figures 8 and 9
regulated theories of star formation consider how the initial herein). Given this, we expect that region-to-region variations
properties of clouds affect the mass of gravitationally bound, in the mean cloud-scale gas properties do map fairly directly to
collapsing gas (M. R. Krumholz & C. F. McKee 2005; variations in the initial conditions for star formation. The
P. Padoan et al. 2012; C. Federrath & R. S. Klessen 2012, impact of feedback seems more likely to represent a correction
2013). Using high-resolution simulations, J.-G. Kim et al. factor than to completely scramble our results. This would be
(2021) highlighted that feedback from star formation alters the an excellent topic to investigate further with simulations.
properties of a clouds, including the (aSl"d). Without

accounting for the full cloud life cycle, one should not expect 4.3. Surface Density, Physical Density, and Resolution
the turbulence-regulated models, or any other model focused We consider (S€%%) an observational indicator of the gas

on initial conditions, to apply rigorously to our measurements.
Indeed, A. Segovia Otero et al. (2025) demonstrated, using

volume density and use it to estimate (75°"Y). For a weakly

varying molecular gas scale height (which is the case for the

cosmological simulations of galaxy formation, that the Milky Way; M. Heyer & T. M. Dame 2015), (6% measures
underlying “input” ¢T°' (in their work, the P. Padoan et al. . >\ mol

; . - . the mean density within the beam. It could be possible that this
2012 star formation model was adopted) is challenging to infer mean density estimated at 150 pc scales does not indicate the
observationally. They argued that a mix of cloud evolutionary physical density within clouds or the density measured at
stages (see also K. Grisdale et al. 2019), as well as the time lag

; ¢ smaller scales. For example, this could be the case if the
from the onset of star formation to the resulting tracers of star molecular ISM consists of otherwise identical small clouds that
formation, can wash out correlations with parameters such as

vary in space density across galaxies (a weak version of this

<a$li(r)ud> (see their Figure 4). “universal cloud” view has been popular; e.g., L. Blitz et al.
Despite this caveat, we emphasize that our presented 2007; Y. Fukui & A. Kawamura 2010).

relationships, their normalization, and their levels of scatter Though our common resolution is 150 pc, PHANGS—
should still be viewed as benchmarks that numerical ALMA also represents the largest 120, 90, and 60 pc resolution
simulations should be able to reproduce when our simple survey of CO emission from nearby galaxies. In Appendix B,
methodology is adopted. Additionally, studies of the distribu- we repeat the analysis comparing T(‘i“e‘l’)' to <chllg‘1‘d> and <gf[11‘;‘1’d> at
tion functions of cloud-scale gas properties in PHANGS, each of these higher resolutions. Though the numbers of
including the gas column distribution function (D. Pathak et al. galaxies covered are smaller for these sharper resolutions, they
2024) and beam-by-beam surface density and velocity show trends that are consistent with those we observe at 150 pc
dispersion measurements (J. Sun et al. 2018, 2020b), have resolution data (Appendix B).

found relatively narrow (rms ~0.3-0.4 dex), often lognormal Figure 13 and Table 6 directly compare (£5°09) measured at
distributions of gas properties in each region. Systematic different resolutions in our target regions. The figure shows that
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Figure 13. Surface density measured at £ = 120, 90, and 60 pc resolution
compared to our fiducial £ = 150 pc resolution (see also Table 6). Mass-

weighted region-averaged surface densities measured at all four resolutions
correlate with one another extremely well, showing high correlation

coefficients and little scatter among the ratio of (XM} measured at different

scales. As expected, high-resolution measurements yield modestly higher
surface densities, indicating the presence of beam dilution. But overall, the
comparison shows no evidence for a preferred scale, and supports that our
¢ = 150 pc measurements are reasonable indicators of the physical density.

Appendix B also shows that the T(Tc(;,l vs. gas properties trends observed at high

resolution match our fiducial results.

the physical resolution has a mild effect on the mass-weighted
surface densities, with slightly higher (209} at higher
resolution. This indicates some beam dilution or clumping,
which is expected. Beyond the ratio, (X9%9) at 150pc
correlates stunningly well with (3%} at 120 pc, 90 pc, and
even 60 pc resolution. Although many millimeter astronomers
hold strongly felt opinions about the true size of a molecular
cloud, as far as we are aware, there is no clear evidence for a
specific scale where the surface density traces physical density.
Instead, our £ = 150 pc data provide an outstanding predictor of
the £ = 60 pc (XY despite 6x difference in beam area. This
is in good agreement with previous work examining the scale
dependence of ¥,,; by A. K. Leroy et al. (2016), J. Sun et al.
(2018), and J. Sun et al. (2020b).

An important line of evidence reinforcing this view comes
from millimeter-wave spectroscopic tracers of physical density.
M. J. Gallagher et al. (2018), L. Neumann et al. (2023), and
A. Garcia-Rodriguez et al. (2023) showed that the HCN/CO
ratio measured at ~ kpc scales correlates with (X¢%9) (see also
M. Tafalla et al. 2023). Though the precise density of gas
traced by HCN emission is debated, the HCN/CO ratio should
be sensitive to physical density (M. R. Krumholz &
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Table 6
(x¢loudy and Resolution
Comparison Rank. Corr. Med. log;, Ratio Scatter
(versus £ = 150 pc) (dex) (dex)
¢ =120pc 0.998 0.031 0.016
¢ =90pc 0.99 0.069 0.029
¢ =60pc 0.97 0.13 0.050

Note. Correlation between <Ef,ig‘fd> measured at our fiducial scale, £ = 150 pc
resolution (treated as the x-variable), and measurements using higher-resolution
CO (2-1) data (treated as the y-variable) for regions that meet our selection
criteria (Figure 2) Columns report: the nonparameteric rank correlation
coefficient between (X909 at the two scales; the median log,,y/x ratio,
which captures the amount of beam dilution present; and the scatter in the log,,

ratio. See also Figure 13.

T. A. Thompson 2007; A. K. Leroy et al. 2017b), and
represents one of the most accessible density-sensitive
millimeter-wave line ratios. Reinforcing this view,
M. J. Jiménez-Donaire et al. (2023) and S. K. Stuber et al.
(2023) both showed that HCN/CO correlates well with the
N,H"/CO line ratio, which is widely considered a gold
standard tracer of the dense gas fraction in Milky Way studies.
We refer the reader to E. Schinnerer & A. K. Leroy (2024) for
more discussion.

Together, the consistency of (X¢%%)-based results across
scale and the link between spectroscopic and imaging-based
tracers of density give us confidence that (X%} does trace the
physical gas density distribution in the beam. The fidelity of the
tracer and the correct sub-beam geometry to assume certainly
need more study, and these represent important areas for
follow-up work at higher resolution and simulation-based tests.

We also re-emphasize the point made in Section 3.4. As
demonstrated in J. Sun et al. (2022), the cloud-scale gas
properties vary in a regular way as a function of XX, Y35 | the
rotation curve, and more. Here we observe relationships
between 7'3::‘1’)1, (xcloudy " (peloudy and ("), which all then
correlate with one another and with these larger-scale
conditions. Purely from a data perspective, there is high
covariance between these and many other relevant quantities
(stellar surface density, the dynamical equilibrium pressure,
etc.). 75‘;‘;1 should depend on the small-scale gas properties, so
we expect that the causal relationship likely flows (at least
partially) from small to large scales. But a host of hidden
variables lurk behind all of these plots.

This also means that as ZI;%CI, galactocentric radius, or even
global galaxy properties vary, these cloud-scale gas properties
will also vary. To illustrate this in a parameter space of broad
interest, Figure 14 shows the Y5% — X molecular Kenni-
cutt—Schmidt relation for our target regions (as Figure 3) but
now coloring by the cloud-scale gas properties. These vary in
regular ways across this space, particularly as a function

of ykee

mol*

4.4. The Té‘é‘g—(aﬂg}‘% Anticorrelation

cloud

ep' and (opo1) mirrors the one

relating ng} to (Xoudy - As discussed in Section 3.2, this
anticorrelation would be expected if (1) there is an underlying

anticorrelation between density and 7'{{1;;)1 and (2) clouds show

The anticorrelation between 7,
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Figure 15. Residual molecular gas depletion time, 77!

dep >
cloud
<Umol

indicate a residual of 0, i.e., no trend. This would be expected if the Tdmea’,l vs.

approximately fixed dynamical state. In that case, the line width
reflects the potential and, thus, the density of the molecular gas.
Then, the Tﬁ‘é‘i}—(Eﬁﬁ‘f% and rgg‘;}{af;g‘m relations are
manifestations of the same underlying physical correlation.
To test this view, Figure 15 shows the residual 7'3:;)1 model as a
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) (right panel) of all points within 0.1 dex. The cloud-scale gas properties change in regular ways across Sgm, — S5 space.
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as a function of cloud-scale surface density, (XI%9). We calculate the residual by first predicting 71 from

P
as a function of surface density. The blue lines

vs. (Shat).

dep

) trend expresses the same trend seen for 7'3“;1’,1

function of (X¢4)

cloud after subtracting our best-fit 70— gCloud)

P mol

relation (Table 3). Except at the very highest (X5°09) most of

mol

the Tf}é‘f}—(Z%ﬁ}‘% trend is removed by subtracting the

mol cloud
Tdep O mol > trend.
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This e~ oo ) relation is worth more investigation. (o)
has only a weak dependence on aco (via the weighted average)
and may depend less sensitively on resolution than (3¢%), The
line-width measurement certainly has its own complexities,
however. As shown by J. Henshaw et al. (2025, in preparation)
studying PHANGS-ALMA, the inner parts of galaxies, which
show low 7'{1“6‘;1 also tend to show complex spectral profiles. Our
line-width measurement (effective width) is sensitive to the
integrated width of all components, and it will be interesting to
explore whether other methods (e.g., second moment, Gaussian
model fit) show more or less anticorrelation with 73“6‘;. Extending
the analysis to well-resolved interacting galaxies, which also
tend to show significant spectral complexity (e.g., N. Brunetti
et al. 2021, 2024) will provide another interesting counterpoint.
Because the gas velocity dispersion may be sensitive to physical
conditions even in small, unresolved clouds, this also might offer
an interesting direction to study the fainter, smaller clouds in
outer galaxy disks.

We have emphasized that the (oS%9) should trace the
gravitational potential and produce the sort of anticorrelation
that we see, but the velocity dispersion is often physically
interpreted in other ways that may be related to star formation.
In the context of turbulence-regulated star formation, the
velocity dispersion is often related to the Mach number, which
plays an important role in setting the density distribution
(P. Padoan & A. Nordlund 2002; M. R. Krumholz &
C. F. McKee 2005; C. Federrath & R. S. Klessen 2012,
2013). A variety of bulk motions that should influence the line
width have also been invoked to explain enhanced or
suppressed star formation efficiencies. These include suppres-
sion by streaming motions along spiral arms or bars (e.g.,
S. E. Meidt et al. 2013), star formation induced by cloud
collisions (e.g., Y. Fukui et al. 2021), and star formation
induced by spiral shocks (see extensive discussion in
M. Querejeta et al. 2024).

Perhaps most importantly, Y.-H. Teng et al. (2024) showed
that the observed CO line width also anticorrelates with acqo.
They use the L.-D. Chiang et al. (2024) aco estimates, which also
underpin the emissivity term in the aco prescription that we use
here. Y.-H. Teng et al. (2024) argued that the line width serves as
a proxy for the inverse of the opacity, and that opacity variations
drive a large fraction of the aco emissivity variations. This agrees
well with the spectral line modeling of Y.-H. Teng et al. (2022),
Y.-H. Teng et al. (2023), and J. den Brok et al. (2025). Since the

7'3‘6‘1’)1 variations that we observe depend on our adopted aco
mol

(Section 3.5, Figure 10), our measured 7gep

tion is formally related to the aco — (09%9) correlation of

Y.-H. Teng et al. (2024). It is entirely possible that the line width
both traces the gas density (or another physical parameter related
to the depletion) and drives variations in aco. But at a minimum,
the results of Y.-H. Teng et al. (2024) are important to bear in

mind because they imply a hidden correlation between the Tdme(;)l

— {019} correla-

cloud

and (o501¢) axes.

4.5. The Lack of a Tdme‘;—<a$%?”d> Correlation

Our results disfavor the interpretation that (a$*Y), consider-

ing only self-gravity and measured at 60-150pc scales,
indicates the amount of self-gravitating, likely star-forming

gas. Instead, the regions that show low TB‘L‘; also show high
cloud

(a$2"%) and tend to occur in the inner parts of galaxies. This
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agrees with recent results arguing that the broader galactic
potential, including significant contribution from stellar gravity,
can contribute to the dynamical state of molecular clouds
(S. E. Meidt et al. 2018; L. Liu et al. 2021).

In numerical modeling, V. A. Semenov et al. (2017, 2018,
2021) found that accounting for the dynamical state of
individual parcels of gas is key to reproduce observed Tc'{‘e‘l’)l
and the decorrelation observed between CO and Ha at high
resolution. N. J. Evans et al. (2022) made a similar argument
for Milky Way clouds. It is tempting to ask whether (a$1"%) can
be salvaged by a more sophisticated formulation that includes
information, e.g., on the stellar distribution, rotation curve, or
other gas phases. L. Liu et al. (2021) argued that modeling the
large-scale potential, combined with high-resolution (<10 pe)
CO imaging may offer a chance to assess the dynamical state
on scales that better access the presence of self-gravitating gas.
Similarly, S. E. Meidt et al. (2018) argued that extragalactic
velocity dispersion measurements can be explained by models
that includes the full galactic potential. A. Schruba et al. (2019)
made a similar argument. This may offer a way forward, but
lies beyond the scope of this work.

We also note that the 77! cloud

dep — (o) trend almost disappears
the 7_:lnol cloud> mol
ep

when — (Omol ) OF Tgep — (xcloudy  trends  are
subtracted from the data, similar to Figure 15. Given this, an
explanation or simulation that matches the other two observed
trends will likely capture the impact of dynamical state.

4.6. Next Steps

As we emphasized above, we consider comparison to
numerical simulation a critical next step. PHANGS-ALMA
has now measured cloud-scale gas properties across the local
galaxy population and found regular patterns and links to Tdm;;'.
We have adopted a deliberately simple methodology and
tracked completeness, resolution, and other elements needed to
make a fair comparison. An ideal next step will be to see how
well numerical simulations match the basic distributions in
J. Sun et al. (2018, 2020b; and soon new dust-based results;
e.g., D. Pathak et al. 2024), the correlations with environment
in J. Sun et al. (2022), and the link to T{i‘;‘; seen here.
C. L. Dobbs et al. (2019) showed promising results in this
direction, finding an excellent match between the cloud-scale
gas properties that were measured their dwarf spiral simulation
and the observations of M33 in J. Sun et al. (2018). We are
eager to see future works comparing more simulations with
more representative observational results.

From an observational perspective, ALMA is capable of
pushing similar analysis down to <10 pc resolution over whole
galaxies, but this will require a significant commitment. Still,
this seems like the qualitative leap in resolution needed to
address any ambiguity in the interpretation of (o<l%%) and
(aSudy " Figure 13 and Appendix B suggest that simply
increasing the resolution to £~ 60pc is unlikely to yield
qualitatively different results. Meanwhile, improving the star
formation rate tracer also represents an important next step. We
use the best available option for all of PHANGs—ALMA, which
is a combination of Ha and mid-IR data following F. Belfiore
et al. (2023). But this limits the scales over which we can
measure ’ng)l and still does not match the quality of an IFU-
based Ha+Hp estimate (F. Belfiore et al. 2023). Coverage of
the full sample, e.g., by VLT/MUSE would reduce a lingering
source of uncertainty and allow us to average the data in much
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finer ways, e.g., by constructing averages along likely gas flow
lines (e.g., S. E. Meidt et al. 2015; J. Koda 2021) in more
sharply defined distinct dynamical environments (M. Querejeta
et al. 2021, 2024), and so on. They would also allow us to
examine statistical distributions of matched resolution SFR and
gas tracers rather than relying on region averages for Tc‘}g.

Finally, improved knowledge of aco remains the single
largest uncertainty. The field has made excellent observational
and theoretical progress in this area, improving PDR models,
building simulations with realistic chemistry and radiative
transfer, and constraining line ratio variations, opacity, and
expanding estimates based on independent gas tracers, like
dust. But the uncertainty on aco in any given environment still
dominates the error budget for this entire field.

5. Summary

Using PHANGS-ALMA, we have measured how the
molecular gas depletion time, 7'3;‘;, and the star formation

efficiency per freefall time, e, correlate with cloud-scale gas
properties. Following J. Sun et al. (2022), we break galaxies into
1.5 kpc diameter hexagonal regions, calculate the region-mean

7'3;‘]’31 and ™!, and compare these to the mass-weighted mean

molecular gas surface density ((X°09)), velocity dispersion

(0oudy)  gravitational freefall time ((7§°'Y)), and virial
parameter ((a1%"!); see Table 1). We measure 150 pc cloud-
scale gas properties, ng;l and €T for 841 independent regions
in 67 galaxies. In Appendix B we also construct higher-
resolution data sets where we measure the gas properties at 120,
90, and 60 pc resolution. We find substantially similar results
varying the resolution, and emphasize that spectroscopic results
also indicate that the 150 pc surface density tracks physical
density variations across galaxies (Section 4.3).

In constructing these measurements, the completeness of the
CO data entering the gas property analysis represents an
important consideration. We work only with regions where
>50% of the CO flux is captured by the high-resolution CO
map. For PHANGS-ALMA, this corresponds approximately to
regions with (XS%4) > 20 M pc? (Figure 2). This selection
yields a set of regions that show good dynamic range in large-
scale Elljf(f], Eg%%, and cloud-scale gas properties (Figure 3). As
expected, these regions obey the same large-scale Ygpr — Xinol
(molecular “Kennicutt—Schmidt”) and cloud-scale
(oClowdy _ (yicloudy («“Heyer—Keto”) scalings measured for the
overal PHANGS-ALMA data set (J. Sun et al. 2020b,
2022, 2023).

Analyzing these data, we reach the following main
conclusions:

mol
ff

1. We observe a positive correlation between Tﬁ‘e‘;} and 7ff
(Section 3.1, Figure4, Table 3) as expected if density
plays an important role in setting the rate at which gas
forms stars. This correlation appears stronger after
accounting for galaxy-to-galaxy variations in Tfi"e‘;)l

(Figures 4 and 5). Our best-fit line is shallower than the

ngl’)l oc (75249 relation expected for a fixed efficiency per

freefall time, though we emphasize that the fit parameters
depend on the adopted methodology. Though & has
been estimated for PHANGS-ALMA before (D. Utomo
et al. 2018; J. Sun et al. 2022, 2023; E. Schinnerer &

A. K. Leroy 2024), this result represents the most direct
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. We also observe significant anticorrelations between 7

. We also observe an anticorrelation between T
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evidence for an actual correlation between (7§*") and

Tdme‘;,l in our data set.

mol
dep

and (Efﬁg?% and between Tdme%l and <a§1‘;‘;d> (Figure 6,
Table 3). Because (7§°9) o ((Xowdy-05)  and
(oclondy o (neloud)05 for clouds with fixed dynamical
state (as per Figure 3), correlations with this sense could
all be expected from a single underlying dependence of
Tdme%l on gas volume density. As with Tdme(;)l and (7§°"), the
best-fit slopes that we find show shallower slopes than
expected for Tﬁ“e‘;} oc (7§ and self-gravitating gas. We
consider these measurements more empirically robust and
the best points for direct comparisons with other

observations or simulations.
mol

. The anticorrelation between 7ge;, and (oClowdy (Figure 11,

Table 3, Section 3.2, 4.4) appears interesting because the
x-axis does not rely on aco for the measurement of the
cloud-scale gas properties and may be less sensitive to
resolution than (X%%), This may remove some of the
built-in correlation present in other scaling relations. We

emphasize that this anticorrelation between T('}“e‘; and

(oclovdy will emerge from clouds with relatively uniform

dynamical state with fixed ¢ regardless of any details

related to interstellar turbulence. An important complica-

tion is that (¢%%'9) may also have a significant impact on

aco (Y.-H. Teng et al. 2024), which also affects T(‘,‘é‘])}.

mol

dep and

(aloudy " and the latter should capture the balance of

kinetic and self-gravitational potential energy for the gas
(Figure 7, Table 6). In our measurements, gas that
appears less bound by self-gravity forms stars more
efficiently, which does not match naive physical
expectations. Practically, this reflects that regions with
high mean (o) often occur in the inner parts of
galaxies, where a diffuse, bright molecular medium
bound partially by stellar gravity appears common. These
regions also appear efficient at forming stars. Both results
have significant support from previous studies.

. Our results depend significantly on the adopted treatment

of the CO-to-H, conversion factor, aco (Figure 10,
Table 4, Section 3.5). Specifically, the inclusion or
omission of a term that accounts for enhanced CO
emissivity and excitation in the inner, high surface
density parts of galaxies has a large effect on our
measurements. When such a term is included, the
correlations between T('j“e(;,l, (r§oudy, (sxclondy " and (gclond)
discussed above become apparent. When omitting the
term, we measure correlations with almost the opposite
sense. Including this term represents our best estimate, as
these corrections appear necessary based on extensive
observational and theoretical work. Despite this previous
good work, precise knowledge of aco almost certainly
remains the main obstacle to progress in this field.

. Recasting our results to consider ef as a function of

cloud-scale gas properties, we see almost no correlation

between €' and (X909} or ¢3! and (0<%} (Figure 11,

Table 5). Meanwhile, they appear consistent with a
nearly fixed e °over a relatively wide range of (al"%),
or perhaps even a mild positive correlation between 5}}“’1

and (oY), in contrast to the theoretically expected
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anticorrelation for a turbulent cloud of pure gas. Given

that these relations induce correlated axes without adding

significant information, we suggest the reader view the

measurements comparing T{j“e‘l’,l to cloud-scale gas proper-
ties as a more empirically grounded point of comparison.

7. We present quantitative measurements for each region
that should be easy to compare to simulations or other
samples of galaxies with matched methodology (Table 2).
We implore the community conducting detailed physical
simulations of galaxies to attempt such measurements.
Applying these methods to cases with well-understood
geometry and prescriptions for star formation and stellar
feedback represents an important step that will allow us to
chart next directions for the field. Appendix A suggests a
simple procedure to construct such comparisons.

These results largely agree with those seen in work on
individual galaxies or small samples by A. K. Leroy et al.
(2017a), A. Schruba et al. (2019), and M. Querejeta et al.
(2023), but employing a much larger sample.

Finally, a general conclusion from our analysis is that the
links between cloud-scale gas properties and ngl)jl fit naturally
into the broader picture expected from simple scaling relations
and our knowledge of galaxy structure (Figures9, 14,
Appendix B). After accounting for acp variations, Ta‘;‘; tends
to be shorter in high surface density inner regions of galaxies
(A. K. Leroy et al. 2013; Y.-H. Teng et al. 2024; J. Sun et al.
2023). The cloud-scale (X5%%) and (0<% and (al") also all
tend to be higher in these regions, with (X909} and (gclovd)
generally correlating with one another (J. Sun et al. 2018,
2020b; E. Rosolowsky et al. 2021) and the large-scale surface
density in the galaxy disk (J. Sun et al. 2020a; J. Sun et al.
2022). We thus observe a set of predictable, self-consistent

relationships among T('{‘e(l’)l, (xxcloudy " geloudy “and (7).
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Appendix A
Procedure to Replicate These Measurements for Compar-
ison to Numerical Simulations or Other Observations

We adopt a measurement scheme that can be -easily
implemented to allow rigorous, “apples to apples” comparison
between PHANGS—-ALMA and either numerical simulations or
observations of other samples of galaxies.

1. When working with CO data, we first apply a local best
estimate aico to convert the data into units of molecular
gas mass. In a simulation estimate, the mass in the CO-
bright molecular gas phase is likely to enter our analysis.
CO-bright emission visible to PHANGS-ALMA at
150 pc would be defined as >0.6 Kkms™', or about
3x the typical rms integrated intensity noise.

2. Next, we convolved the CO or simulated molecular gas
data to have a resolution of 150pc (FWHM). We
estimated the surface density, X, and line width, o,
along each line of sight. We then applied inclination
corrections as in J. Sun et al. (2022) to calculate face-on
values of each quantity. In our framework, the line width
is the “effective width” line width as defined in J. Sun
et al. (2022), and references therein. From X604 geloud
and Ryix (=(0*Himo1/ (8 cos i))!/3 with Hypo = 100 pe and £
the resolution, here 150 pc), we calculated «;, and T}’f“’l.

3. Then we divided the target region or galaxy into hexagonal
apertures with diameter 1.5 kpc. Within each aperture, we
calculated the mass-weighted expectation value of X%,
oloud “and % To do this, we select all of the sight lines
in the region and then for quantity X calculated (X)=
Soycloud x /s wcloud I the case of 7!, we calculated the

average via (7§ = (T mol (75 /S Emo) ! s0 that
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for a fixed efficiency per freefall time, ggr=
5}?01 <T§}OUd> Liol-

4. We estimated the molecular gas depletion time by
convolving the gpr and X, maps to 1.5 kpc (FWHM)
resolution. Next, we divided them to estimate T(’j“e‘;l and
sample the map at the center of each region to obtain the

local 7'3};;,1.

5. Then we divided (7§ /75

to estimate the mean star
formation efficiency per freefall time, f}}“’l, in the region.
6. Finally, we selected regions with mass-weighted average
molecular gas surface density (X% > 20 M. pc? to

match our completeness cut.

Appendix B
PHANGS-ALMA at Higher Resolution

In the main text, we present results at £ = 150 pc resolution.
PHANGS-ALMA also represents the largest survey of CO
from galaxies at 120 pc, 90 pc, and 60 pc resolution, though we
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have fewer galaxies at these higher resolutions. Tables 7, 8, and
9 report results that measure cloud-scale properties at these
higher resolutions. We apply the same completeness and
surface density cuts, but work with 1 kpc diameter hexagonal
regions rather than the 1.5 kpc diameter used for the main
results. This is possible because the galaxies with higher
physical resolution are also closer, meaning that our Xggg
estimates (which use lower-resolution WISE data) can reach
1 kpc resolution. Given this, our sample at £ = 120 pc consists
of 966 1 kpc regions in 41 galaxies. At £ =90 pc we have 552
regions in 28 galaxies, and at £ = 60 pc we have 170 regions in

nine galaxies. Figure 16 shows ng;,l as a function of (X¢1oud)
and (0% for each of these resolutions, with our fiducial

results overplotted as a black line. Overall, all three resolutions
show consistent results, though the number of galaxies' centers
with extreme conditions is lower for the smaller samples at
higher linear resolution. Because radial variations in gas
properties drive our dynamic range (Section 3.4), especially
extreme conditions at galaxy centers, the trends are noisier for
these high-resolution data sets.
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Table 7
Measurements for Individual Regions at £ = 120 pc in 1.0 kpc Diameter Regions
Tgé%] F‘UEOI
Galaxy — Radius 7o (jhe Yk i log,M,  log,,SFR (ndlondy (TG (gllowdy (gdlondy  mol - Tomon
kpo) Gy (om) (X)) (M) Moy Mope) My (ms ) (norm.)
m s
IC1954 0.0 0.7 0.51 4.36 57.1 9.7 —-0.4 33.0 8.03 6.9 4.11 0.0115 1.66
I1C1954 1.22 1.44 1.06 6.57 57.1 9.7 —0.4 26.0 9.08 49 2.37 0.0063 0.91
IC1954 1.22 1.27 0.94 6.8 57.1 9.7 —-0.4 37.0 7.82 5.3 2.35 0.0062 0.89
I1C1954 1.31 1.61 1.18 7.05 57.1 9.7 —-0.4 35.0 7.95 52 241 0.0049 0.71
IC1954 1.31 1.55 1.14 7.1 57.1 9.7 —-0.4 30.0 8.69 4.9 2.54 0.0056 0.81
I1C1954 1.74 1.97 145 8.23 57.1 9.7 —-0.4 21.0 10.13 4.1 2.07 0.0051 0.74
1C1954 1.84 1.33 0.98 7.63 57.1 9.7 —-0.4 26.0 9.35 4.6 2.63 0.0071 1.02
IC1954 2.95 1.23 0.91 9.53 57.1 9.7 —0.4 23.0 9.61 44 2.08 0.0078 1.13
1C5273 0.0 0.38 0.51 3.87 52.0 9.7 —-0.3 62.0 6.66 7.6 4.0 0.0177 1.1

Note. This is a stub. The full table is available as part of a machine-readable table. Columns: (1) galaxy name, (2) galactocentric radius, (3) molecular gas depletion
time, (4) molecular gas depletion time normalized to galaxy average, (5) CO (2-1) to H, conversion factor, (6) galaxy inclination, (7) galaxy integrated stellar mass,
(8) galaxy integrated star formation rate, region-averaged mass-weighted molecular gas: (9) surface density, (10) gravitational freefall time, (11) line width, and (12)
virial parameter, (13) star formation efficiency per freefall time, and (14) star formation efficiency per freefall time normalized to galaxy average.

(This table is available in its entirety in machine-readable form in the online article.)

Table 8
Measurements for Individual Regions at £ = 90 pc in 1.0 kpc Diameter Regions
T{lanpl mol
€] él-l-
Galaxy Radius 740 (r39)a oo i logyM, log,SFR (ncloudy - (pgoudy geloudy pdloudy omol - Topen
| pe2 o - - -

kpe)  (Gyn  (om) () () (M) Moyr)  (Mope™)  My)  (kmsT) (norm.)
IC1954 0.0 0.7 0.51 4.36 57.1 9.7 —-04 35.0 7.04 6.2 3.82 0.0101 1.66
IC1954 1.22 1.44 1.06 6.57 57.1 9.7 —04 28.0 7.94 4.5 23 0.0055 0.91
IC1954 1.22 1.27 0.94 6.8 57.1 9.7 —04 38.0 6.92 5.0 2.31 0.0054 0.9
IC1954 1.31 1.61 1.18 7.05 57.1 9.7 —0.4 37.0 7.02 49 2.37 0.0044 0.72
IC1954 1.31 1.55 1.14 7.1 57.1 9.7 —-04 31.0 7.66 4.6 2.39 0.005 0.82
1C1954 1.74 1.97 1.45 8.23 57.1 9.7 —0.4 22.0 8.97 3.7 1.99 0.0046 0.75
IC1954 1.84 1.33 0.98 7.63 57.1 9.7 —04 30.0 7.94 42 2.4 0.006 0.99
IC1954 2.95 1.23 0.91 9.53 57.1 9.7 —0.4 25.0 8.41 4.0 1.94 0.0068 1.13
NGC0628 0.0 1.53 0.56 2.63 8.9 10.3 0.2 22.0 11.62 4.6 6.65 0.0076 1.82

Note. This is a stub. The full table is available as part of a machine-readable table. Columns: (1) galaxy name, (2) galactocentric radius, (3) molecular gas depletion
time, (4) molecular gas depletion time normalized to galaxy average, (5) CO (2-1) to H, conversion factor, (6) galaxy inclination, (7) galaxy integrated stellar mass,
(8) galaxy integrated star formation rate, region-averaged mass-weighted molecular gas: (9) surface density, (10) gravitational freefall time, (11) line width, and (12)
virial parameter, (13) star formation efficiency per freefall time, and (14) star formation efficiency per freefall time normalized to galaxy average.

(This table is available in its entirety in machine-readable form in the online article.)

Table 9
Measurements for Individual Regions at £ = 60 pc in 1.0 kpc Diameter Regions
mol mol
i
Galaxy Radius 749 (7D alg! i logyM, log,SFR (xcloudy  (roudy o pelondypcoudy - omol (emgal
— o - - -

(kpe)  (Gyn  (morm) () () (M) Moyr)  (Mope ) My (kmsT) (norm.)
NGC0628 0.0 1.53 0.55 2.63 8.9 10.3 0.2 24.0 9.07 42 7.21 0.0059 1.95
NGC0628 1.0 2.79 1.0 3.61 8.9 10.3 0.2 28.0 8.5 3.8 4.68 0.0031 1.0
NGC0628 1.0 2.09 0.75 3.51 8.9 10.3 0.2 24.0 8.98 4.0 5.7 0.0043 1.41
NGC0628 1.01 2.18 0.78 3.51 8.9 10.3 0.2 35.0 7.75 4.6 5.55 0.0036 1.17
NGC0628 1.01 2.31 0.83 3.61 8.9 10.3 0.2 27.0 8.66 43 5.26 0.0038 1.23
NGC0628 1.01 2.95 1.06 371 8.9 10.3 0.2 21.0 9.94 35 5.02 0.0034 1.11
NGC0628 1.01 2.24 0.8 3.72 8.9 10.3 0.2 30.0 8.48 44 5.19 0.0038 1.24
NGC0628 1.74 2.67 0.96 4.64 8.9 10.3 0.2 20.0 10.02 33 3.77 0.0038 1.23
NGC0628 1.74 247 0.88 4.67 8.9 10.3 0.2 22.0 9.47 32 4.28 0.0038 1.26

Note. This is a stub. The full table is available as part of a machine-readable table. Columns: (1) galaxy name, (2) galactocentric radius, (3) molecular gas depletion
time, (4) molecular gas depletion time normalized to galaxy average, (5) CO (2-1) to H, conversion factor, (6) galaxy inclination, (7) galaxy integrated stellar mass,
(8) galaxy integrated star formation rate, region-averaged mass-weighted molecular gas: (9) surface density, (10) gravitational freefall time, (11) line width, and (12)
virial parameter, (13) star formation efficiency per freefall time, and (14) star formation efficiency per freefall time normalized to galaxy average.

(This table is available in its entirety in machine-readable form in the online article.)

25


https://doi.org/10.3847/1538-4357/adbcab
https://doi.org/10.3847/1538-4357/adbcab
https://doi.org/10.3847/1538-4357/adbcab

THE ASTROPHYSICAL JOURNAL, 985:14 (28pp)

, 2025 May 20

[yr]

mol

Tde p

logio

L

1
£ =120 pc, 1 kpc region

== Fiducial dataset

m= Med., 16-84% range ||

1.5

2.0

cloud
log 10 <Zmul

2.'5
) [Me pe2]

10.0F

ol [yr]

Tie

¢

logio

1
=90 pc, 1 kpc region

= Fiducial dataset

we= Med., 16-84% range ||

1.5

1
2.0
logm (chnud

'mol

2.5
) Mo pe?]

10.0

[yr]

9.5

mol

rdcp

9.0

logio

8.5

1
¢ = 60 pc, 1 kpc region

=== Fiducial dataset

=== Med., 16-84% range ||

90

1.5

1
2.0

cloud
IOg 10 (Zmol

25
) Mg pe?]

Leroy et al.
T I I 1 |
¢ =120 pc, 1 kpc region
10.0F wm Med., 16-84% range ||
— b~ = Fiducial dataset
=
El_‘%
= -
)
=
1 1 1 L 1
Ll 0.50 0.75 1.00 1.25 1.50
logio {ofet) (kms™']
] L] 1 1 1
=90 pe, 1 kpc region
10.0 w== Med., 16-84% range ||
— l = Fiducial dataset
5 :
— 9.5 = R i -
& =L ;“‘.
8.5F N -
80 1 1 1 1 5 1
0.50 0.75 1.00 1.25 1.50
logio (o5o') [kms™']
I | 1 1 1
{ = 60 pe, 1 kpe region
10.0F == Med., 16-84% range ||
— 0 === Fiducial dataset
=
=5 7
Ep%
E -
)
2
80 1 1 1 1 1
0.50 0.75 1.00 1.25 1.50
logio (ope) kms™']

Figure 16. Molecular gas depletion time as a function of cloud-scale mean (left panel) surface density and (right panel) line width measured for sharper cloud-scale
resolutions than the £ = 150 pc used in the main text, top to bottom ¢ = 120 pc, £ = 90, £ = 60 pc. We show the running median and 16th-84th percentile range for
each quantity in each panel and plot the median trend for the data set used in the main paper (£ = 150 pc over 1.5 kpc regions) in black. The sample of galaxies that
reach a given resolution varies, but overall the same trends are evident at all four resolutions. We provide these higher-resolution, lower sample-size data sets as

additional data products.
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