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ABSTRACT

The processes of star formation and feedback, regulating the cycle of matter between gas and stars on the scales of giant
molecular clouds (GMCs; ~100pc), play a major role in governing galaxy evolution. Measuring the time-scales of GMC
evolution is important to identify and characterize the specific physical mechanisms that drive this transition. By applying a
robust statistical method to high-resolution CO and narrow-band H « imaging from the PHANGS survey, we systematically
measure the evolutionary timeline from molecular clouds to exposed young stellar regions on GMC scales, across the discs of an
unprecedented sample of 54 star-forming main-sequence galaxies (excluding their unresolved centres). We find that clouds live
for about 1—3 GMC turbulence crossing times (5—30 Myr) and are efficiently dispersed by stellar feedback within 1—5 Myr
once the star-forming region becomes partially exposed, resulting in integrated star formation efficiencies of 1—8 per cent. These
ranges reflect physical galaxy-to-galaxy variation. In order to evaluate whether galactic environment influences GMC evolution,
we correlate our measurements with average properties of the GMCs and their local galactic environment. We find several strong
correlations that can be physically understood, revealing a quantitative link between galactic-scale environmental properties and
the small-scale GMC evolution. Notably, the measured CO-visible cloud lifetimes become shorter with decreasing galaxy mass,
mostly due to the increasing presence of CO-dark molecular gas in such environment. Our results represent a first step towards
a comprehensive picture of cloud assembly and dispersal, which requires further extension and refinement with tracers of the
atomic gas, dust, and deeply embedded stars.

Key words: stars: formation —ISM: clouds — ISM: structure — galaxies: ISM — galaxies: star formation.

Theoretical studies of GMCs indicate that their evolution is influ-

1 INTRODUCTION . . . .
enced by various environmentally dependent dynamical properties

Giant molecular clouds (GMCs) are the most important sites for
star formation. The properties of the clouds are set by the large-
scale environment of their host galaxies, directly linking the initial
conditions of star formation to galactic-scale properties (Hughes
et al. 2013; Colombo et al. 2014; Schruba, Kruijssen & Leroy 2019;
Sun et al. 2018, 2020a, b). In turn, the energy, momentum, and
metals deposited by stellar feedback drive the continuous evolution
of the interstellar medium (ISM) in general (e.g. Krumholz 2014).
The characterization of the evolutionary time-scales from molecular
cloud assembly to star formation, and to young stellar regions
devoid of cold gas provides important insights into which physical
mechanisms regulate this multi-scale cycle, and is therefore crucial
to understanding the evolution of galaxies.

* E-mail: kim@uni-heidelberg.de

such as gravitational collapse of the ISM, collisions between clouds,
epicyclic motions, galactic shear, and large-scale gas streaming mo-
tions (Dobbs & Pringle 2013; Dobbs, Pringle & Duarte-Cabral 2015;
Meidt et al. 2013, 2018, 2020; Jeffreson & Kruijssen 2018; Jeffreson
et al. 2020, 2021; Tress et al. 2020, 2021). During recent decades,
growing cloud-scale observational evidence, revealing a spatial
decorrelation between molecular gas and young stellar regions,
points towards a view of GMCs as transient objects that are dispersed
within a free-fall or dynamical time-scale (10—30 Myr) by violent
feedback from young massive stars (Elmegreen 2000; Engargiola
et al. 2003; Blitz et al. 2007; Kawamura et al. 2009; Onodera et al.
2010; Schruba et al. 2010; Miura et al. 2012; Meidt et al. 2015;
Corbelli et al. 2017; Kruijssen et al. 2019b; Schinnerer et al. 2019;
Chevance et al. 2020a, b; Barnes et al. 2020; Kim et al. 2021a; Pan
et al. 2022). This contradicts a conventional view where GMCs are
considered to represent quasi-equilibrium structures that survive over
a large fraction of a galactic rotation period (Scoville & Hersh 1979).
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Molecular cloud lifecycle in 54 PHANGS galaxies

Despite these previous efforts, it has been challenging to un-
derstand what determines the evolutionary time-scales of cloud
assembly, star formation, and cloud dispersal due to the limited
range of galactic properties and ISM conditions probed so far.
Now, the dynamic range of environments that can be investigated
at required cloud-scale resolution has been significantly widened
thanks to PHANGS,! which has mapped '?CO(J = 2—1) emission
with the Atacama Large Millimeter/submillimeter Array (ALMA)
at cloud-scale resolution across 90 star-forming main-sequence
galaxies (Leroy et al. 2021b). In addition, subsets of these galaxies
have been targeted by observations at various other wavelengths
including radio (PHANGS-VLA; Sardone et al. in preparation),
mid-/near-infrared (Leroy et al. 2019), optical (PHANGS-HST; Lee
et al. 2022, PHANGS-MUSE; Emsellem et al. 2022, PHANGS-
H «o; Razza et al. in preparation), and near-/far-ultraviolet (Leroy
et al. 2019). These observations reveal that the GMC populations
of nearby galaxies, with molecular gas surface densities spanning
3.4 dex (Sun et al. 2020b), reside in diverse galactic environments
covering a substantial range of local galaxy properties such as gas and
stellar mass surface densities, orbital velocities, and shear parameters
(Sun et al. 2022).

Onodera et al. (2010) and Schruba et al. (2010) first quantified
the spatial decorrelation of gas and young stellar regions observed at
small scales in the Local Group galaxy M33. Kruijssen & Longmore
(2014) and Kruijssen et al. (2018) developed a statistical method
that translates the observed scale dependence of this spatial decor-
relation between gas and young stellar regions into their underlying
evolutionary timeline, ranging from cloud assembly to subsequent
star formation and cloud dispersal, and finally to young stellar
regions free of molecular gas. This method has utilized CO and
H o observations of nearby galaxies to characterize the evolutionary
timeline between quiescent molecular gas to exposed young stellar
regions for 15 galaxies (Kruijssen et al. 2019b; Chevance et al. 2020b;
Zabel et al. 2020; Kim et al. 2021a; Ward et al. 2022). So far, these
measurements of time-scales, have been limited to a small number
of galaxies due to the lack of CO imaging of star-forming discs
at cloud-scale resolution and the fact that our method requires us
to resolve at least the separation length between independent star-
forming regions (100—300 pc). These previous studies did not allow
us to identify the key environmental factors and cloud properties (e.g.
total, gas, molecular gas surface densities, and masses) responsible
for setting these time-scales.

The first application of this method to a subset of nine PHANGS
galaxies by Chevance et al. (2020b) revealed that the time-scale for
GMC survival is 10—30 Myr, agreeing well with the Local Group
measurements by Fukui et al. (2008), Kawamura et al. (2009), and
Corbelli et al. (2017), using a different methodology. Chevance
et al. (2020b) also found that at high molecular gas surface density
(with kpc-scale molecular gas surface density By, > 8 Mg pc~2), the
measured cloud lifetime is consistent with being set by large-scale
dynamical processes, such as large-scale gravitational collapse and
galactic shear. In the low surface density regime (S5, < 8 Mg pe2),
time-scales associated with internal dynamical processes, such as
the free-fall and crossing times, govern the cloud lifetime. The
duration over which CO and H « emission overlap is found to be
short (1—5Myr), indicating that pre-supernova feedback, such as
photoionization and stellar winds, plays a key role for molecular
cloud disruption. This method also has been applied to other

The Physics at High Angular resolution in Nearby GalaxieS project: http:
/Iphangs.org.
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wavelengths. Ward et al. (2020) used HI data to infer a duration of
~50 Myr for the atomic gas cloud lifetime in the LMC. For six nearby
galaxies, Kim et al. (2021a) incorporated Spitzer 24 m observations
to measure the time-scale of the heavily obscured star formation,
which is missed when using H « only, due to attenuation provided
by surrounding gas and dust. The measured duration for the heavily
obscured star formation is 1—4 Myr, constituting 10—25 per cent of
the cloud lifetime.

In this paper, we greatly increase the number of main-sequence
galaxies analysed by this statistical method from nine considered by
Chevance et al. (2020b) to 54 galaxies here. We capitalize on our
CO observations from PHANGS-ALMA (Leroy et al. 2021b) and a
new, large narrow-band H « survey by Razza et al. (in preparation;
PHANGS-H «). By applying our analysis to these galaxies, we
systematically obtain the evolutionary sequence of GMCs from a
quiescent molecular cloud phase to feedback dispersal phase, and
finally to gas-free H 11 region phase. This statistically representative
PHANGS sample covers a large range of galactic properties (~2 dex
in stellar mass) and morphologies. It enables us to quantitatively
study the connection between the small-scale evolutionary cycle of
molecular clouds and galactic-scale environmental properties.

The structure of the paper is as follows. In Section 2, we summarize
the observational data used in our analysis. In Section 3, we describe
the statistical method used here and the associated main input param-
eters. In Section 4, we present the inferred cloud lifetime, the duration
for which CO and H « emission coincide, the mean separation length
between star-forming regions undergoing independent evolution, as
well as several other quantities derived from our measurements. In
Section 5, we explore how these time-scales vary with galactic and
average GMC properties. We also compare them with theoretical
values. Lastly, we present our conclusions in Section 6.

2 OBSERVATIONAL DATA

2.1 Descriptions of CO and H « emission maps

PHANGS has constructed a multiwavelength data base at GMC-
scale resolution (~100 pc), covering most of the nearby (<20 Mpc),
ALMA accessible, star-forming galaxies (M, = 10°3—10" M)
lying around the main sequence (see Leroy et al. 2021b). In this
paper, we focus on the galaxies where both 2CO(J = 2-1),
denoted as CO(2-1) in the following, and ground-based continuum-
subtracted H o observations are available. This results in a sample
of 64 galaxies. For a robust application of our statistical method,
we need a minimum of 35 identified emission peaks in each map
(Kruijssen et al. 2018). This requirement made us remove 10
galaxies (IC 5332, NGC 1317, NGC 2566, NGC 2775, NGC 3626,
NGC 4207, NGC 4293, NGC 4424, NGC 4457, NGC 4694), as they
do not have enough peaks identified in either the CO or H & map.? In
the end, our final sample consists of 54 galaxies and their physical and
observational properties are listed in Table 1. In the next paragraphs,
we briefly summarize the main features of the PHANGS-ALMA
(CO(2-1)) and PHANGS-H « data sets.

In order to trace the molecular gas, we use the PHANGS-ALMA
survey, which has mapped the CO(2-1) emission in the star-forming
part of the disc across 90 galaxies. Full descriptions of the sample

2Most of these galaxies have centrally concentrated star formation making it
hard to distinguish emission peaks. Excluding these galaxies does not bias
our galaxy sample in terms of stellar mass, as they seem to be distributed
evenly across the observed range (see Fig. 6).

MNRAS 516, 3006-3028 (2022)
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Table 1. Physical and observational properties of our galaxy sample.

(a) (b) () () (e (® (€9) (h) @

GalaxY M*, global SFRglobal MHI, global Mﬂz,global AMS Dist. Incl. PA Hubble

(logioMg)  (logio Moyr™)  (logioMe)  (logio M) (Mpc) (deg) (deg) Type
IC1954 9.7 —-04 8.8 8.7 —0.04 12.8 57.1 63.4 33
1C5273 9.7 —-0.3 9.0 8.6 0.09 14.18 52.0 234.1 5.6
NGC 0628 10.3 0.2 9.7 9.4 0.18 9.84 8.9 20.7 5.2
NGC 0685 10.1 —-04 9.6 8.8 —0.25 19.94 23.0 100.9 54
NGC 1087 9.9 0.1 9.1 9.2 0.33 15.85 429 359.1 5.2
NGC 1097 10.8 0.7 9.6 9.7 0.33 13.58 48.6 122.4 33
NGC 1300 10.6 0.1 9.4 9.4 —0.18 18.99 31.8 278.0 4.0
NGC 1365 11.0 1.2 9.9 10.3 0.72 19.57 55.4 201.1 32
NGC 1385 10.0 0.3 9.2 9.2 0.50 17.22 44.0 181.3 5.9
NGC 1433 10.9 0.1 9.4 9.3 -0.36 18.63 28.6 199.7 1.5
NGC 1511 9.9 0.4 9.6 9.2 0.59 15.28 72.7 297.0 2.0
NGC 1512 10.7 0.1 9.9 9.1 —0.21 18.83 42.5 261.9 1.2
NGC 1546 10.4 —-0.1 8.7 9.3 —0.15 17.69 70.3 147.8 -0.4
NGC 1559 10.4 0.6 9.5 9.6 0.50 19.44 65.4 244.5 5.9
NGC 1566 10.8 0.7 9.8 9.7 0.29 17.69 29.5 214.7 4.0
NGC 1672 10.7 0.9 10.2 9.9 0.56 19.4 42.6 134.3 33
NGC 1792 10.6 0.6 9.2 9.8 0.32 16.2 65.1 318.9 4.0
NGC 1809 9.8 0.8 9.6 9.0 1.08 19.95 57.6 138.2 5.0
NGC 2090 10.0 -0.4 9.4 8.7 —-0.25 11.75 64.5 192.46 4.5
NGC 2283 9.9 -0.3 9.7 8.6 —0.04 13.68 43.7 —4.1 5.9
NGC 2835 10.0 0.1 9.5 8.8 0.26 12.22 413 1.0 5.0
NGC 2997 10.7 0.6 9.9 9.8 0.31 14.06 33.0 108.1 5.1
NGC 3059 10.4 0.4 9.7 9.4 0.29 20.23 294 —14.8 4.0
NGC 3351 10.4 0.1 8.9 9.1 0.05 9.96 45.1 193.2 3.1
NGC 3507 10.4 —-0.0 9.3 9.3 —0.10 23.55 21.7 55.8 3.1
NGC 3511 10.0 —-0.1 9.4 9.0 0.06 13.94 75.1 256.8 5.1
NGC 3596 9.7 —-0.5 8.9 8.7 —0.12 11.3 25.1 78.4 5.2
NGC 3627 10.8 0.6 9.1 9.8 0.19 11.32 57.3 173.1 3.1
NGC 4254 10.4 0.5 9.5 9.9 0.37 13.1 344 68.1 5.2
NGC 4298 10.0 —-0.3 8.9 9.2 —0.18 14.92 59.2 313.9 5.1
NGC 4303 10.5 0.7 9.7 9.9 0.54 16.99 23.5 312.4 4.0
NGC 4321 10.7 0.6 9.4 9.9 0.21 15.21 38.5 156.2 4.0
NGC 4496A 9.5 -0.2 9.2 8.6 0.28 14.86 53.8 51.1 74
NGC 4535 10.5 0.3 9.6 9.6 0.14 15.77 44.7 179.7 5.0
NGC 4540 9.8 —-0.8 8.4 8.6 —0.46 15.76 28.7 12.8 6.2
NGC 4548 10.7 —-0.3 8.8 9.2 —0.58 16.22 38.3 138.0 3.1
NGC 4569 10.8 0.1 8.8 9.7 —0.26 15.76 70.0 18.0 24
NGC 4571 10.1 —-0.5 8.7 8.9 —0.43 14.9 32.7 217.5 6.4
NGC 4654 10.6 0.6 9.8 9.7 0.36 21.98 55.6 123.2 5.9
NGC 4689 10.2 —-04 8.5 9.1 —0.37 15.0 38.7 164.1 4.7
NGC 4731 9.5 —-0.2 9.4 8.6 0.30 13.28 64.0 255.4 5.9
NGC 4781 9.6 —-0.3 8.9 8.8 0.09 11.31 59.0 290.0 7.0
NGC 4941 10.2 —-04 8.5 8.7 —0.30 15.0 53.4 202.2 2.1
NGC 4951 9.8 —-0.5 9.2 8.6 —0.14 15.0 70.2 91.2 6.0
NGC 5042 9.9 —-0.2 9.3 8.8 0.01 16.78 494 190.6 5.0
NGC 5068 9.4 —-0.6 8.8 8.4 0.02 52 35.7 342.4 6.0
NGC 5134 10.4 —-0.3 8.9 8.8 —0.45 19.92 22.7 311.6 2.9
NGC 5248 10.4 0.4 9.5 9.7 0.25 14.87 47.4 109.2 4.0
NGC 5530 10.1 —-0.5 9.1 8.9 —0.37 12.27 61.9 305.4 4.2
NGC 5643 10.3 0.4 9.1 9.4 0.36 12.68 29.9 318.7 5.0
NGC 6300 10.5 0.3 9.1 9.3 0.13 11.58 49.6 105.4 3.1
NGC 6744 10.7 0.4 10.3 9.5 0.06 9.39 52.7 14.0 4.0
NGC 7456 9.6 —-04 9.3 9.3 —0.02 15.7 67.3 16.0 6.0
NGC 7496 10.0 0.4 9.1 9.3 0.53 18.72 35.9 193.7 3.2

Note. (a) and (b) Stellar mass and global SFR (Leroy et al. 2021b). (c) Atomic gas mass from Lyon-Meudon Extragalactic Database
(LEDA). (d) Aperture corrected total molecular gas mass from PHANGS—-ALMA observations (Leroy et al. 2021a). (e) Offset from
the star-forming main sequence (Leroy et al. 2021b). (f) Distance (Anand et al. 2021). (g) and (h) Inclination and Position angle (Lang
et al. 2020). (i) Hubble type from LEDA.

MNRAS 516, 3006-3028 (2022)
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Molecular cloud lifecycle in 54 PHANGS galaxies

and the survey design are presented in Leroy et al. (2021b). Detailed
information about the image production process can be found in
Leroy et al. (2021a). The observations were carried out using 12 m,
7 m, and total power antennas of the ALMA. The resulting maps
have a resolution of ~1 arcsec, which translates into a physical scale
of ~25-200 pc for the galaxies considered here. We use the first
public release version of moment-0 maps generated with an inclusive
signal masking scheme to ensure a high detection completeness
(the ‘broad’ masking scheme; see Leroy et al. 2021a) at native
resolution. The typical 1o surface density sensitivity of these broad
maps is Tn, ~ 5.8 Mg pc~? (assuming the Galactic CO(1-0)-to-H,
conversion factor of 4.35Mg pc2(Kkms~!)~! and a CO(2-1)-to-
CO(1-0) ratio of 0.65; Leroy et al. 2013; Den Brok et al. 2021; Leroy
et al. 2022).

To trace the star formation rate (SFR), we use the continuum-
subtracted narrow-band H « imaging from PHANGS-Ha (Prelimi-
nary version; Razza et al. in preparation). We assume that all the H o
emission originates from the gas ionized by young, massive stars,
ignoring the contributions from other sources such as supernova
remnants and planetary nebulae. For the 19 galaxies in PHANGS—
H « that were also surveyed by PHANGS-MUSE (Emsellem et al.
2022), we can use measurements of other diagnostic lines (e.g.
[N 11], [O m1]) to quantify the fraction of H o emission originating
from H1I regions as a function of galactocentric radius. Using the
nebula catalogue introduced in Santoro et al. (2022) and described in
more detail in Groves et al. (in preparation), we find that more than
80 per cent of the H o emission from discrete sources comes from H 11
regions, except for in a few galactic centres, which are not included in
our analysis. This calculation does not account for H o emission from
the diffuse ionized gas (DIG), but Belfiore et al. (2022) demonstrate
that the majority of this emission also originates from young stars,
and in any case this diffuse emission is largely filtered out of our maps
by the Fourier filtering described in Section 3. The PHANGS-H «
sample consists of 65 galaxies, of which 36 galaxies were observed
by the du Pont 2.5-m telescope at the Las Campanas Observatory,
and 32 galaxies by the Wide Field Imager (WFI) instrument at the
MPG-ESO 2.2-m telescope at the La Silla Observatory, including
three galaxies that overlap with the du Pont 2.5-m telescope targets.
For the overlapping galaxies, we use the observations with the best
angular resolution. NGC 1097 is not included in PHANGS-H « and
therefore we use the H & map from SINGS (Kennicutt et al. 2003).
This observation was carried out using the CTIO 1.5m telescope
with the CFCCD imager. For all the galaxies, a correction for the
Milky Way dust extinction is applied following Schlafly & Finkbeiner
(2011) and an extinction curve with Ry = 3.1 (Fitzpatrick 1999). We
note that we do not correct for internal extinction caused by gas and
dust surrounding the young stars in these H o maps. In Haydon et al.
(2020a), we have addressed the potential impact of internal extinction
on our time-scale measurements, finding that it is negligible for kpc-
scale molecular gas surface densities below 20 Mg, pc~2. Most of the
galaxies fall below this threshold (see Fig. 6). However, for those
with higher molecular gas surface densities, extinction may decrease
the measured molecular cloud lifetimes and feedback time-scales.
We remove the contamination due to the [N 11] lines by assuming
an intensity ratio /(N 1)//(Ha) = 0.3 (Kreckel et al. 2016, 2019;
Santoro et al. 2022). This correction factor for [N II] contamination
is known to vary with galaxy mass, as well as within a galaxy
with a large-scale metallicity gradient. We note that galaxy-to-galaxy
variations do not affect our time-scale measurements, because we use
the ratio between the flux on GMC scales and the galactic average
when constraining the time-scales and this correction factor cancels
out. By contrast, variations within a galaxy can potentially affect the
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measured deviations of flux ratios and thus the inferred time-scales.
However, we expect this effect to be small as long as a random
distribution of peaks in terms of radial distances can be assumed,
such that any variations in [NII] correction average out. The typical
resolution of the H o maps is ~1 arcsec. Razza et al. (in preparation)
have measured the size of the point spread function (PSF) for each
image and find that it is close enough to be approximated as Gaussian.
For more detailed information about the image reduction process, we
refer readers to the survey paper by Razza et al. (in preparation) and
our previous papers using a subset of the same data set (Schinnerer
et al. 2019; Chevance et al. 2020b; Pan et al. 2022).

2.2 Homogenization of maps to common pixel grid and
masking

In our analysis, we require gas and SFR tracer maps of a given galaxy
to have the same pixel grid. Therefore, for each galaxy, we reproject
both gas and SFR tracer images to share a common astrometric grid,
choosing to work with the astrometry of whichever image has the
coarser pixel size. When the map that is being transformed has a
finer resolution than the reference map, we first convolve the map
with a Gaussian kernel to the resolution of the reference map to
avoid introducing artifacts. If the map being reprojected already has
a coarser resolution, no additional step is performed at this stage and
both maps will be convolved to similar resolutions at a later stage
during the analysis. This working resolution for each galaxy is listed
as lyp min in Table 2. This implies that we do not homogenize the
resolution across the survey but work at the best available resolution.

Due to the limited field of view of the CO maps, we restrict our
analysis to regions where CO observations have been made. For
most galaxies, we mask the galaxy centre because these regions
are crowded and we cannot separate distinct regions at our working
resolution. The radius of the galactic centre mask is listed in Table 2.
Following the prescription by Kim et al. (2021a), we also mask some
of very bright molecular gas or SFR tracer peaks identified within
a galaxy. This is necessary because our method utilizes small-scale
variation of the gas-to-SFR flux ratios to constrain the evolutionary
timeline and implicitly assumes that this timeline is well-sampled
by the ensemble of gas and SFR peaks identified. Therefore, by
construction, bright peaks constituting a significant fraction of the
total flux might bias our results (also see Kruijssen et al. 2018).
In our previous work (Chevance et al. 2020b; Kim et al. 2021a),
these regions were found to correspond to super-luminous regions
like 30 Doradus in the LMC, or regions located at the intersection of
a spiral arm and the co-rotation radius (e.g. the headlight cloud in
NGC 0628, Herrera et al. 2020). In order to find these potential overly
bright regions, we first sort the peaks that are identified within our
method using CLUMPFIND (see Section 3), by descending intensity.
Then, we look for any gaps, which we define to exist when the n®
peak is more than twice as bright as the (n 4+ 1) peak. Whenever
such a gap is found, we mask all the peaks that are brighter than the
(n + 1)™ brightest peak. This typically results in a maximum of three
masked peaks in any particular galaxy.

3 METHOD

In this section, we provide a brief description of our analysis method
(formalized in the HEISENBERG® code) and explain the main input
parameters used. A detailed explanation of the concept can be found

3https://github.com/mustang-project/Heisenberg
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Table 2. Main input parameters used in our analysis of each galaxy. Other parameters not listed here are set to the default value from Kruijssen et al. (2018).

Galaxy Fmin lap, min lap, max Nap Npix,min ~ AlogjgFco dlogioFco AlogioFHa 310210 FHa Iref Iref, errmin  Iref, errmax SFR a(SFR) logig @co  Orell@co)  m
(kpe) (po) (pc) (Myr) Myr) My Moy Meyr!)
IC1954 03 132 3000 15 7 20 0.05 25 0.05 4.32 0.23 0.09 0.29 0.06 0.83 0.5 14
1C5273 0.8 154 3000 15 6 2.0 0.05 25 0.05 4.32 0.23 0.09 0.37 0.07 0.83 0.5 12
NGC 0628 0.7 54 3000 15 20 1.4 0.10 2.8 0.10 4.28 0.22 0.08 0.76 0.15 0.76 0.5 13
NGC 0685 0.0 170 3000 15 10 2.0 0.05 3.0 0.05 4.32 0.23 0.09 0.42 0.08 0.82 0.5 13
NGC 1087 0.5 144 3000 15 20 1.5 0.10 3.0 0.05 4.31 0.23 0.09 1.02 0.20 0.80 0.5 13
NGC 1097 19 137 3000 15 7 2.1 0.05 2.1 0.05 4.24 0.22 0.07 1.03 0.21 0.67 0.5 14
NGC 1300 2.7 123 3000 15 8 1.5 0.05 1.8 0.05 4.22 0.21 0.06 0.67 0.13 0.64 0.5 11
NGC 1365 5.4 174 3000 15 9 2.7 0.05 25 0.05 4.25 0.22 0.07 1.17 0.23 0.69 0.5 13
NGC 1385 0.0 125 3000 15 5 1.7 0.05 3.0 0.05 4.29 0.23 0.08 1.82 0.36 0.77 0.5 14
NGC 1433 34 110 3000 15 10 1.9 0.05 1.8 0.05 4.23 0.22 0.06 0.45 0.09 0.65 0.5 12
NGC 1511 03 196 6000 15 15 1.8 0.05 3.0 0.05 433 0.23 0.09 1.52 0.30 0.84 0.5 12
NGC 1512 4.0 110 3000 15 8 1.2 0.05 2.0 0.05 4.24 0.22 0.07 0.32 0.06 0.68 0.5 11
NGC 1546 04 217 3000 15 3 22 0.05 3.0 0.05 4.29 0.22 0.08 0.61 0.12 0.76 0.5 15
NGC 1559 0.0 201 6000 15 8 2.8 0.05 23 0.15 4.29 0.23 0.08 4.12 0.82 0.78 0.5 13
NGC 1566 0.5 115 3000 15 5 1.8 0.05 2.6 0.05 4.25 0.22 0.07 3.02 0.60 0.69 0.5 12
NGC 1672 2.7 212 3000 15 10 1.9 0.03 3.0 0.10 4.26 0.22 0.07 2.09 0.42 0.72 0.5 14
NGC 1792 15 233 3000 15 7 1.8 0.05 25 0.05 4.27 0.22 0.08 2.90 0.58 0.73 0.5 14
NGC 1809 0.0 186 6000 15 6 20 0.05 3.0 0.05 4.33 0.23 0.09 0.18 0.04 0.84 0.5 13
NGC 2090 0.7 112 3000 15 10 20 0.05 25 0.05 4.32 0.23 0.09 0.15 0.03 0.83 0.5 12
NGC 2283 0.0 102 3000 15 17 1.4 0.05 3.0 0.05 4.35 0.22 0.09 0.49 0.10 0.88 0.5 13
NGC 2835 0.0 74 3000 15 15 1.2 0.05 3.0 0.05 4.32 0.23 0.09 0.39 0.08 0.83 0.5 12
NGC 2997 2.0 132 3000 15 30 1.8 0.05 2.8 0.05 4.25 0.22 0.07 2.61 0.52 0.68 0.5 12
NGC 3059 0.8 150 5000 15 20 2.0 0.05 35 0.05 4.28 0.22 0.08 1.33 0.27 0.75 0.5 10
NGC 3351 2.0 84 3000 15 12 1.8 0.05 2.8 0.05 4.25 0.22 0.07 0.20 0.04 0.69 0.5 12
NGC 3507 2.0 176 7000 15 7 1.8 0.05 3.0 0.10 4.25 0.22 0.07 0.60 0.12 0.70 0.5 12
NGC 3511 0.8 240 6000 15 6 2.0 0.05 25 0.05 4.33 0.23 0.09 0.66 0.13 0.84 0.5 13
NGC 3596 0.3 75 3000 15 10 2.0 0.05 35 0.10 4.38 0.22 0.08 0.23 0.05 0.93 0.5 14
NGC 3627 1.1 121 3000 15 12 32 0.10 3.1 0.10 425 0.22 0.07 2.71 0.54 0.70 0.5 13
NGC 4254 0.2 125 3000 15 12 2.0 0.05 35 0.05 427 0.22 0.08 2.62 0.52 0.74 0.5 13
NGC 4298 0.6 160 3000 15 7 25 0.05 35 0.05 429 0.23 0.08 0.38 0.08 0.77 0.5 14
NGC 4303 12 156 3000 15 5 1.6 0.10 25 0.05 4.24 0.22 0.07 3.61 0.72 0.68 0.5 13
NGC 4321 1.0 139 3000 15 10 1.6 0.15 1.6 0.25 4.24 0.22 0.07 220 0.44 0.68 0.5 12
NGC 4496A 0.0 118 3000 15 10 25 0.05 3.0 0.05 4.36 0.22 0.09 0.18 0.04 0.90 0.5 12
NGC 4535 3.0 141 7200 15 10 25 0.05 2.7 0.10 4.24 0.22 0.07 0.76 0.15 0.67 0.5 12
NGC 4540 0.0 112 3000 15 3 3.0 0.05 3.0 0.05 4.33 0.23 0.09 0.14 0.03 0.85 0.5 14
NGC 4548 1.4 150 3000 15 8 1.8 0.05 25 0.05 4.24 0.22 0.07 0.22 0.04 0.67 0.5 14
NGC 4569 1.6 220 5000 15 3 1.4 0.03 20 0.03 4.23 0.21 0.06 0.68 0.14 0.65 0.5 13
NGC 4571 0.4 128 3000 15 7 20 0.05 3.0 0.40 4.30 0.23 0.08 0.17 0.03 0.78 0.5 12
NGC 4654 2.1 243 5000 15 15 2.0 0.05 32 0.05 4.28 0.06 0.32 2.31 0.46 0.74 0.5 12
NGC 4689 1.7 111 3000 15 15 1.4 0.05 3.0 0.05 4.27 0.22 0.08 0.41 0.08 0.74 0.5 13
NGC 4731 0.0 149 3000 15 5 25 0.16 25 0.05 4.36 0.22 0.09 0.19 0.04 0.90 0.5 13
NGC 4781 0.0 100 3000 15 15 1.8 0.05 1.6 0.05 4.32 0.23 0.09 0.40 0.08 0.83 0.5 12
NGC 4941 14 149 3000 15 10 1.6 0.05 25 0.05 4.28 0.22 0.08 0.13 0.03 0.75 0.5 12
NGC 4951 0.5 167 5000 15 10 2.0 0.05 24 0.05 434 0.23 0.09 0.17 0.03 0.86 0.5 12
NGC 5042 0.7 134 3000 15 10 25 0.10 25 0.05 4.36 0.22 0.09 0.22 0.04 0.89 0.5 12
NGC 5068 0.0 32 3000 15 40 1.6 0.30 34 0.10 443 0.21 0.08 0.18 0.04 1.03 0.5 10
NGC 5134 1.2 124 3000 15 10 1.3 0.05 34 0.05 428 0.22 0.08 0.30 0.06 0.75 0.5 12
NGC 5248 12 113 3000 15 10 20 0.10 24 0.03 4.27 0.22 0.08 1.35 0.27 0.74 0.5 13
NGC 5530 0.0 105 3000 15 15 1.6 0.05 20 0.05 4.30 0.23 0.08 0.33 0.07 0.79 0.5 10
NGC 5643 1.1 86 3000 15 15 1.4 0.10 25 0.10 4.26 0.22 0.07 1.11 0.22 0.72 0.5 11
NGC 6300 1.7 85 3000 15 15 1.2 0.15 22 0.05 4.25 0.22 0.07 0.63 0.13 0.69 0.5 13
NGC 6744 3.0 78 3000 15 10 1.4 0.05 2.6 0.30 4.28 0.22 0.08 0.49 0.10 0.75 0.5 12
NGC 7456 0.0 206 5000 15 3 4.0 0.05 35 0.05 4.48 0.20 0.07 0.10 0.02 1.12 0.5 11
NGC 7496 13 169 5000 15 5 3.0 0.05 32 0.05 4.27 0.22 0.08 0.53 0.11 0.73 0.5 13

in Kruijssen & Longmore (2014), the presentation and validation of
the code and a full description of its input parameters in Kruijssen
et al. (2018), and applications of the method to observed galaxies
in Kruijssen et al. (2019b), Chevance et al. (2020b, 2022), Haydon
et al. (2020a), Ward et al. (2020), Zabel et al. (2020), and Kim et al.
(2021a).

Our method makes use of the observational fact that galaxies are
composed of numerous GMCs and star-forming regions, which are
spatially decorrelated at small scale while being tightly correlated
on galactic scale, defining the well-known ‘star formation relation’
(e.g. Kennicutt 1998). This decorrelation was first pointed out
by Schruba et al. (2010), and is inevitable if the CO and H «-
emitting phases represent temporally distinct stages of the GMC
lifecycle (Kruijssen & Longmore 2014): the GMCs and star-forming
regions represent instantaneous manifestations of individual regions
undergoing independent evolution, during which molecular clouds
assemble, form stars, and get disrupted by stellar feedback, only
leaving young stellar regions to be detected without molecular gas.

In order to translate this observed decorrelation between gas
and young stars into their evolutionary lifecycle, we first identify
emission peaks in gas and SFR tracer maps using CLUMPFIND
(Williams, de Geus & Blitz 1994). This algorithm finds peaks by
contouring the data for a set of flux levels, which are spaced by an
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interval of §log;oF and are spread over a flux range (Alogo.F) below
the maximum flux level. We then reject peaks that contain less than
Npix, min Pixels. Around each identified peak, we then place apertures
of various sizes ranging from cloud scales (/4p, min) to galactic scales
(lap, max) and measure the relative changes of the gas-to-SFR tracer
flux ratio, compared to the galactic average, at each given aperture
size. We set the number of aperture sizes to be N,, = 15.

We then fit an analytical function (see section 3.2.11 of Kruijssen
et al. 2018) to the measured flux ratios, which assumes that the
measured flux ratios reflect the superposition of independently evolv-
ing regions and depend on the relative durations of the successive
phases of the cloud and star formation timeline, as well as on
the typical separation length between independent regions (A). The
absolute durations of the successive phases are obtained by scaling
the resulting constraints on time-scale ratios by a reference time-
scale (#.f). Here, we use the duration of the isolated H « emitting
phase as ff (= 4.3Myr). This value is appropriate for a delta-
function star formation history and thus does not correspond to the
full duration of the H o emitting phase if the age spread is non-
zero (which is accounted for, see below). This 7. is dependent on
metallicity and listed for each galaxy in Table 2, and was calibrated by
Haydon et al. (2020a,b) using the stellar population synthesis model
SLUG2 (Da Silva, Fumagalli & Krumholz 2012, 2014; Krumholz
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et al. 2015). Therefore, our fitted model is described by three
independent non-degenerate parameters: the cloud lifetime (7co),
the phase during which both molecular gas and SFR tracers overlap
(1), and the characteristic separation length between independent
regions (A). The overlapping time-scale represents the duration
from when massive star-forming regions start emerging to when
the surrounding molecular gas has been completely removed or
dissociated by feedback, and is therefore often referred to as the
feedback time-scale. The SFR tracer-emitting time-scale (fg,) then
simply follows as t, + f., Where the addition of #g, allows for the
presence of an age spread in individual regions.

To focus our analysis specifically on the peaks of emission, we
follow Kruijssen et al. (2019b), Chevance et al. (2020b), and Kim
et al. (2021a) and apply a Fourier filter to remove the large-scale
structure from both maps, using the method presented in Hygate
et al. (2019). In the H o maps, this will suppress diffuse ionized gas
emission, which often forms a large halo around H 11 regions (see e.g.
Haffner et al. 2009; Rahman et al. 2011; Belfiore et al. 2022) and add
a large-scale reservoir of emission that does not originate from peaks
within the aperture. In the CO maps, the operation isolates clumps
of emission, likely to be the individual massive clouds or complexes,
most directly associated with the massive H 1l regions that we identify.
In practice, we filter out emission on spatial scales larger than n;
times the typical separation length between independent star-forming
regions (A; constrained in our method), using a Gaussian high-pass
filter in Fourier space. We choose the smallest possible value of n;
(see Table 2), while ensuring that flux loss from the compact regions
is less than 10 per cent, following the prescription by Hygate et al.
(2019), Kruijssen et al. (2019b), Chevance et al. (2020b), and Kim
et al. (2021a). Because the width of the filter depends on the region
separation length, which is a quantity constrained by the analysis,
this procedure must be carried out iteratively until a convergence
condition is reached. This condition is defined as a change of the
measured A by less than 5 per cent for three consecutive iterations.

Using this method, we also derive other physical properties,
such as the compact molecular gas surface density (ZIZZmpaC‘), SFR
surface density of the analysed region (Xgpr), depletion time of
the compact molecular gas (15, "), which assumes that all of
the SFR results from the compact molecular gas component),* and
integrated star formation efficiency achieved by the average star-
forming region (e). To derive these properties, we adopt a CO(2—
1)-to-H, conversion factor (xcp) and use the global SFR, which
includes a contribution from diffused ionized gas and a correction
for the internal extinction. We adopt a metallicity-dependent aco
following Sun et al. (2020b), expressed as

aco =4352"7"/Ry My (Kkm's™' pc?) ™" )

where Ry, is the CO(2-1)-to-CO(1-0) line ratio (0.65; Leroy et al.
2013; Den Brok et al. 2021; Leroy et al. 2022) and Z is the
CO luminosity-weighted metallicity in units of the solar value. To
calculate this, we adopt the metallicity from the global stellar mass-
metallicity relation (Sanchez et al. 2019) at the effective radius (Re¢r)
and assume a fixed radial metallicity gradient within the galaxy
(—0.1dex/Resr; Sdnchez et al. 2014). The global SFR, accounting for
extinction, is adopted from Leroy et al. (2019) and is measured by
combining maps from the Galaxy Evolution Explorer (GALEX) far-
ultraviolet band (155 nm) and the Wide-field Infrared Survey Explorer
(WISE) W4 band (22 pm), convolved to 15 arcsec angular resolution.

4We also derive molecular gas surface density (including the diffuse compo-
nent; Xy, ) and depletion time for all the molecular gas t4ep.
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Here, we only consider star formation within the analysed region,
excluding galactic centres and bright regions that are masked in our
analysis. We assume a conservative uncertainty for cco of 50 per cent
and a typical SFR uncertainty of 20 per cent, denoted as oy (o)
and o (SFR), respectively, in Table 2.

The main input parameters explained above are listed in Table 2
for each galaxy. We use the distance, inclination angle, and position
angle listed in Table 1. For other parameters not mentioned here, we
use the default values as listed in Kruijssen et al. (2018), which are
related to the fitting process and error propagation.

4 EVOLUTIONARY TIMELINE FROM
MOLECULAR GAS TO EXPOSED YOUNG
STELLAR REGIONS

In this section, we present our results obtained from the application
of our statistical method to CO and H o observations as tracers
of molecular gas and SFR for the 54 PHANGS galaxies described
in Section 2. We note that our results include the re-analysis of 8
galaxies from Chevance et al. (2020b, excluding M51, which is not
in our galaxy sample). Here, we use an updated H o map for NGC
3627, which is reduced with a better continuum subtraction (Razza
et al. in preparation), as well as improved CO data products for all
of the re-analysed galaxies. In addition, we introduced an additional
step where, for each CO-H « pair of maps, we convolve one map
to match the resolution of the other map, before reprojecting it to
the coarsest pixel grid (as explained in Section 2.2). Despite these
changes, our results agree to within the 1o uncertainties with those
from Chevance et al. (2020b).

Fig. 1 shows the variations of the gas-to-SFR tracer flux ratios
measured within apertures centred on CO and H o peaks relative
to the galactic average, as a function of the aperture size, together
with our best-fitting model for each galaxy. For all the galaxies in
our sample, the measured flux ratios increasingly diverge from the
galactic average as the size of the aperture decreases (from ~1 kpc to
~50pc), both for apertures focused on gas and SFR tracer peaks. This
demonstrates a universal spatial decorrelation between molecular gas
and young stellar regions on the cloud scale at the sensitivity limits
of our data. In Table 3, we present the best-fitting free parameters
constrained by the model fit to each galaxy, as well as additional
quantities that can be derived from our measurements: the feedback
outflow velocity (vg; see Section 4.4), the integrated cloud-scale
star formation efficiency (ey; see Section 4.5), and the fractions of
diffuse molecular and ionized gas ( fii. and £ ; see Section 4.6),
which are determined during our diffuse emission filtering process
described in Section 3. Fig. 2 shows an illustration of the resulting
evolutionary lifecycles of GMCs in our galaxy sample, from the
assembly of molecular gas to the feedback phase powered by massive
star formation, and finally to exposed young stellar regions. Star
formation regions emit in only CO in the beginning, then also in H «
after the massive star-forming region has become partially exposed,
and finally only in H « after cloud disruption. In Fig. 3, we show the
distributions of our main measurements across the galaxy sample.

4.1 Cloud lifetime (fco)

Across all the galaxies in our sample, the range of measured cloud
lifetimes (i.e. the duration over which CO is visible) is 5 —30 Myr,
with an average of 16 Myr and a 16—84 per cent range of 11—22 Myr.
The range of our measurements of 7o corresponds to 1—3 times the
average crossing time-scale of massive GMCs in PHANGS-ALMA
(see also Sun et al. 2022; and Section 5.2), which suggests that
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Figure 1. Measured variation of the gas-to-SFR tracer flux ratio (CO-to-H «) relative to the galactic average as a function of the size of apertures placed on
CO (red) and H « (blue) emission peaks. The error bars indicate a 1o uncertainty on each individual measurement whereas the shaded area around each error
bar represents the effective 1o uncertainty used in the fitting process, which takes into account the covariance between measurements. The galactic average is
shown as the solid horizontal line and the dashed line indicates our best-fitting model. The best-fitting region separation length () is indicated in each panel
with an arrow and other constrained parameters are listed in Table 3.
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Table 3. Physical quantities constrained by applying the method presented in Section 3, describing the evolution of molecular clouds to exposed
young stellar regions. The columns list the cloud lifetime (co), the feedback time-scale (fg,), the H a-emitting time-scale (fgy = fn + fref), the
characteristic region separation length (1), the feedback velocity (vg,), the integrated star formation efficiency (er), the diffuse emission fraction in

the molecular gas and SFR tracer maps ( fgf?use and fgi[f(;use’ respectively), and the depletion time-scale of the compact molecular gas (7,

compact
dep )

as

well as the depletion time-scale for total molecular gas (Zgep), Which includes the diffuse component. For some galaxies, only a 1o upper limit can be

obtained on #m, 1 o, and %, because the independent star-forming regions are not sufficiently resolved (see the Appendix).

CO

compact

Galaxy tco It Mo A Uip €sf Jeifuse it Lgep ldep
(Myr) (Myr) (Myr) (po) (kms™")  (percent) (Gyn) (Gyn)
1C1954 136533 <43 < 86 <225 1867190 1ofS 037708 072t0%2 07703 22118
+5.8 +2.6 +2.6 +166 +5.8 +4.9 +0.04 +0.05 +0.2 —+0.6
1C5273 149738 47830 91726 299t 142738 49730 047700 065700 03707 0.9%0%
NGC 0628 24.0%34 32703 7478 96113 8.0%1%0 55739 052700 0387003 0.4793 1.67)3
NGC 0685 161535 42f13 85T 280MiE 1840 3.6 0437007 05900 04703 10757
NGC 1087 197783 < 6.1 <105 <290 157788 53735 045700 0537000 04703 1.2%08
NGC 1097 159537 <19 <62 22073 s2gHIE 24720 0357000 0701002 07793 1850
NGC 1300 166122 3.6%0%  7.8%00  280M38 169735 29FF 0437002 0437002 0.6703 15709
NGC 1365 213731 39t 8T 31T 220730 2470 034700 0517008 0.970% 2.571%
NGC 1385 13509 <41 <85 <238 200175 47735 050100 0.627000 03702 0.9+
NGC 1433 146t 21701 6303 22773 22.6M3% 36737 0487007 036700 04703 1.2%08
NGC 1511 152437 20%0  63fhs 47T 407PCE 44ty 055T00T 083700 03792 15700
NGC 1512 19119 18707 6.0%03 258t 279733 22f1S 053700 033700 05703 17752
NGC 1546 8.5134 < 3.8 < 8.1 <348 442759 078 069700 03159 12752 7.631
NGC 1559 16271L0 47tz g0tz 360tM0 211 f7Y 332 0437000 028%0E 05703 14550
+3.5 +1.2 +1.2 +50 +2.8 3.1 0.02 0.03 +0.4 +1.0
NGC 1566 238733 47t 9.0t 229732 12.67535 414 03670 0467003 0.655 1.3%¢
NGC 1672 234%5F <59 <102 <442 200703 4753 0287007 0437003 0.5705 1.3%02
NGC 1792 14t 24707 66708 35273 4387138 13702 049700 0.67700; 0.979¢ 3.2%23
NGC 1809 49710 16t 6.0%2s 280787 5087397 0872 0347035 0.62703  0.670% 16754
+2.5 +43 +23.3 +0.7 +0.04 +0.01 +0.9 +3.2
NGC 2090 103133 <24 <67 185T% 313722 08%07 0467900 0.81109! 127909 4,513
2.7 1.4 1.4 93 8.9 2.2 0.10 0.04 0.3 0.6
NGC 2283 9210 2870 7240 195455 173454 26077 0235000 0561003 0.4%07 0.9%09
+1.5 +0.5 +0.6 +31 +11.7 +1.6 +0.04 +0.10 +0.3 —+0.7
NGC 2835 84713 13707 56108 48T 26570 21708 034700 018100 04703 1.0%0]
NGC 2997 155732 38709 safyd  234™ 164730 3.077 035700 0337000 05704 15751
NGC 3059 29.0*}2 5.4*,‘:2 9.7*}2 369*28 13.7*2:3 7.5*212 0.36+8:8§ 0.52*3:(1; o.4+3:§ 1.2*832
+5:O +O:9 +1i0 +24 +;1:2 +é:8 +0:Oi +0:02 +0i5 11:5
NGC 3351 227459 25102 68t 179t% 144742 34428 0497000 0234002 7703 2.0403
2.5 1.0 1.0 91 8.1 1.9 0.03 0.05 0.3 1.0
NGC 3507 11043 235 66ty 27775 32,9750 24710 0467003 0.64700 053 1.4%5%
NGC 3511 83%22 28T 7att 383T0 376708 06703 053709 0.617003 14759 4.8730
+£1.2 +l:4 +1:4 134 J:22 12:2 10:04 4:0:07 ;0:5 J:1:6
NGC 3596 19242 33fle 77fle 119ty 9.8+22 27122 049700 045109 0703 2348
NGC 3627 141730 <27 <70 2077% 3160 18Ty 039700 0607003 0.879¢ 24117
+3.0 +1.3 +1.3 +48 +2.2 +2.2 +0.05 +0.04 +0.5 +1.4
NGC 4254 17759 a7td vofis 2157 12373 28737 0347007 0397008 0.6703 2.0t
NGC 4298 267 <58 <102 <263 167173 18708 051700 048709 13709 49733
NGC 4303 207157 40t 838 24771 174135 5573 0487002 0.497003 0.4793 1.2%08
2.8 0.7 0.7 23 4.3 2.3 0.01 0.02 0.5 1.5
NGC 4321 200555 3.afyl 7.4ty 2427 20.5753 3.0t73 0471000 0451003 0.753 2.1
NGC4496A 146737 19708 63708 213737 272700 2471% 0387007 0557003 0.6793 17752
+8.5 +2.2 +2.3 +60 +3.0 +3.1 +0.03 +0.04 —+0.6 +1.7
NGC 4535 245182 46122 g9ty 230790 135030 30t 043700 041705 0870 23417
NGC 4540 140727 <26 <170 <215 224735 2073 055700 0667003 0.7793 24710
+4.4 +17.1 +1.4 +0.03 +0.01 +0.6 +1.8
NGC 4548 139754 <27 <69 <250 3930 etid 047700 0747001 0.9754 25018
NGC 4569 161937 <22 <65 3807H 723730 L1T0Y 0 061700 027700 14759 6.5757
NGC 4571 193737 4s5t)) 88t 255130 131757 3378 0647003 0297007 0.6703 2.8729
+43 418 418 +145 +8.0 122 +0.04 +0.04 +05 15
NGC 4654 198433 4.97)¢ 91118 441t 234150 28773 03410 045100 0.753 2.0%53
NGC 4689 23.6737 38T 8Ty 18973 13.0039 46735 0537005 0.61700 0.5705 17753
NGC 4731 1354 260 70017 24879 2487 18T0s 036709 044700 07703 161
+1.5 +0.8 +0.9 +53 +6.4 +1.1 +0.04 +0.02 +0.4 +1.4
NGC 4781 83717 21708 eatly 1827 227785 14Tl 046000 0727002 06703 19404
NGC 4941 20472 2758 7.0t 2737 230t 25t 0577002 0.87100! 0.8+ 3.2%33
NGC 4951 79150 1onS e2fyl 3207830 383t Lt 067700 073700 0.7793 3.2133
+3.7 +1.1 +1.2 +68 +12.8 +1.6 +0.02 +0.04 +0.5 +1.4
NGC 5042 14757 25tk etz 24288 o304l 20108 0487002 065109 0703 2.0t
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Table 3 — continued

CO Ha compact

Galaxy tco ttn Ha A €sf Giffuse diffuse dep Ldep
(Myr) (Myr) (Myr) (pc) (kms™")  (percent) (Gyn) (Gyn)
NGC 5068 143 193 554 17ty 16ty 27t 0547000 o1ty 04703 L1798
NGC 5134 150033 25707 68700 220tH 212898 38730 0497000 067750 04703 1.2+08
NGC 5248 150732 2570 67Tys  173%35 20878 2.67H0 056700 0737002 0.6703 21703
NGC 5530 204539 43%12 g6ty 260978 1167 23700 0517092 0707002 09758 27420
NGC 5643 177727 307907 73708 1ssTH 138737 46735 0407005 0707501 0.4793 L1798
NGC 6300 215538 36fhe 7.8ty 15673 11.0737 327 0497092 067700 07703 2.0%04
NGC 6744 318730 39701 82t)E 156y’ 9.4113 26717 0387090 017100 1.2%02 3.03)
NGC 7456 10735 26705 7.ATS 393Tt 347735 08707 0367008 0.81700) L4750 3.51%3
NGC 7496 1847105 4137 84T 262t 174733 52781 054700, 0.69700; 0.4797 L1708

clouds are transient objects that disperse within a small multiple of
the dynamical time-scale.

The overall measured range of molecular cloud lifetimes is
consistent with that found in previous studies, those using cloud
classification methods (Engargiola et al. 2003; Blitz et al. 2007;
Fukui et al. 2008; Kawamura et al. 2009; Miura et al. 2012; Meidt
et al. 2015; Corbelli et al. 2017), statistics of sight line fractions with
only CO or only H « or both types of emission (Schinnerer et al.
2019; Pan et al. 2022), and those using the same statistical method
as described in Section 3 (Kruijssen et al. 2019b; Chevance et al.
2020b; Hygate 2020; Kim et al. 2021a; Ward et al. 2022). Similar
cloud survival times have been predicted by theory and simulations
(e.g. Elmegreen 2000; Hartmann 2001; Dobbs & Pringle 2013;
Kim, Kim & Ostriker 2018; Benincasa et al. 2020; Jeffreson et al.
2021; Lancaster et al. 2021; Semenov, Kravtsov & Gnedin 2021).
In Fig. 4, we show how the measured cloud lifetime is correlated
with the position of galaxies in the M, gjoba — SFRgioba plane. The
figure shows that 7co increases with SFRgjopa and M, giobar (s€€ also
top left-hand panel of Fig. 6). There seems to be no relation between
tco and the host galaxy’s offset from the main sequence (AMS). Pan
et al. (2022) have found similar trends for the PHANGS galaxies, in
which the fraction of sightlines per galaxy that is associated only with
CO emission increases with M, giopa1, While showing no correlation
with AMS. Although not directly comparable, other time-scales such
as the average free-fall time-scale measured on cloud scales and
the global depletion time-scale have also been reported to correlate
strongly with galaxy mass across the PHANGS sample (Utomo et al.
2018). The galaxy mass trend of #co is discussed in more detail in
Section 5.1.

4.2 Feedback time-scale ()

The duration over which CO and H « emission is found coincident
is measured to be less than 6.1 Myr in our sample of galaxies. For
12 galaxies, we do not sufficiently resolve the separation between
independent regions and therefore we are only able to obtain
upper limits on f, (see the Appendix). Without these galaxies, the
range of feedback time-scale becomes 1.3 and 5.4 Myr, constituting
10—30 per cent of the cloud lifetime, with an average and a standard
deviation of 3.2 4 1.1 Myr. This time-scale represents the time it
takes for emerging massive stars (visible in H «) to disperse the
surrounding molecular gas (either by kinetic dispersal or by the
photodissociation of CO molecules). The range of feedback time-
scales measured across our galaxy sample is comparable to that from
our previous studies using the same statistical method (Kruijssen
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et al. 2019b; Chevance et al. 2022; Hygate 2020; Kim et al. 2021a;
Ward et al. 2022).

Our measurements of the feedback time-scales are also similar
to the time it takes for optically identified stellar clusters and asso-
ciations to stop being associated with their natal GMCs (1—5 Myr;
Whitmore et al. 2014; Hollyhead et al. 2015; Corbelli et al. 2017;
Turner etal. in preparation). Grasha et al. (2018, 2019) have measured
similar ages of star clusters and associations when they become
spatially decorrelated from GMCs in NGC 7793 and M51 (2 and
6 Myr, respectively). Hydrodynamical simulations of GMCs (Kim
et al. 2018; Kim, Ostriker & Filippova 2021b; Grudic et al. 2021;
Lancaster et al. 2021) find somewhat longer feedback time-scales (<
10 Myr), constituting ~ 50 per cent of the cloud lifetime. We suspect
this difference could be due to different approaches for tracing star
formation in simulations and observations. Indeed, simulations trace
star formation by employing sink particles, which are created when
a certain density threshold is reached assuming a fully populated
initial mass function and include a phase of deeply embedded star
formation. On the other hand, we focus on H «, which is sensitive
to the most massive stars; in the case where the star formation
accelerates over time (e.g. Hartmann, Ballesteros-Paredes & Heitsch
2012; Murray & Chang 2015), our measurements may be the most
sensitive to the final, intense phase of star formation. Moreover, H «
is attenuated during the earliest phase of star formation due to the
dense gas surrounding the young stars. Including 24 um as a tracer
for the obscured star formation increases the overlapping time-scale
between CO and SFR tracer by 1—4 Myr (Kim et al. 2021a).

4.3 Region separation length (1)

Fig. 1 reveals that there is a universal spatial decorrelation between
molecular gas and young stellar regions on small spatial scales,
while these quantities are correlated with each other on galactic
scales. This result demonstrates that galaxies are composed of small
regions undergoing independent evolution from GMCs to cold gas-
free young stellar regions. Our method constrains the characteristic
separation length (1) between the small-scale independent regions,
which is linked to the scale at which molecular gas-to-SFR tracer flux
ratio starts to deviate from the galactic average (see Fig. 1). Excluding
8 galaxies for which we do not sufficiently resolve these independent
regions (see Appendix A), we find that A ranges from 100 to 400 pc,
with an average and standard deviation of 254 £ 79 pc. This is similar
to the total cold gas disc thickness (100-300 pc; Scoville et al. 1993;
Yim et al. 2014; Heyer & Dame 2015; Patra 2020; Yim et al. 2020), as
well as the range of values found in previous application of the same
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Figure 2. Evolutionary timeline of GMCs from molecular gas assembly to feedback-driven dispersal, and H1I regions free of molecular gas, ordered by
increasing cloud lifetime from top to bottom. Going from left to right, GMCs are initially only visible in CO (orange, for a duration of fco — #y,). Towards
the end of this phase, massive star formation has taken place, generating spatially coincident H o emission (light purple, for a duration of #g). Finally, violent
feedback from young stars has completely cleared the surrounding molecular gas, only leaving H  emission to be detected, without any associated CO emission
(dark purple, with a duration of fef & 4.3 Myr; see Section 3). The error bars on the left and in the middle indicate the uncertainties on fco and fg,, respectively.
U indicates galaxies with only upper limit constraints on #g,.
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Figure 3. Distributions of the main physical quantities constrained across 54 PHANGS galaxies. From left to right, we show a Gaussian kernel density estimate
of the cloud lifetime (#co), the feedback time-scale (#s,), the average separation length between independent star-forming regions (1), and the integrated star
formation efficiency (esr). For each histogram, the mean (black dot) and 16-84 percent range (error bar) of the data, are indicated at the top of the panel
(excluding fr, and A measurements where only upper limits are constrained; see Table 3).
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Figure 4. Galaxy-wide SFR (SFRgopa1) as a function of stellar mass
(M, giobal) for our full galaxy sample, colour-coded by our measurement
of the cloud lifetime (fco) for each galaxy. The dashed line is the local
star-forming main sequence from Leroy et al. (2019).

method to relatively nearby and well-resolved galaxies (100—250 pc,
Kruijssen et al. 2019b; Chevance et al. 2020b; Kim et al. 2021a).
From the similarity of A to the gas disc scale height, Kruijssen et al.
(2019b) have suggested that the break-out of feedback-driven bubbles
from the galactic disc, pushing the ISM by a similar distance, might
be setting this characteristic length scale.

While our methodology constrains the mean separation length
between regions undergoing independent lifecycles, other methods
focus on characterizing the separation between detectable emission
peaks. In a parallel paper on the PHANGS galaxies, Machado et al.
(in preparation) investigate the spacing between emission peaks
in the PHANGS CO maps. Contrary to our study, which uses
the highest available resolution for each galaxy, they adopt GMC
catalogue (Hughes et al. in preparation; see also Rosolowsky et al.
2021) that are generated using CO maps with matched resolution
of 150 pc and sensitivity across the full sample. For a sub-set of 44
galaxies in our sample, Machado et al. (in preparation) obtain mean
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distances to the first nearest neighbour from 250 to 600 pc. We have
compared these distances to the nearest neighbour distance expected
from the mean separation length between GMCs, obtained by
(ra) = 0.4431gmc = 0.44314/T /1o (see the discussion of Kruijssen
et al. 2019b, equation 9), where t is the total duration of the entire
evolutionary cycle (t = tco + tye — ). The (ry) ranges from 50
to 200 pc. While the two quantities show a mild correlation (with
Spearman correlation coefficient of 0.5), the mean distance to the
first nearest neighbour from Machado et al. (in preparation) is larger
than that expected from the mean separation length. We suspect this
difference is due to the limitation in resolution (by 60 per cent coarser
on average) of CO maps in Machado et al. (in preparation) compared
to the maps analysed here, which results in a smaller number of
identified GMCs compared to when high-resolution maps are used.

4.4 Feedback velocity (vg,)

After the onset of star formation, the CO emission quickly becomes
undetectable due to energetic feedback from young massive stars.
We use the Gaussian 1o dispersion needed to reproduce the density
contrast between the CO peaks and the local background (r¢o) and the
time-scale over which molecular clouds are disrupted (#s) to define
the feedback velocity vy, = reo/ty, (see also Kruijssen et al. 2018).
The measured vy, represents the speed with which the region must
be swept free of CO molecules. The measurement does not specify
a physical mechanism, but the most likely candidates are kinetic
removal of gas from the region, e.g. by gas pressure-driven expansion,
radiation pressure, winds, or supernovae, or the photodissociation of
CO molecules by massive stars (e.g. Barnes et al. 2021, 2022).
Excluding galaxies with resolution worse than 200 pc (as rco
depends on the beam size; see below), the size of the clouds is
between 20 and 100 pc and vy, ranges between 10 and 50 kms ™!, with
an average and standard deviation of 22 + 11 km s~!. These measured
cloud sizes are comparable to the luminosity-weighted averages of
those derived from GMC catalogues for each galaxy (Rosolowsky
et al. 2021; Hughes et al. in preparation), with Spearman correlation
coefficient of 0.7. The range of velocities is consistent with that ob-
tained from our previous analysis (Kruijssen et al. 2019b; Chevance
et al. 2020b; Kim et al. 2021a) and is comparable to the expansion
velocities measured for nearby H1I regions in NGC 300 (McLeod
et al. 2020), the LMC (Nazé et al. 2001; Ward et al. 2016; McLeod
et al. 2019), and the Milky Way (Murray & Rahman 2010; Barnes
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et al. 2020). A similar range of expansion velocities is also found
in numerical simulations by Rahner et al. (2017) and Kim et al.
(2018).

We note that the measured rco depends on the beam size of the
CO maps. If the CO emission peaks are dispersed kinetically, then
the measured feedback velocity should be considered as accurate,
because the measured rco is the same size scale over which the
material must travel to achieve the spatial displacement necessary to
cease the spatial overlap between CO and H « emission. However,
if the CO emission peaks are dispersed by photodissociation, then
this spatial overlap may cease before the feedback front reaches
rco- In that case, vg, may be subject to beam dilution and should
be considered as an upper limit to the velocity of the dissociation
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front. For a sub-set of 19 galaxies with PHANGS-MUSE (Emsellem
et al. 2022) observations, Kreckel et al. (2020) and Williams et al.
(2022) have measured the metallicity distribution, as well as the
scale at which the mixing in the ISM is effective, using a two-
point correlation function. Kreckel et al. (2020) have found a strong
correlation between the mixing scale and vy, (Pearson’s correlation
coefficient of 0.7), indicating that dispersal of molecular gas is
predominantly kinetic.

4.5 Integrated star formation efficiency (er)

We define the integrated star formation efficiency per cloud lifecycle
(€r) as

fcoXs
€ = —art @)

- D) compact
Ha
where Tgpr and Ef{’zmpw are the surface densities of SFR and
compact molecular gas of the analysed region, respectively. This
allows us to directly compare the rate of SFR (X spr) and the rate at
which molecular gas participating in the star formation enters and

. t
leaves molecular clouds, which can be expressed as Ty " /fco.

compact

dep > Where

Equation (2) can also simply be rewritten as €5 = tco /¢,

t t . . . .
dop =X/ epr is the depletion time-scale of non-diffuse

molecular gas structures (clouds), assuming that all star formation
takes place in such structures. When measuring Sy ", we take the
sum of the compact CO emission and divide by the analysed area
after filtering out diffuse emission. This is to selectively include CO
emission that participates in massive star formation, while excluding
CO emission from diffuse gas and faint clouds. However, to calculate
Ysrr, We include all the emission, assuming that all the diffuse
emission in the SFR tracer map (WISE W4 band in combination
with GALEX ultraviolet band; see Section 3) is related to recent
massive star formation (e.g. leakage of ionizing photons from H 1
regions). This assumption might not hold especially in the central
region of galaxies where contributions from hot low-mass evolved
stars in diffuse ionized gas is found to be non-negligible (Belfiore
etal. 2022). However, galactic centres are mostly not included in our
analysis.

Our measurements of 750, " are listed in Table 3 and range from
0.3 to 1.4 Gyr. Since we only take the compact gas emission into
account, tgfglpw is shorter than that measured including all the CO
emission (f4ep), Which ranges from 0.9 to 7.6 Gyr for the fields of
view considered here. The depletion time-scales of the PHANGS—
ALMA galaxies across the full ALMA footprints (including galactic
centres) can be found in Utomo et al. (2018), Leroy et al. (2021b),
Querejeta et al. (2021), and Sun et al. (in preparation). In Fig. 5,
we show the molecular cloud lifetime #co as a function of the gas

o o
depletion time of the compact molecular gas 750", as measured

tcompact

dep [yr]

Figure 5. Our measurements of cloud lifetime (fco) against the depletion
time for compact molecular gas (tgs: P2 The data points are colour-coded
by stellar mass (M, global)- Lines of constant €sf are shown using equation (2).

in our analysis. Following the above procedure, we measure € to
be 0.7-7.5 per cent across our galaxy sample, illustrating that star
formation is inefficient in these clouds. Our previous measurements
of ey (Kruijssen et al. 2019b; Chevance et al. 2020b; Kim et al.
2021a) also fall within this range of values.

We have also compared our measurements of €y with the star
formation efficiency per free-fall time, defined as €y = #iy Xspr/ Zh, -
Using a subset of PHANGS-ALMA observations, Utomo et al.
(2018) have measured e (0.3-2.6 per cent) that are similar to €
within a factor of few, where the difference is mostly because 7co is
on average three times longer than # (see Section 5.2).

4.6 Diffuse emission fraction in CO and H « maps ( f59,.. and
gf%use)

As described in Section 3, in order to robustly perform our measure-
ments, we filter out the large-scale diffuse emission with a Gaussian
high-pass filter in Fourier space. With this procedure, we can also
constrain the fraction of emission coming from the diffuse component
inboth CO and H & maps ([, and £ respectively). As shown
in Table 3, we measure a fraction of diffuse CO emission ranging
from 13 to 69 percent, with an average of 45 per cent. We obtain
diffuse ionized gas fractions ranging from 11 to 87 per cent, with an
average of 0.53 percent. We note that these values are determined
directly from the morphological structure of the integrated emission
maps. They do not contain any information regarding the dynamical
state of the gas, nor do they account for galaxy-to-galaxy variations
in resolution, sensitivity, or inclination. As a result, these diffuse
emission fractions represent important functional quantities, but
their physical interpretation may be non-trivial. Pety et al. (2013)
have suggested a similar value of diffuse CO emission fraction in
MS51, finding that 50 per cent of the CO emission arises from spatial
scale larger than 1.3 kpc. Roman-Duval et al. (2016) have measured
25 per cent of the CO emission in the Milky Way to be diffuse. As for
the diffuse H o emission fraction, our range of values matches well
with what is found in dedicated diffuse ionized gas studies based on
H 1 region morphologies, where Belfiore et al. (2022) have found
the diffuse emission fraction to range from 20 — 55 per cent, with
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Table 4. Spearman correlation coefficients and logarithm of p-values (in parentheses) between our measurements and galaxy (or average GMC) related
properties. Our measurements are the cloud lifetime (fco), the feedback time-scale (fg,), the characteristic region separation length (i), the integrated star
formation efficiency (eg), the feedback velocity (vgy,), the diffuse emission fraction in the molecular gas and SFR tracer maps ( f(ﬁguse and f(}?&‘use), and the

depletion time-scale of the compact molecular gas (tggl;" pacty Statistically significant correlations are in bold.

fco t » € Vo iftuse Silfuse oy
Galaxy related properties
Stellar mass, M., giobal 0.47 (-3.33)  0.34(—1.58) 0.13(—0.43)  0.04 (—0.10) —0.02(—0.04) —0.13(-0.42) —0.17(-0.61) 0.31 (—1.60)
Galaxy-wide SFR, SFRgjobal 040 (—2.48)  0.34 (—1.62) 0.20 (-=0.76)  0.18 (=0.71)  —0.05(—0.12) —0.41(-2.41) —0.16(—0.57) 0.01 (—0.02)
Atomic gas mass, My, giobal 0.12(-0.42)  0.08 (—0.21) 0.12(-=0.37)  0.00 (—0.01) 0.14 (—0.42)  —0.52(-3.83) —0.28 (—1.36) 0.02 (—0.05)
Molecular gas mass, My, global 0.59 (-5.33)  0.49 (-3.01) 0.14 (—0.44)  0.22(-091) —0.14(-0.43) —0.21(-0.82) —0.19(-0.75) 0.15(—0.54)
Offset from the main sequence, AMS ~ 0.16 (—=0.59)  0.09 (—0.25) 0.02 (—0.05)  0.23 (—0.99) 0.08 (—=0.21)  —0.40(—2.37) —0.08 (—0.23) —0.18 (—0.66)
Hubble type —0.23 (—0.98) —0.03 (—0.07) —0.25(—1.02) —0.03(-0.09) —-0.22(-0.79) —0.13(-043) —0.19(-0.72) —0.15(-0.54)
Total gas mass, M, global 0.33(—1.78)  0.27 (—1.08) 0.09 (-0.26)  0.09 (—0.27) 0.00 (—=0.00)  —0.49 (-3.50) —0.29 (—1.40) 0.08 (—0.26)
Total baryonic mass, Mo, global 0.46 (-3.16)  0.33 (—1.53) 0.11 (—0.34)  0.04 (—0.10) —0.03(—0.06) —0.21(—0.84) —0.18(—0.69) 0.30 (—1.48)
Molecular gas fraction, fu, gobai 0.50 (=3.72)  0.50 (—3.23) 0.16 (—=0.53)  0.15(-0.52) —0.16 (—=0.50)  0.22(—0.92) 0.07 (-0.22)  0.19 (-0.75)
Gas fraction, fys, global —0.23 (—0.98) —0.17(-0.56) —0.15(-0.48) 0.07(—0.20) —0.01(-0.03) —0.40(-2.32) —0.19(-0.73) —0.30(—1.48)
Specific SFR, sSFR 0.07 (-0.22)  0.08 (—0.20) 0.05 (—0.14)  —0.23(—0.98) —0.08 (—0.22) 0.33 (—1.71) 0.02 (—0.06)  0.36 (—2.09)
Metallicity, 12 + log(O/H) 0.54 (—2.43)  0.32(-0.85) 0.17 (-0.38)  —0.27(=0.77)  0.07 (—0.12)  —0.22(-0.51)  0.06 (—0.11)  0.66 (—3.77)
Mixing scale, Liix —0.36 (—0.75)  0.07 (—0.08) 0.78 (-=3.05) —0.02(—0.03) 0.66 (—1.85)  0.10(—0.14) 0.52 (—=1.40)  —0.30 (—0.60)
Average GMC related properties
Velocity dispersion, o'y, gmc 0.19(-=0.76)  0.22 (—0.82) 0.32(—1.49)  0.02 (—0.06) 0.22(-0.79)  —0.06 (—0.17)  0.25(—1.11)  0.11 (=0.35)
Virial parameter, ayir, Gmc —0.32 (-1.67) —0.23(-0.86) —0.21(-0.77) —0.13(=0.46) —0.07(-0.19) —0.03(-0.09) 0.47 (=3.26)  0.06 (—0.16)
Molecular gas mass, Mgmc 0.37(-2.12)  0.38(—1.94) 040 (—2.26)  0.22(—0.93) 0.15(—0.46)  —0.03(—0.08)  0.05(—0.14)  —0.04 (—0.09)
Internal pressure, Pin 0.14 (=0.47)  0.12(—0.36) 0.21 (—0.80)  0.07 (—0.21) 0.19 (—0.63)  —0.02(—0.05)  0.00 (—0.01)  —0.04 (—0.10)
Molecular gas surface density, 0.20 (—0.81)  0.11(—0.33) 0.16 (—0.55)  0.13 (—0.43) 0.15(—0.48)  0.03(—0.08) —0.17 (—0.62) —0.08 (—0.25)
2ZH,,GMC
Galactic dynamics related properties
Angular speed, Q —0.06 (—0.14)  0.04 (—-0.08) —0.41(—1.86) —0.13(-0.39) -0.34 (-1.27) 0.17 (—0.53) 0.27 (—1.03)  0.21 (-0.73)
Toomre stability parameter, Q —0.37(—1.74) —0.24(-0.74)  0.20 (—0.62)  —0.06 (—0.16)  0.38(-1.48)  —0.07 (-0.17)  0.24 (—0.88)  —0.18 (—0.60)
Velocity dispersion, o 0.11 (—0.34)  0.35(—1.45) 0.23 (=0.77)  0.10 (—0.29) -0.02 (-0.05)  —0.24(-0.92) 0.30(—1.37)  —0.04 (—0.09)
Other derived quantities within our method
Surface density
... molecular gas, ¥y, 0.44 (-3.02)  041(-=221) —0.07(=0.19)  0.05(—0.14) -0.23 (-0.83)  —0.02(-0.06)  0.00 (—0.01)  0.24 (—1.03)
... compact molecular gas, 2:’7'""‘““ 043 (-2.81) 040(-2.13) —0.11(-0.32)  0.07 (—0.20) -0.25 (-0.96)  —0.16 (—0.58) —0.04 (—=0.09)  0.21 (—0.90)
Total mass }
... molecular gas, My, 0.54 (—-4.37)  0.55(-3.85) 0.15(—-0.49)  0.15(—0.54) -0.19 (-0.66)  —0.13 (—0.43) —0.04 (—0.12)  0.18 (—0.69)
... compact molecular gas, Mﬁf;"‘pa” 0.53 (—4.25)  0.55(-3.90) 0.11 (—0.34)  0.16 (—0.58) -0.19 (-0.68)  —0.28 (—=1.27) —0.07 (—0.21)  0.17 (—0.62)
SFR surface density, Xgpr 0.28 (—=1.36)  0.34(—1.59) —0.12(-0.39)  0.43 (-2.85) -0.27 (-1.13)  —0.19(-0.72) —0.03 (—0.08) —0.30 (—1.54)
SFR 047 (-3.29)  0.53 (-3.66) 0.14 (-0.45)  0.39(-2.35) —0.17(-0.56) —0.30(—1.41) —0.15(-0.53) —0.16 (—0.60)
CO emission density contrast, Eco —0.35(—1.95) —0.59 (—4.58) —0.43(-2.55) —0.04(-0.10) —0.00(—0.01) 0.11(-0.35) —0.16(—0.61) —0.19 (—0.74)
Ho emission density contrast, Exg 0.10 (—0.30)  —0.36(—1.78) —0.36(—1.84) 0.18(-0.71) —0.22(-0.80) 0.08 (—0.25) —0.22(—0.89) —0.11 (—0.38)
Observational systematic parameters
Inclination, i —0.26 (—1.17) —0.26 (—1.01)  0.20 (—0.73)  —0.57 (—4.90)  0.40 (—2.14)  0.07 (—0.20) 0.35(—1.93) 040 (-2.54)
Resolution, ap, min 0.04 (—0.11) ~ 0.30(—1.32) 090 (-16.72) —0.06(—0.19) 0.54 (-3.67) —0.07 (-0.18) 0.28 (—1.37)  0.01 (—0.03)
Noise 0.13(—0.42) —0.16(—0.48) —0.32(—1.35) —0.03(—0.08) —0.16(—0.48) 0.19(—0.69) —0.48(=3.07) 0.13(—0.44)
Completeness 0.36 (—1.87) 041 (—1.94) 0.10 (—0.27)  0.20(—0.75)  —0.15(—0.42) —0.03(—0.07)  0.21 (-0.80) 0.06 (—0.16)

a median of 37 percent, for the galaxies in the PHANGS-MUSE
sample. Using an un-sharp masking technique, Pan et al. (2022)
have estimated 40—90 per cent for the H « diffuse emission fraction
for the galaxies in our sample. Tomici¢ et al. (2021) also finds a
similar range of values for the diffuse ionized gas fraction in 70 local
cluster galaxies.

5 DISCUSSION

5.1 Relations with global galaxy and average cloud properties

We have correlated our measurements shown in Table 3 with global
properties of galaxies and luminosity-weighted average properties of
the cloud population in each galaxy. The properties considered are
listed in Table 4. We use the galaxy properties listed in Table 1, as
well as combinations of these quantities. We derive the total baryonic
mass of the galaxy (MtotA,global = M*.global + MHl,global + Mﬂz,global),
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total gas mass (Mgas global = M global T MH,,globat)s molecular gas
fraction (sz,global = MHz,global/Mgas,global), gas fraction (fgas, global =
Mgas, global/Mtot, global)’ and SPeCiﬁC SFR (SSFR = SFRglobal/ M*,global)'
We also look for correlations with gas phase metallicity [12 +
log(O/H)] for the subset of 23 galaxies for which direct measure-
ments are available. These measurements are taken from Kreckel
et al. (2019) for the 18 galaxies in our sample with MUSE obser-
vations and from Pilyugin et al. (2014) for five galaxies that do not
overlap with the MUSE sample. We also include the 50 percent
correlation scale (Ly,x) of the two-dimensional metallicity distribu-
tion maps (after metallicity gradient subtraction) of the PHANGS—
MUSE sample from Kreckel et al. (2020) and Williams et al. (2022).
This scale indicates the length over which the mixing in the ISM is
effective, and ranges from 200 to 600 pc.

The luminosity-weighted averages of the cloud properties are
determined from the GMC catalogues that have been established
for the full PHANGS-ALMA sample using the CPROPS algorithm
(Rosolowsky et al. 2021; Hughes et al. in preparation). Here,

€202 UoIBN #Z U0 Josn SHYND A 6Z+€299/900€/2/91G/0I01HE/SEIUW /W0 dno-olWwapede//:sdyy woly papeojumog



Molecular cloud lifecycle in 54 PHANGS galaxies

we use measurements of the cloud velocity dispersion (o, gme),
virial parameter o gme, mass (Mgmc), internal pressure (Piy), and
molecular gas surface density (X, omc)-

Metrics related to galactic dynamics are included using measure-
ments of the rotation curve (v.) as a function of radius (r) from
Lang et al. (2020). These metrics are the angular speed (2 = v(r)/r)
and the Toomre stability parameter of the mid-plane molecular gas
(Q = kown, /G Xy,), where oy, is the velocity dispersion measured
from CO moment 2 maps, at native resolution, and k = Q+/2(1 + B)
with 8 = dInv.(R)/d In R, numerically calculated. Since these val-
ues vary with galactocentric radius, we first divide the galaxy into
five different radial bins and calculate €2, Q, and oy, for each bin. We
then calculate the CO luminosity-weighted average of these values.

We explored possible correlations with galaxy global properties
constrained within our method. These are different from the values
listed in the Table 1 in that they are calculated within the analysed
region, i.e. excluding galactic bulge and bar in most galaxies, and
restricted to regions where CO observations have been made. More-
over, we provide two individual measurements for the molecular gas
mass surface density and total molecular gas mass, where one takes

. . . compact
only the compact emission into account (denoted as Xy, Pt and

compact . .
Mg ™, which our measurements of the time-scales are based on)

and the other includes all the emission (denoted as Xy, and Mpy,).
The quantities Eco and &y, are the surface density contrast between
the average emission of CO (respectively H o) peaks and the galactic
average value, measured on the filtered map.

In order to explore possible systematic biases, we also include our
minimum aperture size (lyp, min in Table 2, which matches our working
resolution), inclination (i; column (g) in Table 1), completeness of
CO observations, and noise of the CO data cube (in mK units) from
Leroy et al. (2021b) as metrics. Finally, we note that none of the
properties listed here are corrected for galaxy inclination.

5.1.1 Statistically (in)significant correlations

In Table 4, for all correlations, we list the Spearman rank correla-
tion coefficients and the associated p-values, which represents the
probability of a correlation appearing by chance. When evaluating
the correlations, we exclude eight galaxies where the resolution at
which the analysis can be run is larger than 200 pc, as we are likely
to not sufficiently spatially separate star-forming regions in these
galaxies (NGC 1546, NGC 1559, NGC 1672, NGC 1792, NGC 3511,
NGC 4569, NGC 4654, NGC 7456). Whenever a measurement of
individual galaxies is considered as an upper limit, we also exclude
the galaxy from our correlation analysis of a given measurement (see
Appendix A). There are 12 galaxies (IC1954, NGC 1087, NGC 1097,
NGC 1385, NGC 1546, NGC 1672, NGC 2090, NGC 3627, NGC
4298, NGC 4540, NGC 4548, NGC 4569) with only upper limits of
t, constrained. For eight of these (IC1954, NGC 1087, NGC 1385,
NGC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 45438) 1 is also
an upper limit. Finally, we include six nearby galaxies (IC342, the
LMC, M31, M33, M51, NGC 300; previously analysed by Kruijssen
etal. (2019b), Chevance et al. (2020b), and Kim et al. (2021a), which
extend the range of environmental properties.

We define a correlation to be statistically significant when the
measured p-value is lower than p.y, where peg is derived using
the Holm—Bonferroni method (for an explanation and for an as-
trophysical application also see Kruijssen et al. 2019a; Holm 1979).
This method is used to account for the fact that spurious significant
correlations may appear when comparisons between a large number
of parameters are made. Specifically, we proceed by asking whether

3019

each of our measurement (columns in Table 4) correlates with any of
the galaxy and average cloud properties (rows in Table 4). We then
rank the correlations by increasing p-value. For each correlation
with a rank (i) of i > 1, we calculate the effective maximum p-
value (perr) below which the correlation is deemed significant (i.e.
with p < pegr). We use the definition pegr = pret/(Neorr + 1 — i),
with pr = 0.05 the desired confidence level and N, the number of
independent variables being evaluated. In order to determine N¢oy, We
subtract variables among the galaxy and average cloud properties that
are trivially correlated. We find that numerous properties (M. giobal»
My, giobat, M, globats SFRgiopat, A MS, Mig, globat, Mgas, global» Momc
Pini, 2H,.6Mc> Mu,, Mfl(;mpm, and SFR) are correlated significantly,
with correlation coefficient higher than 0.7. We treat these parameters
as one metric and this results in N, = 20. Table 4 shows statistically
meaningful strong correlations in red, identified according to our
definition. We note that even assuming that all the variables are
independent does not significantly change our result as the p-values
of strong correlations are all very small, with log (p) ranging from
—16.7 to —2.8.

As shown in Table 4, we identify biases of our measured quantities
caused by the spatial resolution of maps (/yp, min) and inclination.
Specifically, we find that (1) Iy min shows a strong correlation
with A and vg,; (2) the inclination shows a strong correlation with
€s; (3) the noise of the CO data cube correlates with f1i ; and
(4) the metallicity correlates with zge; " The covariance between
resolution and vy, = rco/ty is due to the increased measured cloud
size (rco) as the resolution gets worse. The dependence of A on yp, min
implies that the measured region separation length (1) would be
biased upward when using maps that have poor resolution. However,
despite the dependencies on resolution of these quantities, we are
confident that the measured time-scales are less sensitive to the spatial
resolution of the maps, because we require star-forming regions
to be sufficiently resolved for our time-scale measurements to be
considered as robust (A > 1.5y min; see Section A and Kruijssen
et al. 2018). Unlike A, the measured time-scales indeed do not show
strong correlations with Iy, nin. The dependence of € = tco/ tgglgn pact
on inclination is driven by a highly significant correlation between
inclination and 7" P (log (p) = —2.5; see Table 4). We suspect that
this latter correlation arises, because the filtering of the diffuse CO
emission is less effective for highly inclined galaxies, and because
the extinction correction applied to SFR maps may depend on
inclination, as suggested by Pellegrini et al. (2020). The dependence
between the noise of the CO data cube and f¢ = seems to arise by
a random chance, despite applying a strict threshold of p-values
for correlations to be considered significant. Indeed, there is no
logical link why these two quantities should show correlation and
when the three galaxies with high noise level are excluded from the
analysis, the strong correlation disappears. Finally, for the correlation
between metallicity and 7y, we conjecture it could be related
to the fact that the low-mass (low-metallicity) galaxies tend to have
more diffuse emission due to their low surface brightness (Leroy et al.
2021b). The surface brightness sensitivity of the CO maps is not good
enough to isolate the small clouds in low-mass (and low-metallicity)
galaxies, which may therefore lead to more diffuse emission and low
completeness for such galaxies (Leroy et al. 2021b). However, we
note that completeness of the CO maps does not show a strong trend
with t;;’};n P2 (see Table 4). The adopted metallicity-dependent aco
might also contribute to this observed trend between metallicity and
dep ¥ While we partially correct for the presence of molecular
gas that is not traced by CO emission (CO-dark gas) with this
conversion factor, the observed strong correlation seems to indicate
that the correction is insufficient. In closing, we again emphasize
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Table 5. Summary of the 20 statistically significant and physically meaningful correlations identified in Table 4 between our measurements listed
in Table 3 and galaxy and average cloud properties. For each correlation, the table lists the Spearman correlation coefficient (r), the associated
p-value, the slope of the best-fitting linear regression dy/dx, the intercept of the best-fitting yo, and the scatter around the best-fitting relation.

Quantity (y) Units Correlates with(x) Units Spearman r log Spearman p dy/dx ) Scatter
log rco Myr log M, global Mg 0.59 —5.33 0.16  —0.24 0.14
log fco Myr log My, Mg 0.54 —4.37 0.16  —022 0.14
log tco Myr log Mﬁ‘;mp‘“‘ Mg 0.53 —4.25 0.17 —022 0.14
lOg Ico MyI' log fHZ’gIQbal - 0.50 —-3.72 0.23 1.30 0.14
log 7co Myr log M., global Mg 0.47 —3.33 0.16  —0.40 0.14
log rco Myr log SFR Mg yr~! 0.47 —3.29 0.14 1.24 0.14
log fco Myr log Mo, slobal Mo 0.46 -3.16 0.17  —0.50 0.14
log tco Myr log Zp, Mg pe 2 0.44 —3.02 0.17 1.02 0.15
log tco Myr log z;”z‘“"”"‘ Mg pe2 0.43 —2.81 0.19 1.10 0.15
log 11y Myr log £co - —0.59 —4.58 —0.61 1.02 0.13
log 1 Myr log Mf{‘;mp“‘ Mo 0.55 —3.90 024 —1.56 0.15
log 11y Myr log My, Mg 0.55 —-3.85 023 —1.64 0.15
log 1y Myr log SFR Mg yr~! 0.53 —3.66 0.24 0.53 0.15
log 11y Myr 10g fit,, global - 0.50 —3.23 0.31 0.60 0.16
log 1y Myr log M, global Mo 0.49 —-3.01 020 —133 0.16
log 1 pc log Linix pc 0.78 -3.05 0.84 0.18 0.08
log € — log Tsrr Mg yr~! pe2 0.43 —2.85 031  —1.79 0.19
€0 - log My 1, slobal Mo —-0.52 -3.83 -0.13 1.63 0.11
€O - log Mo, slobal Mo —0.49 -3.50 -0.13 1.67 0.11
H - log atyir.gMC - 0.47 —3.26 0.30 0.48 0.17

that our main measurements (fco, f, and 1) are not affected by our
prescription of «co, as they are based on relative changes of flux ratios
(i.e. the global H o/CO ratio does not affect the time-scale estimate).

5.1.2 Physical interpretation of significant correlations

In Table 5, we list the best-fitting relations using linear regressions,
as well as their Spearman correlation coefficients and p-values,
for statistically significant correlations in red in Table 4, while
correlations illustrating biases in our analysis (described in Sec-
tion 5.1.1), are excluded. Fig. 6 shows examples of six main strong
correlations between our measurements and global galaxy properties.
In this figure, we do not show all of the statistically meaningful
correlations listed in Table 5, as they seem to be redundant and driven
by correlations within galaxy properties (especially mass related
quantities), and also within time-scales (fco and #p,). For example,
as described above, M, gioba strongly correlate with My, gobal, MH,

compact .
M}]z B Mtot, global» SFR, and MHL global - By construction, sz.global

. compact
and My, gioba are not independent. Also, Xy, and EHZ Pt correlate

with each other. The correlation within time-scales is most likely
due to the fact that our time-scale measurements are constrained by
scaling the time-scale ratios with a reference time (see Section 3).

Here, we offer explanations for how the relations in Table 5 can
be understood physically. However, we do not attempt to investigate
which galaxy (or average GMC) properties are the main driver for
these trends, because numerous properties also correlate with each
other, making it hard to assess.

First of all, the cloud lifetime (#co) is measured to be longer
with increasing stellar mass (M, giopa), Which traces galaxy mass.
The cloud lifetime also shows positive correlations with the total
molecular gas mass, both measured globally (M, gjoba) OF Only con-
sidering the analysed region, with and without diffuse emission (My,
and Mff;mpam, respectively). Given that galaxy mass and metallicity
are correlated (see Fig. 6; upper left), we suspect this can be due
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to the fact that a higher gas density threshold is required to make
CO visible in low-mass galaxies compared to high mass galaxies.
As shown in Table 4, when only the galaxies with direct metallicity
measurements are considered, a suggestive positive trend between
tco and metallicity is revealed (Spearman correlation coefficient of
0.54), but this tentative trend is not strong enough to be charac-
terized as statistically meaningful. CO molecules in low-metallicity
environments with low dust-to-gas ratio are photodissociated deeper
into the clouds (Bolatto, Wolfire & Leroy 2013). As clouds assemble
from diffuse gas and become denser, clouds in a low-mass and low-
metallicity environment spend a longer time in a CO-dark molecular
gas phase (see also Clark et al. 2012). This is not included in the
cloud lifetime we measure, because it is based on the visibility of
CO emission, leading to an underestimation of the cloud lifetime.
This is supported by the fact that, when H I emission is used to
trace the gas, H I overdensities exist for a much longer duration
prior to the formation of CO peaks (Ward et al. 2020). High-mass
galaxies also have a higher mid-plane pressure, which shapes clouds
within the galaxy to have a higher internal pressure (Sun et al.
2020a), resulting in higher (surface) densities and thus making them
easier to detect throughout their lifecycles (Wolfire, Hollenbach &
McKee 2010).

Observational biases may also contribute to the relation between
cloud lifetime and galaxy mass, where the CO emission in low-mass
galaxies is typically lower than the noise level of the PHANGS-
ALMA data. In low-mass galaxies, we might simply lack sensitivity
to the CO emission to pick up emission from low mass GMCs at
any point of their lifetime, while they are detected in high mass
galaxies. Schinnerer et al. (2019) and Pan et al. (2022) also find
a higher fraction of CO-emitting sightlines in high-mass galaxies
compared to low-mass galaxies and discuss that this trend is due
to intrinsically low visibility of CO emission in low-mass galaxies.
However, we expect this effect of sensitivity to be minor in our
analysis, as our measurements are based on flux measurements and
thus biased towards bright regions.
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Figure 6. Examples of six statistically significant correlations between our measurements and galaxy or average GMC properties. In the upper panel, the
measured cloud lifetime (f1co) is shown as a function of stellar mass (M, giobal; left) and molecular gas surface density (X, ; right), where points are colour
coded by metallicity (12 + log (O/H)) and molecular gas fraction ( fH, global), respectively. The critical density identified by Chevance et al. (2020b) is also
shown for comparison (dashed line). In the middle left-hand panel, the measured feedback time-scale (#f,) is shown as a function of the surface density contrast
between CO emission peaks and the galactic average (Eco), colour coded by the molecular gas surface density (Xy,). The middle right-hand panel shows
the integrated star formation efficiency (e4) as a function of SFR surface density (Xspr), where the points are colour coded by inclination (/). The lower
left-hand panel shows the diffuse CO emission fraction ( fc%t(])'use) as a function of the global atomic gas mass (M 1, global), Where the points are colour coded by
completeness of the CO observation (Leroy et al. 2021b). In the lower right-hand panel, the diffuse H o emission fraction ( fji{fof‘use) is shown as a function of
average virial parameter of GMCs (ayir, gmc), colour coded by the global atomic gas mass (My i, global)- Galaxies without measurements corresponding to each
colour bar scheme are denoted in magenta. Grey circles are the galaxies with resolution worse than 200 pc. Grey triangles indicate upper limits for galaxies
suffering from blending of sources (see Section A). These grey points are excluded in our correlation analysis. For individual data points, 1o uncertainties are
shown. In each panel, the best-fitting linear regression (solid line), 1o scatter of the data around the fit (shaded area), and the Spearman p-values and correlation
coefficients are indicated. We also show the distribution of M. gjobar for the 10 galaxies excluded from our sample due to their limited number of emission peaks
(black circles; see Section 2 and Section A).
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Other strong correlations with the cloud lifetime and properties
related to the stellar mass and/or molecular gas mass of the galaxy
(SFR and My giobal) are likely to be driven by the correlations
explained above. Several studies have also reported such connections
between global properties of the galaxy and the ensemble average
properties of clouds (Hughes et al. 2013; Colombo et al. 2014; Hirota
et al. 2018; Sun et al. 2018, 2020b, a; Schruba et al. 2019). In the
upper left-hand panel of Fig. 6, we also include the distribution of
M., gioba for ten galaxies that are excluded from our sample due
their small number of emission peaks (see Section 2 and Section A).
They are randomly distributed in M, gobal, indicating that selectively
including CO-bright galaxies does not bias this result.

The cloud lifetime also positively correlates with the molecular gas
fraction (fu, globa), as well as with molecular gas surface densities
measured with and without diffuse emission (Xy, and E;I(’zmpm,
respectively). The relation with molecular gas surface density might
seem to contradict theoretical expectations (e.g. Kim et al. 2018),
because denser clouds are expected to collapse faster, form stars
and disperse more quickly than lower-density clouds. As proposed
by Chevance et al. (2020b), the observed strong correlation might
be related to the transition from an atomic gas-dominated to a
molecular gas-dominated environment, as shown by the coloured
points in the upper right-hand panel of Fig. 6. Chevance et al.
(2020b) have found that at a critical density threshold of 8 Mg pc~2
(similar to the gas phase transition threshold), the cloud lifetime
shows a better agreement with the galactic dynamical time-scale
above this threshold and with the internal dynamical time-scale. This
value is similar to the molecular gas surface density at which the
gas phase transition occurs ~ 10 Mgpc™2, at near solar-metallicity
(e.g. Wong & Blitz 2002; Bigiel et al. 2008; Leroy et al. 2008;
Schruba et al. 2011). In the upper right-hand panel of Fig. 6, this
transition density is shown as a dashed line for comparison. In an
atomic gas-dominated environment ( fy, < 0.5), CO is only emitted
by the central region of the clouds, tracing the densest regions.
However, in a molecular gas-dominated environment ( fy, > 0.5),
we detect more CO emission coming from an extended envelope
of the molecular clouds (e.g. Shetty, Clark & Klessen 2014). This
may increase the measured cloud lifetimes, as the assembly phase of
the envelope is additionally taken into account, compared to when
only the densest phase is included. In addition, in a low-surface
density environment, the clouds will spend a longer time in the
CO-dark phase, as a higher density threshold is required to make
CO visible, resulting in a measured cloud lifetime shorter than the
actual molecular cloud assembly time (Bolatto et al. 2013). Similarly
to the dependence on galaxy mass discussed above, observational
biases due to CO sensitivity level also play a role, making us
miss a higher fraction of low-mass clouds in atomic gas-dominated
environments.

For the feedback time-scale, during which CO and H « overlap,
we find the strongest correlation with Eco, which is the surface
density contrast in the CO map between the emission peaks and
the galactic average. The feedback time-scale becomes shorter with
increasing Eco. In the middle left-hand panel of Fig. 6, points are
colour coded by Xy, and suggest that when Eco is higher (i.e. sharper
CO emission peaks), feedback-driven dispersal of the clouds makes
the CO emission become undetected faster. This can be understood
physically as the CO emission will become invisible faster after the
onset of star formation when the surrounding medium is sparse,
indicated by the low molecular gas surface density, allowing a faster
dispersal of molecular clouds.

Similarly to the dependencies we have identified for #co, we
find that #g, also correlates with M,‘;Zmpm, My, , My, giobal> SFR, and
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S, global- We suspect these correlations arise at least partially because
tp and fco strongly correlate with each other (with a Spearman
correlation coefficient of 0.72). Interestingly, unlike 7co, we find a
less significant correlation with stellar mass, which does not satisty
our significance cut with p = 0.03. This can be explained by the
fact that the feedback time captures the phase when clouds are star
forming, implying that the density is high enough, which typically
corresponds to a CO-bright phase. Therefore, we miss less of the
CO-dark phase that is proportionally more important in the low-mass
galaxies.

The mean separation length between independent regions (1),
which is linked to the scale at which molecular gas and young
stars start to become spatially decorrelated, shows a strong positive
correlation with the mixing scale traced by metallicity measure-
ments of HII regions in PHANGS-MUSE galaxies from Kreckel
et al. (2020) and Williams et al. (2022). This trend indicates that
for galaxies with broader and more efficient mixing in the ISM,
molecular gas and young stars are separated by a larger distance.
This might be physically understood, because a broader mixing
length, most likely driven by stellar feedback, will push the gas
further away from its original position. This would imply that the
dispersal of the molecular cloud after star formation is kinetically
driven, rather than by the photodissociation of the CO molecules.
However, we note that this correlation could be at least partially
driven by the resolution as it becomes weaker (with Spearman
correlation coefficient from 0.78 to 0.66 with p = 0.02) when the two
galaxies with the highest resolution (NGC 0628 and NGC 5068) are
excluded.

We find a strong correlation between our measurements of inte-
grated star formation efficiency (e4) and SFR surface density (X sgr),
as shown in the middle right-hand panel of Fig. 6. This correlation
might seem like it can be simply understood as that a higher integrated
star formation efficiency per star formation event, at least, partially
would be driven by a higher SFR. However, we cannot rule out the
possibility that this relation arises due a strong correlation between
tco and Ef_lozmpm explained above, making € to be mostly dependent
on Xgrr by construction (see equation 2). Moreover, potentially not
enough extinction correction for highly inclined galaxies, shown as
coloured points in Fig. 6, can also contribute to this trend.

For the diffuse CO emission fraction (f5%.), which is measured
within our method during the diffuse emission filtering process of
Hygate et al. (2019), we find the strongest anticorrelation with the H 1
mass (M, globa)- Another correlation with My g, is driven by this
strong correlation with My, giopar- We find that as My 1, gioba decreases,
the diffuse molecular component becomes more important. We
conjecture that this can be due to an observational bias, as the
completeness of the CO maps (indicated as coloured data points
in Fig. 6) is low for low-mass galaxies due to our limited sensitivity,
suggesting that we are missing a larger fraction of small, faint clouds
in such galaxies. However, contrary to our expectation, 5o . and
completeness of CO emission maps from Leroy et al. (2021b) do not
reveal a strong trend with each other (see Table 4).

Lastly, the diffuse H o emission fraction (fH¢ ) shows a strong
correlation with the average virial parameter of GMCs (tyir, gmc)-
We suspect this can be due to a more pervasive medium of GMCs
(higher ayir, gmc) allowing more ionizing photons to leak out from
star-forming regions, compared to more bound clouds. Furthermore,
as indicated by the coloured points in Fig. 6, galaxies with higher
fﬂﬁuse tend to have lower atomic gas mass (Mpy 1, giobal), Which is in line
with observations showing deeper penetration of ionizing photons
into the surrounding ISM in lower mass (and lower metallicity)
galaxies (Cormier et al. 2015; Chevance et al. 2016).
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Comparison of our measured cloud lifetime (1co) with analytical predictions, which are, from left to right, the free-fall time (#), the crossing time of

GMCs (Zcr), and the galactic time-scale, considering the effect of large-scale dynamics (tgq). In the upper panels, the one-to-one relation is shown as a solid line and
the data points are colour coded by surface molecular gas density (Xn, ). The lower panels show the ratios of #co and analytical predictions (qyn), where tayy is the
free fall time (left), the crossing time (middle) or the galactic dynamical time-scale (right), as a function of Xy, , where the points are colour coded by molecular
gas fraction (fu,). In all panels, galaxies where our analysis can only be run at resolution larger than 200 pc are shown as grey circles. The black horizontal line
shows where fco = tayn. The blue and red lines, respectively, indicate the mean of the time-scale ratios for galaxies below and above Xy, of 8Mg pc‘2 (from
Chevance et al. 2020b) with the shaded regions representing the 16th—84th percentile. This density threshold is from Chevance et al. (2020b), below which 7co
shows better agreement with internal dynamical times (# and #;) compared to the #gy, and the other way around at densities higher than this threshold.

5.2 Comparison with characteristic time-scales

In order to understand the dynamical mechanisms that govern cloud
lifetimes, we compare our measurements of 7co with analytical
predictions, which are related to local cloud dynamics (GMC free-fall
time and GMC crossing time; # and f.,, respectively), or large-scale
dynamics of the ISM (tgy; Jeffreson & Kruijssen 2018). We adopt
the CO-luminosity-weighted harmonic average of ty from the cloud
catalogue established for the PHANGS-ALMA galaxies by Hughes
(in preparation), which uses the CPROPS algorithm (Rosolowsky
et al. 2021) to determine the physical properties of GMCs. Here,
tor 1s defined as rgmc/ovel, Where rgmce is the radius of GMC and
oy 1s the cloud velocity dispersion (o). We first obtain 7., for
each GMC in a given galaxy and calculate CO-luminosity-weighted
harmonic average of 7. For 4., we use the analytic theory presented
in Jeffreson & Kruijssen (2018). This theory assumes that cloud
lifetimes are environmentally dependent and can be estimated by
combining the time-scales of numerous processes governing the
cloud evolution: the gravitational collapse of the mid-plane ISM
(t¢r), galactic shear (tg), spiral arm interactions (tg,), epicyclic
perturbations (7, ), and cloud—cloud collisions (7). As the galactic
shear (7g) is a dynamically dispersive process unlike the other four
mechanisms compressing the clouds, the cloud lifetime is expressed
as tg_all = |1 + Top + T + Tee — Tp|. We determine these time-scales
in five different radial bins for each galaxy (see also Section 5.1),
using equations from Jeffreson & Kruijssen (2018), the radial profiles

of velocity dispersion from CO moment 2 maps, and the rotational
curves measured by Lang et al. (2020). We then calculate harmonic
averages of 74, obtained in five radial bins. Five galaxies, for which
the rotation curve is not available, are omitted from this comparison.

In the upper panel of Fig. 7, we show our measurements of 7co
as functions of the analytically predicted time-scales. In the lower
panel, the ratios of 7¢o over these predicted time-scales are shown as
a function of Xy,. For comparison, we also calculate the mean and
1o range of these ratios only considering galaxies with molecular gas
surface density below and above the atomic-to-molecular transition
density described in the previous subsection (8 M pc—2; Chevance
etal. 2020b). We find that on average, tco = (2.7 &= 1.3) tr and tco =
(4.0 £ 1.9) 15, respectively, below and above the transition density
with error bars representing 16-84 per cent range. Measured cloud
lifetimes #co are almost always longer than f, independently of the
molecular gas surface density. The crossing time 7., shows a better
agreement with 7co compared to #, especially in low molecular gas
surface density environments (X, < 8 Mg pc™2), with an average of
tco = (1.3 £0.6) t,. At higher densities, 7co increasingly deviates
from ., with an average of 7co = (1.7 £ 0.6) t,,.

Finally, the right-hand panels of Fig. 7 show that, in low molecular
gas surface density environments, our measurements of #co are sig-
nificantly lower than ty,, with an average of 7co = (0.7 £ 0.3) tgy. By
contrast, in higher-density (> 8 M, pc~2; molecular gas dominated)
environments, where the majority of the molecular gas has high
CO emissivity, fco becomes even longer than 74, for most of the
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galaxies, with an average of fco = (1.5 £ 0.6) tgy. This difference
in two density regimes can be explained by the fact that 4, takes
into account all the cold gas, including the phase that is not strongly
CO-emitting, while our measurements of 7o are based on CO-bright
clouds. Therefore, tgy is typically longer than fco, especially in low
molecular gas surface density environments. Moreover, this indicates
that in low-surface density environments (atomic gas-dominated), the
assembly of CO-bright molecular clouds seems to be less coupled
to galactic dynamics, but rather occurs on internal cloud-dynamical
time-scales such as the crossing time. Following the analytic theory
by Jeffreson & Kruijssen (2018), we can also quantify which galactic-
dynamical mechanisms are relevant for setting the analytical cloud
lifetime. The relevance is deemed significant when the time-scales of
a given dynamical process is smaller than 2 X Tni,, where 7y, is the
smallest time-scale among the five processes. The minimum time-
scale has the greatest influence on setting the 7y, and is T4 in most
cases whereas shear is also found to be relevant in some environments
with 7g = (3.7 &= 2.3) Tpin, on average. This shows that the predicted
lifetime of these molecular clouds results from a competition between
the gravitational collapse of the mid-plane ISM and galactic shear,
which causes clouds to be pulled apart by differential rotation. At
high density where 7co shows a good agreement with f,,, this implies
that the assembly of molecular clouds and their evolution may be
significantly influenced by galactic dynamics. Meidt et al. (2015)
have reached a similar conclusion using GMCs in M51, where GMC
evolution appears to be regulated by shear.

6 CONCLUSION

We present a systematic determination of evolutionary sequences
of GMCs from the molecular gas phase to exposed young stellar
regions across an unprecedented sample of 54 molecular gas-rich
main sequence galaxies from the PHANGS—-ALMA survey (Leroy
et al. 2021b). We have applied the statistical method developed
by Kruijssen & Longmore (2014) and Kruijssen et al. (2018) to
CO and He emission maps at cloud-scale resolution (~100 pc) and
measured the cloud lifetime (zco), the feedback time-scale (duration
for which CO and H « are spatially overlapping; tg,), as well as the
average separation length between independent star-forming regions
evolving from molecular clouds to exposed young stellar regions
(A). We also derive other physical quantities such as the feedback
velocity (vg,), the integrated star formation efficiency (e), and
the diffuse emission fraction for both CO and H @ maps ([ e
and fH¢ ). By capitalizing on a statistically representative sample
of galaxies from PHANGS, we have correlated our measurements
with global galaxy and average cloud properties. This allows us
to quantitatively link galactic-scale environmental properties to the
small-scale evolutionary cycle of molecular clouds, star formation
and feedback. The metrics explored here include properties related to
galaxy mass, surface density of molecular gas and SFR, morphology,
metallicity, velocity dispersion, pressure, and galactic dynamics. Our
main conclusions are as follows:

(1) Across our sample of galaxies, we find that molecular clouds
assemble and survive for a time-scale of 16.4 & 5.5 Myr on average,
demonstrating that GMCs are transient objects that disperse after
a few dynamical times via feedback from young massive stars.
The feedback time-scale is 3.2 £ 1.1 Myr on average (excluding
galaxies for which only an upper limit could be constrained) and
constitutes 10-30 per cent of the cloud lifetime. Our measurements
of these time-scales are in good agreement with those obtained using
other methods (cloud classification based on their stellar content, e.g.
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Kawamura et al. 2009; Corbelli et al. 2017; determination of gas-
free stellar cluster ages, e.g. Grasha et al. 2019). Our results further
confirm the conclusion of previous works that there is a decorrelation
between gas and young stars on the cloud scale (Schruba et al.
2010; Kreckel et al. 2018; Schinnerer et al. 2019; Pan et al. 2022),
which can be explained by assuming that galaxies are composed of
regions, undergoing evolution from gas to stars, that are separated
by 100—400 pc on average.

(i1) We find that the star formation in these regions is inefficient,
with an integrated cloud-scale star formation efficiency (e4) ranging
from 0.8t07.5 per cent. We measure feedback velocities (vg,) of
10-30km s~'. Overall, these results are consistent with those from
our previous measurements, conducted on a significantly smaller
number of galaxies (Kruijssen et al. 2019b; Chevance et al. 2020b;
Kim et al. 2021a; Chevance et al. 2022). We also determine the
fraction of diffuse emission in each CO and H o map based on its
morphology. We find average fractions of 45 £ 10 percent in CO
and 53 £ 19 percent in H «.

(ii1) We find several statistically significant correlations between
our measurements and global galaxy (or average cloud) properties
(Table 5). In brief, 7co shows positive correlations with quantities
related to galaxy mass, as well as with the molecular gas surface
density. These correlations can be explained by the existence of a
CO-dark phase, during which the molecular clouds are beginning to
assemble. Indeed, we miss more of this phase at low-mass (low-
metallicity) and less dense environments as these environments
require higher gas column density in order to shield CO molecules
from being dissociated, compared to high-mass and high-density
environment. Moreover, in high-surface density environments, we
also capture the extended region of the GMCs, unlike in low-surface
density (atomic gas-dominated) environments where CO is only
tracing the densest centres of the GMCs. This results in longer
cloud lifetimes in galaxies with a higher molecular gas surface
density.

(iv) The feedback time-scale tz also shows correlations with
quantities related to galaxy mass, most likely because fco and g,
are correlated. However, #, does show an interesting relation with
Eco, which is the surface density contrast measured on a CO map
between emission peaks and the galactic average. We find that #g, is
shorter with increasing Eco (i.e. towards sharper emission peaks).
This can be physically understood as the result of feedback, where
CO emission becomes undetected faster after the onset of massive
star formation when the surrounding medium is more sparse.

(v) The star formation efficiency €y shows a strong correlation
with Xgpr, which can at least partly be understood as a higher
SFR leading to a higher integrated star formation efficiency per star
formation event. However, other factors can also contribute to this
trend such as, the tight correlation between fco and Xy,, as well as
the dependence of extinction correction on inclination.

(vi) We find a strong negative correlation with the diffuse gas
fraction ( dCif(f)use) and the global atomic gas mass (M, giobal). We
attribute this correlation to the low completeness of CO observations
in low-mass galaxies.

(vii) Diffuse H o emission fraction strongly correlates with aver-
age virial parameter of GMCs (@yir, gmc), Which seems to indicate
that a more pervasive medium of less bound GMCs allows more
ionizing photons to escape the star-forming region and to penetrate
deeper into the surrounding gas.

(viii) We find that, at all the density regimes probed here, fco
is longer than #; (from Rosolowsky et al. 2021; Hughes et al. in
preparation) by a factor of 3.5 £ 1.8. By contrast, we find a good
agreement with crossing time (from Rosolowsky et al. 2021; Hughes
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et al. in preparation) with 7co = (1.5 £ 0.6) ;. The agreement be-
comes better when only the galaxies with low molecular gas surface
density (X, < 8M@pc*2)are considered, withtco = (1.3 £ 0.6) t;.
At higher surface densities, the agreement becomes slightly worse
with fco = (1.7 £0.6) #,. Lastly, in the low-density regime (<
8 Mg, pc~2), fco is shorter than the time-scale expected for galactic-
dynamical processes to act, with (0.7 &£ 0.3) #,,;, implying that 4
overpredicts the cloud lifetime traced by CO emission. However,
in higher surface density environments, fco = (1.5 &£ 0.6) fga, fco
even becomes longer than 7g,. The difference in low-surface density
environments is likely due to the fact that GMCs spend a large fraction
of their lifetime being CO-dark, and this phase is by construction
excluded from 7co, which measures the CO visibility lifetime. By
contrast, the Jeffreson & Kruijssen (2018) model does not make
any distinction regarding on the CO emissivity of the different gas
phases, and f,, includes both the CO-dark and CO-bright phases.
This results in an increase of #co/fg With the molecular gas surface
density (also see Chevance et al. 2020b).

We have quantified the evolutionary lifecycle of GMC formation,
evolution, and dispersal across an unprecedented sample of 54 nearby
disc galaxies. We have demonstrated that this lifecycle depends on the
large-scale galactic environment. In this work, we have determined
the evolution from cold gas to exposed young stellar regions using CO
and H o maps. In the future, we plan to further extend and refine this
evolutionary timeline, for a subset of our galaxy sample, by including
other observations at different wavelengths: ionized emission lines
from MUSE, mid-infrared from the James Webb Space Telescope,
and H 1 from the VLA and Meerkat. This will allow us to determine
the time-scales of all the successive phases of the gas that participate
in star formation.
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Molecular cloud lifecycle in 54 PHANGS galaxies

APPENDIX A: ACCURACY OF OUR RESULTS

In order to validate the accuracy of our measurements, we verify that
the requirements listed in section 4.4 of Kruijssen et al. (2018) are
fulfilled. Satisfaction of these criteria indicates that the constrained
parameters (fco, fm, and 1) are measured with an accuracy of at least
30 per cent:

(i) The duration of #¢o and 7y, should differ by less than one order
of magnitude. This is satisfied by [logo(tu o/fco)| < 0.58.

(ii) The ratio A/l min ranges from 1.06 to 3.63 for the galaxies in
our sample. For eight galaxies out of 54 (IC1954, NGC 1087, NGC
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Figure Al. Inthe top panel, we show the adopted density contrasts (§log;o.F)
used for the peak identification in each H « (blue) and CO (red) emission
map, as a function of the average filling factor ¢. The shaded area is the
parameter space where the peak identification is affected by blending of
sources (Kruijssen et al. 2018). We confirm that we adopt small enough
SlogjoF to identify adjacent peaks even in maps with high filling factor.
In the bottom panel, we show the ratio of the feedback time-scale (#,) and
the total duration of the evolutionary cycle (), as a function of the average
filling factor. The shaded area is the parameter space where the contamination
by adjacent peaks affects the measurement of the feedback time-scale. As a
result, in grey we show six galaxies where only an upper limit of #f, can be
determined by not satisfying the condition (viii).
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1385, NGC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 4548),
we measure A/l min < 1.5, implying that for these galaxies, only
tco 1s constrained with sufficient accuracy, while the constrained fg,
and X are upper limits. For the remaining galaxies, we ensure that the
mean separation length between independent regions are sufficiently
resolved by our observations.

(iii) We ensure that the number of identified peaks in both CO and
H « emission maps is always above 35. Galaxies without enough
peaks were initially removed from our galaxy sample as described
in Section 2.

(iv) The CO-to-He flux ratios measured locally focusing on CO
(Ha) peaks should never be below (above) the galactic average. As
shown in Fig. 1, this criterion is fulfilled, implying that we filter
out the large-scale diffuse emission that is not associated with peaks
enclosed in the aperture.

(v) The global star formation history of the analysed region, during
the last evolutionary cycle (ranging 9—35 Myr), should not vary more
than 0.2 dex, when averaged over time width of 7¢o or ty,. This is
to ensure that we homogeneously sample the evolutionary timelines
from gas to star with the identified peaks. Unfortunately, SFR over
the last course of cloud lifetime for the galaxies in our sample are
not known. However, we expect that the variation of SFR in the last
~35Myr to be minor when time averaged by fco or ty, as these
low redshift galaxies are mostly undergoing a secular evolution,
especially when the galactic centres and bars are excluded.

(vi) Each region, independently undergoing evolution from gas to
star, should be detectable in both tracers at some point in their life.
This implies that sensitivity of the CO and Ha should be matched,
allowing the faintest CO peak to evolve into HII regions that is
bright enough to be detected in the Ho map. In order to check if this
criterion is satisfied, we first calculate the minimum star-forming
region mass expected to form from the detected molecular clouds by
multiplying the typical 5o point source sensitivity of the CO map
(~ 10° Mgpc~?; Leroy et al. 2021b) by the typical star formation
efficiency constrained in our method (e = 2.8 & 1.5 per cent). We
then compare this minimum mass to the mass of the stellar population
required to produce ionizing radiation that matches the typical 5o
sensitivity of H o map on the scale of the typical individual star-
forming regions (A ~ 250pc). We use the STARBURST99 model
(Leitherer et al. 1999) to obtain the initial mass of the stellar
population assuming that stars formation took place instantaneously
5Myr ago. We find that the typical minimum mass of the stellar
population obtained from CO maps (3000 M) matches well with
that from H o« maps (4000 My).

Our measurements satisfy almost all of the requirements listed
above with an exception of (ii). This implies that while 7co is
constrained with high accuracy, we do not have sufficient resolution
to precisely constrain the A and g, for § galaxies in our sample. Only
upper limits can be obtained for these values. Below, we use four
more criteria listed in Kruijssen et al. (2018) to further determine
the validity of 7. To do so, we first introduce the filling factor of
SFR or gas tracer peaks, which is defined as ¢ = 2r/A, where r is the
mean radius of the corresponding peaks. This ¢ characterizes how
densely the peaks are located in a map. The average ¢ is calculated
by weighting the filling factors of gas and SFR tracer peaks with
their associated time-scales:

(i) When peaks are densely distributed potentially overlapping
with each other, the density contrast used for identifying peaks
(8logjoF) should be small enough to identify adjacent peaks. In
Fig. Al, we confirm that our adopted Slog;oF is small enough,
compared to the upper limit prescribed by Kruijssen et al. (2018).
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(ii) Spatial overlap of adjacent peaks due to high filling factor can
falsely be attributed to a longer duration of the measured feedback
time-scale. In this case, only an upper limit on the feedback time-
scale can be determined. In order to check whether we sufficiently
resolve independent regions, we compare in Fig. Al the analytical
prescription of Kruijssen et al. (2018) with our measurements of
/T, where 7 is the total duration of the entire evolutionary cycle
(t = tco + tHe — ). We find that this condition is not fulfilled for
six galaxies (NGC 1097, NGC 2090, NGC 3627, NGC 4540, NGC
4548, NGC 4569), two of which overlap with galaxies that do not
satisfy condition (ii).

(iii) As shown in the lower panel of Fig. Al, we ensure the
conditions ty, > 0.057 and #y, < 0.957 are verified for all galaxies.

(iv) Similarly to condition (v), the global SFR of the analysed
region should not vary more than 0.2 dex during the entire evolution-
ary lifecycle when averaged over f,. This is satisfied using the same
argument in (v) stated above.

(v) After masking obviously crowed regions such as the galaxy
centre, visual inspection does not reveal abundant region blending.
In conclusion, we find that most of our measurements are constrained
with high accuracy. The only exceptions are X in 8 galaxies that do
not satisfying condition (ii) and #y, in 12 galaxies that do not satisfy
both conditions (ii) and (viii). Only upper limits for these values can
be constrained for this subset of galaxies.
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