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A B S T R A C T 

The processes of star formation and feedback, regulating the cycle of matter between gas and stars on the scales of giant 
molecular clouds (GMCs; ∼100 pc), play a major role in go v erning 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 α imaging from the PHANGS surv e y, 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. 
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 I N T RO D U C T I O N  

iant molecular clouds (GMCs) are the most important sites for
tar formation. The properties of the clouds are set by the large-
cale environment of their host galaxies, directly linking the initial
onditions of star formation to galactic-scale properties (Hughes
t al. 2013 ; Colombo et al. 2014 ; Schruba, Kruijssen & Leroy 2019 ;
un et al. 2018 , 2020a , b ). In turn, the energy, momentum, and
etals deposited by stellar feedback drive the continuous evolution

f the interstellar medium (ISM) in general (e.g. Krumholz 2014 ).
he characterization of the evolutionary time-scales from molecular
loud assembly to star formation, and to young stellar regions
evoid of cold gas provides important insights into which physical
echanisms regulate this multi-scale cycle, and is therefore crucial

o understanding the evolution of galaxies. 
 E-mail: kim@uni-heidelberg.de 
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Theoretical studies of GMCs indicate that their evolution is influ-
nced by various environmentally dependent dynamical properties
uch as gravitational collapse of the ISM, collisions between clouds,
picyclic motions, galactic shear, and large-scale gas streaming mo-
ions (Dobbs & Pringle 2013 ; Dobbs, Pringle & Duarte-Cabral 2015 ;

eidt et al. 2013 , 2018 , 2020 ; Jeffreson & Kruijssen 2018 ; Jeffreson
t al. 2020 , 2021 ; Tress et al. 2020 , 2021 ). During recent decades,
rowing cloud-scale observational evidence, revealing a spatial
ecorrelation between molecular gas and young stellar regions,
oints towards a view of GMCs as transient objects that are dispersed
ithin a free-fall or dynamical time-scale (10 −30 Myr) by violent

eedback from young massive stars (Elmegreen 2000 ; Engargiola
t al. 2003 ; Blitz et al. 2007 ; Kawamura et al. 2009 ; Onodera et al.
010 ; Schruba et al. 2010 ; Miura et al. 2012 ; Meidt et al. 2015 ;
orbelli et al. 2017 ; Kruijssen et al. 2019b ; Schinnerer et al. 2019 ;
he v ance et al. 2020a , b ; Barnes et al. 2020 ; Kim et al. 2021a ; Pan
t al. 2022 ). This contradicts a conventional view where GMCs are
onsidered to represent quasi-equilibrium structures that survive over
 large fraction of a galactic rotation period (Scoville & Hersh 1979 ).
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Despite these pre vious ef forts, it has been challenging to un-
erstand what determines the evolutionary time-scales of cloud 
ssembly, star formation, and cloud dispersal due to the limited 
ange of galactic properties and ISM conditions probed so far. 
ow, the dynamic range of environments that can be investigated 

t required cloud-scale resolution has been significantly widened 
hanks to PHANGS, 1 which has mapped 12 CO( J = 2 −1) emission
ith the Atacama Large Millimeter/submillimeter Array (ALMA) 

t cloud-scale resolution across 90 star-forming main-sequence 
alaxies (Leroy et al. 2021b ). In addition, subsets of these galaxies
ave been targeted by observations at various other wavelengths 
ncluding radio (PHANGS–VLA; Sardone et al. in preparation), 

id-/near-infrared (Leroy et al. 2019 ), optical (PHANGS–HST ; Lee 
t al. 2022 , PHANGS–MUSE; Emsellem et al. 2022 , PHANGS–
 α; Razza et al. in preparation), and near -/far -ultra violet (Leroy

t al. 2019 ). These observations reveal that the GMC populations 
f nearby galaxies, with molecular gas surface densities spanning 
.4 dex (Sun et al. 2020b ), reside in diverse galactic environments 
o v ering a substantial range of local galaxy properties such as gas and
tellar mass surface densities, orbital velocities, and shear parameters 
Sun et al. 2022 ). 

Onodera et al. ( 2010 ) and Schruba et al. ( 2010 ) first quantified
he spatial decorrelation of gas and young stellar re gions observ ed at
mall scales in the Local Group galaxy M33. Kruijssen & Longmore 
 2014 ) and Kruijssen et al. ( 2018 ) developed a statistical method
hat translates the observed scale dependence of this spatial decor- 
elation between gas and young stellar regions into their underlying 
volutionary timeline, ranging from cloud assembly to subsequent 
tar formation and cloud dispersal, and finally to young stellar 
egions free of molecular gas. This method has utilized CO and 
 α observations of nearby galaxies to characterize the evolutionary 

imeline between quiescent molecular gas to exposed young stellar 
egions for 15 galaxies (Kruijssen et al. 2019b ; Che v ance et al. 2020b ;
abel et al. 2020 ; Kim et al. 2021a ; Ward et al. 2022 ). So far, these
easurements of time-scales, have been limited to a small number 

f galaxies due to the lack of CO imaging of star-forming discs
t cloud-scale resolution and the fact that our method requires us
o resolve at least the separation length between independent star- 
orming regions (100 −300 pc). These previous studies did not allow 

s to identify the key environmental factors and cloud properties (e.g. 
otal, gas, molecular gas surface densities, and masses) responsible 
or setting these time-scales. 

The first application of this method to a subset of nine PHANGS
alaxies by Che v ance et al. ( 2020b ) re vealed that the time-scale for
MC survi v al is 10 −30 Myr, agreeing well with the Local Group
easurements by Fukui et al. ( 2008 ), Kawamura et al. ( 2009 ), and
orbelli et al. ( 2017 ), using a dif ferent methodology. Che v ance
t al. ( 2020b ) also found that at high molecular gas surface density
with kpc-scale molecular gas surface density � H 2 > 8 M � pc −2 ), the
easured cloud lifetime is consistent with being set by large-scale 

ynamical processes, such as large-scale gravitational collapse and 
alactic shear. In the low surface density regime ( � H 2 ≤ 8 M � pc −2 ),
ime-scales associated with internal dynamical processes, such as 
he free-fall and crossing times, go v ern the cloud lifetime. The
uration o v er which CO and H α emission o v erlap is found to be
hort (1 −5 Myr), indicating that pre-supernova feedback, such as 
hotoionization and stellar winds, plays a key role for molecular 
loud disruption. This method also has been applied to other 
 The Physics at High Angular resolution in Nearby GalaxieS project: http: 
/phangs.org . 
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avelengths. 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

alaxies, Kim et al. ( 2021a ) incorporated Spitzer 24 μm observations
o measure the time-scale of the heavily obscured star formation, 
hich is missed when using H α only, due to attenuation provided
y surrounding gas and dust. The measured duration for the heavily
bscured star formation is 1 −4 Myr, constituting 10 −25 per cent of
he cloud lifetime. 

In this paper, we greatly increase the number of main-sequence 
alaxies analysed by this statistical method from nine considered by 
he v ance et al. ( 2020b ) to 54 galaxies here. We capitalize on our
O observations from PHANGS–ALMA (Leroy et al. 2021b ) and a
e w, large narro w-band H α surv e y by Razza et al. (in preparation;
HANGS–H α). By applying our analysis to these galaxies, we 
ystematically obtain the evolutionary sequence of GMCs from a 
uiescent molecular cloud phase to feedback dispersal phase, and 
nally to gas-free H II region phase. This statistically representative 
HANGS sample co v ers a large range of galactic properties ( ∼2 dex

n stellar mass) and morphologies. It enables us to quantitatively 
tudy the connection between the small-scale evolutionary cycle of 
olecular clouds and galactic-scale environmental properties. 
The structure of the paper is as follows. In Section 2 , we summarize

he observational data used in our analysis. In Section 3 , we describe
he statistical method used here and the associated main input param-
ters. In Section 4 , we present the inferred cloud lifetime, the duration
or which CO and H α emission coincide, the mean separation length
etween star-forming regions undergoing independent evolution, as 
ell as several other quantities derived from our measurements. In 
ection 5 , we explore how these time-scales vary with galactic and
verage GMC properties. We also compare them with theoretical 
alues. Lastly, we present our conclusions in Section 6 . 

 OBSERVA  T I O NA L  DA  TA  

.1 Descriptions of CO and H α emission maps 

HANGS has constructed a multiwavelength data base at GMC- 
cale resolution ( ∼100 pc), co v ering most of the nearby ( ≤20 Mpc),
LMA accessible, star-forming galaxies ( M ∗ = 10 9 . 5 −10 11 . 5 M �)

ying around the main sequence (see Leroy et al. 2021b ). In this
aper, we focus on the galaxies where both 12 CO( J = 2 −1),
enoted as CO(2–1) in the following, and ground-based continuum- 
ubtracted H α observations are available. This results in a sample 
f 64 galaxies. For a robust application of our statistical method,
e need a minimum of 35 identified emission peaks in each map

Kruijssen et al. 2018 ). This requirement made us remo v e 10
alaxies (IC 5332, NGC 1317, NGC 2566, NGC 2775, NGC 3626,
GC 4207, NGC 4293, NGC 4424, NGC 4457, NGC 4694), as they
o not have enough peaks identified in either the CO or H α map. 2 In
he end, our final sample consists of 54 galaxies and their physical and
bservational properties are listed in Table 1 . In the next paragraphs,
e briefly summarize the main features of the PHANGS–ALMA 

CO(2–1)) and PHANGS–H α data sets. 
In order to trace the molecular gas, we use the PHANGS–ALMA

urv e y, which has mapped the CO(2–1) emission in the star-forming
art of the disc across 90 galaxies. Full descriptions of the sample
MNRAS 516, 3006–3028 (2022) 

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

http://phangs.org
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Table 1. Physical and observational properties of our galaxy sample. 

(a) (b) (c) (d) (e) (f) (g) (h) (i) 
Galaxy M ∗, global SFR global M HI, global M H 2 , global � MS Dist. Incl. PA Hubble 

(log 10 M �) (log 10 M �yr −1 ) (log 10 M �) (log 10 M �) (Mpc) (deg) (deg) Type 

IC1954 9 .7 − 0 .4 8 .8 8 .7 − 0 .04 12 .8 57 .1 63 .4 3 .3 
IC5273 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 − 0 .4 9 .6 8 .8 − 0 .25 19 .94 23 .0 100 .9 5 .4 
NGC 1087 9 .9 0 .1 9 .1 9 .2 0 .33 15 .85 42 .9 359 .1 5 .2 
NGC 1097 10 .8 0 .7 9 .6 9 .7 0 .33 13 .58 48 .6 122 .4 3 .3 
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 3 .2 
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 3 .3 
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 41 .3 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 29 .4 − 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 34 .4 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 7 .4 
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 2 .4 
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 − 0 .4 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 − 0 .4 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 49 .4 190 .6 5 .0 
NGC 5068 9 .4 − 0 .6 8 .8 8 .4 0 .02 5 .2 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 − 0 .4 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. 
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nd the surv e y design are presented in Leroy et al. ( 2021b ). Detailed
nformation about the image production process can be found in 
eroy et al. ( 2021a ). The observations were carried out using 12 m,
 m, and total power antennas of the ALMA. The resulting maps
ave a resolution of ∼1 arcsec, which translates into a physical scale
f ∼25–200 pc for the galaxies considered here. We use the first
ublic release version of moment-0 maps generated with an inclusive 
ignal masking scheme to ensure a high detection completeness 
the ‘broad’ masking scheme; see Leroy et al. 2021a ) at native
esolution. The typical 1 σ surface density sensitivity of these broad 
aps is � H 2 ≈ 5 . 8 M � pc −2 (assuming the Galactic CO(1–0)-to-H 2 

onversion factor of 4.35 M � pc −2 (K km s −1 ) −1 and a CO(2–1)-to-
O(1–0) ratio of 0.65; Leroy et al. 2013 ; Den Brok et al. 2021 ; Leroy
t al. 2022 ). 

To trace the star formation rate (SFR), we use the continuum- 
ubtracted narrow-band H α imaging from PHANGS–H α (Prelimi- 
ary version; Razza et al. in preparation). We assume that all the H α

mission originates from the gas ionized by young, massive stars, 
gnoring the contributions from other sources such as supernova 
emnants and planetary nebulae. For the 19 galaxies in PHANGS–
 α that were also surv e yed by PHANGS–MUSE (Emsellem et al.
022 ), we can use measurements of other diagnostic lines (e.g. 
N II ], [O III ]) to quantify the fraction of H α emission originating
rom H II regions as a function of galactocentric radius. Using the
ebula catalogue introduced in Santoro et al. ( 2022 ) and described in
ore detail in Gro v es et al. (in preparation), we find that more than

0 per cent of the H α emission from discrete sources comes from H II

e gions, e xcept for in a few galactic centres, which are not included in
ur analysis. This calculation does not account for H α emission from
he diffuse ionized gas (DIG), but Belfiore et al. ( 2022 ) demonstrate
hat the majority of this emission also originates from young stars,
nd in any case this diffuse emission is largely filtered out of our maps
y the Fourier filtering described in Section 3 . The PHANGS–H α

ample consists of 65 galaxies, of which 36 galaxies were observed 
y the du Pont 2.5-m telescope at the Las Campanas Observatory, 
nd 32 galaxies by the Wide Field Imager (WFI) instrument at the
PG-ESO 2.2-m telescope at the La Silla Observatory, including 

hree galaxies that o v erlap with the du Pont 2.5-m telescope targets.
or the overlapping galaxies, we use the observations with the best 
ngular resolution. NGC 1097 is not included in PHANGS–H α and 
herefore we use the H α map from SINGS (Kennicutt et al. 2003 ).
his observation was carried out using the CTIO 1.5m telescope 
ith the CFCCD imager. For all the galaxies, a correction for the
ilky Way dust extinction is applied following Schlafly & Finkbeiner 

 2011 ) and an extinction curve with R V = 3.1 (Fitzpatrick 1999 ). We
ote that we do not correct for internal extinction caused by gas and
ust surrounding the young stars in these H α maps. In Haydon et al.
 2020a ), we have addressed the potential impact of internal extinction 
n our time-scale measurements, finding that it is negligible for kpc- 
cale molecular gas surface densities below 20 M � pc −2 . Most of the
alaxies fall below this threshold (see Fig. 6 ). Ho we ver, for those
ith higher molecular gas surface densities, extinction may decrease 

he measured molecular cloud lifetimes and feedback time-scales. 
e remo v e the contamination due to the [N II ] lines by assuming

n intensity ratio I ( N II ) /I (H α) = 0 . 3 (Kreckel et al. 2016 , 2019 ;
antoro et al. 2022 ). This correction factor for [N II ] contamination

s known to vary with galaxy mass, as well as within a galaxy
ith a large-scale metallicity gradient. We note that g alaxy-to-g alaxy 
ariations do not affect our time-scale measurements, because we use 
he ratio between the flux on GMC scales and the galactic average
hen constraining the time-scales and this correction factor cancels 
ut. By contrast, variations within a galaxy can potentially affect the 
easured deviations of flux ratios and thus the inferred time-scales. 
o we v er, we e xpect this effect to be small as long as a random
istribution of peaks in terms of radial distances can be assumed,
uch that any variations in [N II ] correction average out. The typical
esolution of the H α maps is ∼1 arcsec. Razza et al. (in preparation)
ave measured the size of the point spread function (PSF) for each
mage and find that it is close enough to be approximated as Gaussian.
or more detailed information about the image reduction process, we 
efer readers to the surv e y paper by Razza et al. (in preparation) and
ur previous papers using a subset of the same data set (Schinnerer
t al. 2019 ; Che v ance et al. 2020b ; Pan et al. 2022 ). 

.2 Homogenization of maps to common pixel grid and 

asking 

n our analysis, we require gas and SFR tracer maps of a given galaxy
o have the same pixel grid. Therefore, for each galaxy, we reproject
oth gas and SFR tracer images to share a common astrometric grid,
hoosing to work with the astrometry of whichever image has the
oarser pixel size. When the map that is being transformed has a
ner resolution than the reference map, we first convolve the map
ith a Gaussian kernel to the resolution of the reference map to
 v oid introducing artifacts. If the map being reprojected already has
 coarser resolution, no additional step is performed at this stage and
oth maps will be convolved to similar resolutions at a later stage
uring the analysis. This working resolution for each galaxy is listed
s l ap, min in Table 2 . This implies that we do not homogenize the
esolution across the surv e y but work at the best available resolution.

Due to the limited field of view of the CO maps, we restrict our
nalysis to regions where CO observations have been made. For 
ost galaxies, we mask the galaxy centre because these regions 

re crowded and we cannot separate distinct regions at our working
esolution. The radius of the galactic centre mask is listed in Table 2 .
ollowing the prescription by Kim et al. ( 2021a ), we also mask some
f very bright molecular gas or SFR tracer peaks identified within
 galaxy. This is necessary because our method utilizes small-scale 
ariation of the gas-to-SFR flux ratios to constrain the evolutionary 
imeline and implicitly assumes that this timeline is well-sampled 
y the ensemble of gas and SFR peaks identified. Therefore, by
onstruction, bright peaks constituting a significant fraction of the 
otal flux might bias our results (also see Kruijssen et al. 2018 ).
n our previous work (Che v ance et al. 2020b ; Kim et al. 2021a ),
hese regions were found to correspond to super-luminous regions 
ike 30 Doradus in the LMC, or regions located at the intersection of
 spiral arm and the co-rotation radius (e.g. the headlight cloud in
GC 0628, Herrera et al. 2020 ). In order to find these potential o v erly
right regions, we first sort the peaks that are identified within our
ethod using CLUMPFIND (see Section 3 ), by descending intensity. 
hen, we look for any gaps, which we define to exist when the n th 

eak is more than twice as bright as the ( n + 1) th peak. Whenever
uch a gap is found, we mask all the peaks that are brighter than the
 n + 1) th brightest peak. This typically results in a maximum of three
asked peaks in any particular galaxy. 

 M E T H O D  

n this section, we provide a brief description of our analysis method
formalized in the HEISENBERG 

3 code) and explain the main input 
arameters used. A detailed explanation of the concept can be found
MNRAS 516, 3006–3028 (2022) 

https://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 r min l ap, min l ap, max N ap N pix , min � log 10 F CO δlog 10 F CO � log 10 F H α δlog 10 F H α t ref t ref, errmin t ref, errmax SFR σ (SFR) log 10 αCO σrel ( αCO ) n λ
(kpc) (pc) (pc) (Myr) (Myr) (Myr) (M �yr −1 ) (M �yr −1 ) 

IC1954 0.3 132 3000 15 7 2.0 0.05 2.5 0.05 4.32 0.23 0.09 0.29 0.06 0.83 0.5 14 

IC5273 0.8 154 3000 15 6 2.0 0.05 2.5 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 1.9 137 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 2.5 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 3.4 110 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 0.3 196 6000 15 15 1.8 0.05 3.0 0.05 4.33 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 0.4 217 3000 15 3 2.2 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 2.3 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 1.5 233 3000 15 7 1.8 0.05 2.5 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 2.0 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 2.0 0.05 2.5 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 3.5 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 2.5 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 3.5 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 3.2 0.10 3.1 0.10 4.25 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 3.5 0.05 4.27 0.22 0.08 2.62 0.52 0.74 0.5 13 

NGC 4298 0.6 160 3000 15 7 2.5 0.05 3.5 0.05 4.29 0.23 0.08 0.38 0.08 0.77 0.5 14 

NGC 4303 1.2 156 3000 15 5 1.6 0.10 2.5 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 2.20 0.44 0.68 0.5 12 

NGC 4496A 0.0 118 3000 15 10 2.5 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 2.5 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 2.5 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 2.0 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 2.0 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 3.2 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 2.5 0.16 2.5 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 1.4 149 3000 15 10 1.6 0.05 2.5 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 2.4 0.05 4.34 0.23 0.09 0.17 0.03 0.86 0.5 12 

NGC 5042 0.7 134 3000 15 10 2.5 0.10 2.5 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 3.4 0.10 4.43 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 3.4 0.05 4.28 0.22 0.08 0.30 0.06 0.75 0.5 12 

NGC 5248 1.2 113 3000 15 10 2.0 0.10 2.4 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 2.0 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 2.5 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 2.2 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 3.5 0.05 4.48 0.20 0.07 0.10 0.02 1.12 0.5 11 

NGC 7496 1.3 169 5000 15 5 3.0 0.05 3.2 0.05 4.27 0.22 0.08 0.53 0.11 0.73 0.5 13 
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n Kruijssen & Longmore ( 2014 ), the presentation and validation of
he code and a full description of its input parameters in Kruijssen
t al. ( 2018 ), and applications of the method to observed galaxies
n Kruijssen et al. ( 2019b ), Che v ance et al. ( 2020b , 2022 ), Haydon
t 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
omposed of numerous GMCs and star-forming regions, which are
patially decorrelated at small scale while being tightly correlated
n galactic scale, defining the well-known ‘star formation relation’
e.g. Kennicutt 1998 ). This decorrelation was first pointed out
y Schruba et al. ( 2010 ), and is inevitable if the CO and H α-
mitting phases represent temporally distinct stages of the GMC
ifecycle (Kruijssen & Longmore 2014 ): the GMCs and star-forming
egions represent instantaneous manifestations of individual regions
ndergoing independent evolution, during which molecular clouds
ssemble, form stars, and get disrupted by stellar feedback, only
eaving young stellar regions to be detected without molecular gas. 

In order to translate this observed decorrelation between gas
nd young stars into their evolutionary lifecycle, we first identify
mission peaks in gas and SFR tracer maps using CLUMPFIND

Williams, de Geus & Blitz 1994 ). This algorithm finds peaks by
ontouring the data for a set of flux levels, which are spaced by an
NRAS 516, 3006–3028 (2022) 
nterval of δlog 10 F and are spread o v er a flux range ( � log 10 F ) below
he maximum flux level. We then reject peaks that contain less than
 pix, min pixels. Around each identified peak, we then place apertures
f various sizes ranging from cloud scales ( l ap, min ) to galactic scales
 l ap, max ) and measure the relative changes of the gas-to-SFR tracer
ux ratio, compared to the galactic average, at each given aperture
ize. We set the number of aperture sizes to be N ap = 15. 

We then fit an analytical function (see section 3.2.11 of Kruijssen
t al. 2018 ) to the measured flux ratios, which assumes that the
easured flux ratios reflect the superposition of independently evolv-

ng regions and depend on the relative durations of the successive
hases of the cloud and star formation timeline, as well as on
he typical separation length between independent regions ( λ). The
bsolute durations of the successive phases are obtained by scaling
he resulting constraints on time-scale ratios by a reference time-
cale ( t ref ). Here, we use the duration of the isolated H α emitting
hase as t ref ( ≈ 4 . 3 Myr). This value is appropriate for a delta-
unction star formation history and thus does not correspond to the
ull duration of the H α emitting phase if the age spread is non-
ero (which is accounted for, see below). This t ref is dependent on
etallicity and listed for each galaxy in Table 2 , and was calibrated by
aydon et al. ( 2020a , b ) using the stellar population synthesis model
LUG2 (Da Silva, Fumagalli & Krumholz 2012 , 2014 ; Krumholz
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t al. 2015 ). Therefore, our fitted model is described by three
ndependent non-degenerate parameters: the cloud lifetime ( t CO ), 
he phase during which both molecular gas and SFR tracers o v erlap
 t fb ), and the characteristic separation length between independent 
egions ( λ). The overlapping time-scale represents the duration 
rom when massive star-forming regions start emerging to when 
he surrounding molecular gas has been completely remo v ed or
issociated by feedback, and is therefore often referred to as the 
eedback time-scale. The SFR tracer-emitting time-scale ( t H α) then 
imply follows as t fb + t ref , where the addition of t fb allows for the
resence of an age spread in individual regions. 
To focus our analysis specifically on the peaks of emission, we 

ollow Kruijssen et al. ( 2019b ), Chevance et al. ( 2020b ), and Kim
t al. ( 2021a ) and apply a Fourier filter to remo v e the large-scale
tructure from both maps, using the method presented in Hygate 
t al. ( 2019 ). In the H α maps, this will suppress diffuse ionized gas
mission, which often forms a large halo around H II regions (see e.g.
affner et al. 2009 ; Rahman et al. 2011 ; Belfiore et al. 2022 ) and add
 large-scale reservoir of emission that does not originate from peaks 
ithin the aperture. In the CO maps, the operation isolates clumps 
f emission, likely to be the individual massive clouds or complexes, 
ost directly associated with the massive H II regions that we identify.

n practice, we filter out emission on spatial scales larger than n λ
imes the typical separation length between independent star-forming 
egions ( λ; constrained in our method), using a Gaussian high-pass
lter in Fourier space. We choose the smallest possible value of n λ
see Table 2 ), while ensuring that flux loss from the compact regions
s less than 10 per cent, following the prescription by Hygate et al.
 2019 ), Kruijssen et al. ( 2019b ), Che v ance et al. ( 2020b ), and Kim
t al. ( 2021a ). Because the width of the filter depends on the region
eparation length, which is a quantity constrained by the analysis, 
his procedure must be carried out iteratively until a convergence 
ondition is reached. This condition is defined as a change of the
easured λ by less than 5 per cent for three consecutive iterations. 
Using this method, we also derive other physical properties, 

uch as the compact molecular gas surface density ( � 

compact 
H 2 

), SFR
urface density of the analysed region ( � SFR ), depletion time of
he compact molecular gas ( t compact 

dep ), which assumes that all of
he SFR results from the compact molecular gas component), 4 and 
ntegrated star formation efficiency achieved by the average star- 
orming region ( εsf ). To derive these properties, we adopt a CO(2–
)-to-H 2 conversion factor ( αCO ) and use the global SFR, which 
ncludes a contribution from diffused ionized gas and a correction 
or the internal extinction. We adopt a metallicity-dependent αCO 

ollowing Sun et al. ( 2020b ), expressed as 

CO = 4 . 35 Z 

′−1 . 6 /R 21 M �
(
K km s −1 pc 2 

)−1 
, (1) 

here R 21 is the CO(2–1)-to-CO(1–0) line ratio (0.65; Leroy et al. 
013 ; Den Brok et al. 2021 ; Leroy et al. 2022 ) and Z 

′ 
is the

O luminosity-weighted metallicity in units of the solar value. To 
alculate this, we adopt the metallicity from the global stellar mass-
etallicity relation (S ́anchez et al. 2019 ) at the ef fecti ve radius (R eff )

nd assume a fixed radial metallicity gradient within the galaxy 
 −0 . 1dex / R eff ; S ́anchez et al. 2014 ). The global SFR, accounting for
xtinction, is adopted from Leroy et al. ( 2019 ) and is measured by
ombining maps from the Galaxy Evolution Explorer ( GALEX ) far-
ltraviolet band (155 nm) and the Wide-field Infrared Survey Explorer 
 WISE ) W4 band (22 μm), convolved to 15 arcsec angular resolution.
 We also derive molecular gas surface density (including the diffuse compo- 
ent; � H 2 ) and depletion time for all the molecular gas t dep . 

w  

T  

a
(  
ere, we only consider star formation within the analysed region, 
xcluding galactic centres and bright regions that are masked in our
nalysis. We assume a conserv ati ve uncertainty for αCO of 50 per cent
nd a typical SFR uncertainty of 20 per cent, denoted as σrel ( αCO )
nd σ (SFR), respectively, in Table 2 . 

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

 E VO L U T I O NA RY  TI MELI NE  F RO M  

O L E C U L A R  G A S  TO  EXPOSED  YO U N G  

TELLAR  R E G I O N S  

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

Fig. 1 shows the variations of the gas-to-SFR tracer flux ratios
easured within apertures centred on CO and H α peaks relative 

o the galactic average, as a function of the aperture size, together
ith our best-fitting model for each galaxy. For all the galaxies in
ur sample, the measured flux ratios increasingly diverge from the 
alactic average as the size of the aperture decreases (from ∼1 kpc to
50 pc), both for apertures focused on gas and SFR tracer peaks. This

emonstrates a universal spatial decorrelation between molecular gas 
nd young stellar regions on the cloud scale at the sensitivity limits
f our data. In Table 3 , we present the best-fitting free parameters
onstrained by the model fit to each galaxy, as well as additional
uantities that can be derived from our measurements: the feedback 
utflow velocity ( v fb ; see Section 4.4 ), the integrated cloud-scale
tar formation efficiency ( εsf ; see Section 4.5 ), and the fractions of
iffuse molecular and ionized gas ( f CO 

diffuse and f H αdiffuse ; see Section 4.6 ),
hich are determined during our diffuse emission filtering process 
escribed in Section 3 . Fig. 2 shows an illustration of the resulting
volutionary lifecycles of GMCs in our galaxy sample, from the 
ssembly of molecular gas to the feedback phase powered by massive
tar formation, and finally to exposed young stellar regions. Star 
ormation regions emit in only CO in the beginning, then also in H α

fter the massive star-forming region has become partially exposed, 
nd finally only in H α after cloud disruption. In Fig. 3 , we show the
istributions of our main measurements across the galaxy sample. 

.1 Cloud lifetime ( t CO 

) 

cross all the galaxies in our sample, the range of measured cloud
ifetimes (i.e. the duration o v er which CO is visible) is 5 −30 Myr,
ith an average of 16 Myr and a 16 −84 per cent range of 11 −22 Myr.
he range of our measurements of t CO corresponds to 1 −3 times the
verage crossing time-scale of massive GMCs in PHANGS–ALMA 

see also Sun et al. 2022 ; and Section 5.2 ), which suggests that
MNRAS 516, 3006–3028 (2022) 
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Figure 1. Measured variation of the gas-to-SFR tracer flux ratio (CO-to-H α) relative to the galactic average as a function of the size of apertures placed on 
CO (red) and H α (blue) emission peaks. The error bars indicate a 1 σ uncertainty on each individual measurement whereas the shaded area around each error 
bar represents the ef fecti ve 1 σ 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 ( λ) 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 ( t CO ), the feedback time-scale ( t fb ), the H α-emitting time-scale ( t H α = t fb + t ref ), the 
characteristic region separation length ( λ), the feedback velocity ( v fb ), the integrated star formation efficiency ( εsf ), the diffuse emission fraction in 
the molecular gas and SFR tracer maps ( f CO 

diffuse and f H αdiffuse , respectively), and the depletion time-scale of the compact molecular gas ( t compact 
dep ), as 

well as the depletion time-scale for total molecular gas ( t dep ), which includes the diffuse component. For some galaxies, only a 1 σ upper limit can be 
obtained on t fb , t H α , and λ, because the independent star-forming regions are not sufficiently resolved (see the Appendix). 

Galaxy t CO t fb t H α λ v fb εsf f CO 
diffuse f H αdiffuse t 

compact 
dep t dep 

(Myr) (Myr) (Myr) (pc) (km s −1 ) (per cent) (Gyr) (Gyr) 

IC1954 13 . 6 + 3 . 5 −2 . 5 < 4 . 3 < 8 . 6 < 225 18 . 6 + 10 . 0 
−5 . 2 1 . 9 + 1 . 6 −0 . 8 0 . 37 + 0 . 06 

−0 . 05 0 . 72 + 0 . 02 
−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 2 + 1 . 6 −0 . 9 

IC5273 14 . 9 + 5 . 8 −3 . 4 4 . 7 + 2 . 6 −1 . 6 9 . 1 + 2 . 6 −1 . 6 299 + 166 
−68 14 . 2 + 5 . 8 −4 . 2 4 . 9 + 4 . 9 −2 . 1 0 . 47 + 0 . 04 

−0 . 03 0 . 65 + 0 . 05 
−0 . 03 0 . 3 + 0 . 2 −0 . 1 0 . 9 + 0 . 6 −0 . 4 

NGC 0628 24 . 0 + 2 . 4 −2 . 4 3 . 2 + 0 . 5 −0 . 6 7 . 4 + 0 . 6 −0 . 6 96 + 13 
−10 8 . 0 + 1 . 4 −1 . 0 5 . 5 + 4 . 0 −2 . 3 0 . 52 + 0 . 03 

−0 . 03 0 . 38 + 0 . 03 
−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 6 + 1 . 2 −0 . 7 

NGC 0685 16 . 1 + 3 . 8 −3 . 2 4 . 2 + 1 . 3 −1 . 3 8 . 5 + 1 . 3 −1 . 4 280 + 44 
−45 18 . 1 + 7 . 1 −4 . 0 3 . 6 + 2 . 9 −1 . 6 0 . 13 + 0 . 05 

−0 . 05 0 . 59 + 0 . 02 
−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 0 + 0 . 7 −0 . 4 

NGC 1087 19 . 7 + 6 . 3 −3 . 7 < 6 . 1 < 10 . 5 < 290 15 . 7 + 6 . 4 −4 . 9 5 . 3 + 4 . 6 −2 . 3 0 . 45 + 0 . 03 
−0 . 03 0 . 53 + 0 . 04 

−0 . 04 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

NGC 1097 15 . 9 + 3 . 7 −2 . 7 < 1 . 9 < 6 . 2 220 + 39 
−25 52 . 7 + 47 . 4 

−18 . 8 2 . 4 + 2 . 0 −1 . 0 0 . 35 + 0 . 04 
−0 . 03 0 . 70 + 0 . 02 

−0 . 02 0 . 7 + 0 . 5 −0 . 3 1 . 8 + 1 . 3 −0 . 8 

NGC 1300 16 . 6 + 1 . 9 −2 . 5 3 . 6 + 0 . 7 −0 . 8 7 . 8 + 0 . 7 −0 . 9 280 + 46 
−35 16 . 9 + 4 . 6 −2 . 2 2 . 9 + 2 . 1 −1 . 3 0 . 43 + 0 . 02 

−0 . 02 0 . 43 + 0 . 02 
−0 . 03 0 . 6 + 0 . 4 −0 . 2 1 . 5 + 1 . 0 −0 . 6 

NGC 1365 21 . 3 + 4 . 7 −3 . 5 3 . 9 + 1 . 1 −1 . 1 8 . 1 + 1 . 2 −1 . 1 315 + 126 
−65 22 . 0 + 5 . 0 −3 . 9 2 . 4 + 1 . 9 −1 . 0 0 . 34 + 0 . 05 

−0 . 05 0 . 51 + 0 . 06 
−0 . 05 0 . 9 + 0 . 6 −0 . 4 2 . 5 + 1 . 8 −1 . 0 

NGC 1385 13 . 5 + 5 . 0 −2 . 6 < 4 . 1 < 8 . 5 < 238 20 . 0 + 7 . 5 −6 . 3 4 . 7 + 4 . 3 −2 . 0 0 . 50 + 0 . 04 
−0 . 03 0 . 62 + 0 . 04 

−0 . 03 0 . 3 + 0 . 2 −0 . 1 0 . 9 + 0 . 7 −0 . 4 

NGC 1433 14 . 6 + 1 . 6 −1 . 7 2 . 1 + 0 . 4 −0 . 4 6 . 3 + 0 . 5 −0 . 5 227 + 27 
−21 22 . 6 + 5 . 4 −3 . 6 3 . 6 + 2 . 7 −1 . 5 0 . 48 + 0 . 02 

−0 . 01 0 . 36 + 0 . 05 
−0 . 04 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

NGC 1511 15 . 2 + 5 . 9 −3 . 4 2 . 0 + 1 . 4 −0 . 8 6 . 3 + 1 . 4 −0 . 8 417 + 182 
−96 49 . 7 + 28 . 6 

−18 . 8 4 . 4 + 4 . 1 −1 . 9 0 . 55 + 0 . 07 
−0 . 05 0 . 83 + 0 . 04 

−0 . 02 0 . 3 + 0 . 2 −0 . 1 1 . 5 + 1 . 0 −0 . 6 

NGC 1512 11 . 9 + 1 . 0 −1 . 6 1 . 8 + 0 . 2 −0 . 4 6 . 0 + 0 . 3 −0 . 5 258 + 37 
−30 27 . 9 + 8 . 3 −2 . 5 2 . 2 + 1 . 5 −1 . 0 0 . 53 + 0 . 02 

−0 . 02 0 . 33 + 0 . 02 
−0 . 02 0 . 5 + 0 . 4 −0 . 2 1 . 7 + 1 . 2 −0 . 7 

NGC 1546 8 . 5 + 5 . 4 −2 . 4 < 3 . 8 < 8 . 1 < 348 44 . 2 + 32 . 0 
−19 . 2 0 . 7 + 0 . 8 −0 . 3 0 . 69 + 0 . 10 

−0 . 04 0 . 31 + 1 . 07 
−0 . 37 1 . 2 + 0 . 9 −0 . 5 7 . 6 + 5 . 4 −3 . 1 

NGC 1559 16 . 2 + 11 . 9 
−4 . 0 4 . 7 + 4 . 2 −1 . 5 9 . 0 + 4 . 2 −1 . 5 369 + 140 

−63 21 . 1 + 7 . 9 −9 . 1 3 . 3 + 4 . 2 −1 . 4 0 . 43 + 0 . 04 
−0 . 03 0 . 28 + 0 . 23 

−0 . 14 0 . 5 + 0 . 3 −0 . 2 1 . 4 + 1 . 0 −0 . 6 

NGC 1566 23 . 8 + 3 . 5 −3 . 2 4 . 7 + 1 . 2 −1 . 0 9 . 0 + 1 . 2 −1 . 1 229 + 50 
−35 12 . 6 + 2 . 8 −2 . 2 4 . 1 + 3 . 1 −1 . 8 0 . 36 + 0 . 02 

−0 . 02 0 . 46 + 0 . 03 
−0 . 03 0 . 6 + 0 . 4 −0 . 2 1 . 3 + 1 . 0 −0 . 6 

NGC 1672 23 . 4 + 4 . 2 −4 . 8 < 5 . 9 < 10 . 2 < 442 20 . 1 + 7 . 3 −3 . 4 4 . 7 + 3 . 4 −2 . 1 0 . 28 + 0 . 07 
−0 . 07 0 . 43 + 0 . 05 

−0 . 05 0 . 5 + 0 . 4 −0 . 2 1 . 3 + 0 . 9 −0 . 5 

NGC 1792 11 . 4 + 1 . 7 −1 . 5 2 . 4 + 0 . 7 −0 . 7 6 . 6 + 0 . 8 −0 . 8 352 + 96 
−58 43 . 8 + 13 . 8 

−7 . 2 1 . 3 + 0 . 9 −0 . 5 0 . 49 + 0 . 04 
−0 . 03 0 . 67 + 0 . 03 

−0 . 03 0 . 9 + 0 . 6 −0 . 4 3 . 2 + 2 . 3 −1 . 3 

NGC 1809 4 . 9 + 4 . 0 −1 . 0 1 . 6 + 2 . 4 −0 . 8 6 . 0 + 2 . 5 −0 . 8 280 + 602 
−83 50 . 8 + 30 . 2 

−23 . 6 0 . 8 + 1 . 2 −0 . 4 0 . 34 + 0 . 25 
−0 . 09 0 . 62 + 0 . 21 

−0 . 06 0 . 6 + 0 . 4 −0 . 2 1 . 6 + 1 . 1 −0 . 6 

NGC 2090 10 . 3 + 2 . 5 −1 . 9 < 2 . 4 < 6 . 7 185 + 43 
−28 31 . 3 + 23 . 3 

−10 . 1 0 . 8 + 0 . 7 −0 . 4 0 . 46 + 0 . 04 
−0 . 03 0 . 81 + 0 . 01 

−0 . 01 1 . 2 + 0 . 9 −0 . 5 4 . 5 + 3 . 2 −1 . 9 

NGC 2283 9 . 2 + 2 . 7 −1 . 9 2 . 8 + 1 . 4 −1 . 1 7 . 2 + 1 . 4 −1 . 1 195 + 93 
−40 17 . 3 + 8 . 9 −4 . 8 2 . 6 + 2 . 2 −1 . 1 0 . 23 + 0 . 10 

−0 . 07 0 . 56 + 0 . 04 
−0 . 03 0 . 4 + 0 . 3 −0 . 1 0 . 9 + 0 . 6 −0 . 4 

NGC 2835 8 . 4 + 1 . 5 −1 . 3 1 . 3 + 0 . 5 −0 . 4 5 . 6 + 0 . 6 −0 . 5 148 + 31 
−19 26 . 5 + 11 . 7 

−6 . 9 2 . 1 + 1 . 6 −0 . 9 0 . 34 + 0 . 04 
−0 . 03 0 . 18 + 0 . 10 

−0 . 08 0 . 4 + 0 . 3 −0 . 2 1 . 0 + 0 . 7 −0 . 4 

NGC 2997 15 . 5 + 2 . 2 −1 . 8 3 . 8 + 0 . 9 −0 . 7 8 . 1 + 1 . 0 −0 . 8 234 + 46 
−30 16 . 4 + 2 . 9 −2 . 6 3 . 0 + 2 . 2 −1 . 3 0 . 35 + 0 . 04 

−0 . 03 0 . 33 + 0 . 04 
−0 . 04 0 . 5 + 0 . 4 −0 . 2 1 . 5 + 1 . 1 −0 . 6 

NGC 3059 29 . 0 + 7 . 7 −4 . 6 5 . 4 + 1 . 6 −1 . 2 9 . 7 + 1 . 7 −1 . 2 369 + 50 
−40 13 . 7 + 3 . 5 −3 . 0 7 . 5 + 6 . 3 −3 . 2 0 . 36 + 0 . 04 

−0 . 03 0 . 52 + 0 . 12 
−0 . 08 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

NGC 3351 22 . 7 + 5 . 0 −2 . 7 2 . 5 + 0 . 9 −0 . 6 6 . 8 + 1 . 0 −0 . 7 179 + 24 
−20 14 . 4 + 4 . 2 −3 . 7 3 . 4 + 2 . 8 −1 . 4 0 . 49 + 0 . 01 

−0 . 01 0 . 23 + 0 . 02 
−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 5 −0 . 8 

NGC 3507 11 . 0 + 2 . 5 −1 . 3 2 . 3 + 1 . 0 −0 . 6 6 . 6 + 1 . 0 −0 . 6 277 + 91 
−38 32 . 9 + 8 . 1 −8 . 0 2 . 4 + 1 . 9 −1 . 0 0 . 46 + 0 . 03 

−0 . 03 0 . 64 + 0 . 05 
−0 . 04 0 . 5 + 0 . 3 −0 . 2 1 . 4 + 1 . 0 −0 . 6 

NGC 3511 8 . 3 + 2 . 2 −1 . 4 2 . 8 + 1 . 3 −1 . 1 7 . 1 + 1 . 4 −1 . 1 383 + 146 
−91 37 . 6 + 17 . 8 

−10 . 3 0 . 6 + 0 . 5 −0 . 2 0 . 53 + 0 . 03 
−0 . 03 0 . 61 + 0 . 03 

−0 . 03 1 . 4 + 1 . 0 −0 . 6 4 . 8 + 3 . 4 −2 . 0 

NGC 3596 19 . 2 + 4 . 2 −2 . 5 3 . 3 + 1 . 4 −0 . 8 7 . 7 + 1 . 4 −0 . 8 119 + 34 
−18 9 . 8 + 2 . 2 −2 . 5 2 . 7 + 2 . 2 −1 . 1 0 . 49 + 0 . 04 

−0 . 03 0 . 15 + 0 . 07 
−0 . 06 0 . 7 + 0 . 5 −0 . 3 2 . 3 + 1 . 6 −0 . 9 

NGC 3627 14 . 1 + 3 . 1 −2 . 0 < 2 . 7 < 7 . 0 207 + 47 
−31 31 . 6 + 14 . 0 

−8 . 4 1 . 8 + 1 . 5 −0 . 8 0 . 39 + 0 . 05 
−0 . 04 0 . 60 + 0 . 03 

−0 . 03 0 . 8 + 0 . 6 −0 . 3 2 . 4 + 1 . 7 −1 . 0 

NGC 4254 17 . 7 + 3 . 0 −1 . 9 4 . 7 + 1 . 3 −1 . 0 9 . 0 + 1 . 3 −1 . 0 215 + 48 
−34 12 . 3 + 2 . 2 −1 . 9 2 . 8 + 2 . 2 −1 . 2 0 . 34 + 0 . 05 

−0 . 05 0 . 39 + 0 . 04 
−0 . 03 0 . 6 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 

NGC 4298 22 . 6 + 7 . 5 −4 . 4 < 5 . 8 < 10 . 2 < 263 16 . 7 + 7 . 4 −5 . 2 1 . 8 + 1 . 6 −0 . 8 0 . 51 + 0 . 03 
−0 . 03 0 . 48 + 0 . 03 

−0 . 03 1 . 3 + 0 . 9 −0 . 5 4 . 9 + 3 . 5 −2 . 1 

NGC 4303 20 . 7 + 4 . 7 −3 . 2 4 . 0 + 1 . 7 −1 . 2 8 . 3 + 1 . 8 −1 . 2 247 + 77 
−40 17 . 1 + 5 . 5 −4 . 1 5 . 5 + 4 . 5 −2 . 3 0 . 48 + 0 . 02 

−0 . 02 0 . 49 + 0 . 03 
−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

NGC 4321 20 . 0 + 2 . 8 −2 . 3 3 . 1 + 0 . 7 −0 . 6 7 . 4 + 0 . 7 −0 . 7 242 + 23 
−21 20 . 5 + 4 . 3 −3 . 4 3 . 0 + 2 . 3 −1 . 3 0 . 47 + 0 . 01 

−0 . 01 0 . 45 + 0 . 02 
−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 1 + 1 . 5 −0 . 9 

NGC 4496A 14 . 6 + 2 . 7 −2 . 5 1 . 9 + 0 . 8 −0 . 8 6 . 3 + 0 . 8 −0 . 9 213 + 52 
−37 27 . 2 + 17 . 9 

−6 . 9 2 . 4 + 1 . 8 −1 . 0 0 . 38 + 0 . 03 
−0 . 03 0 . 55 + 0 . 03 

−0 . 03 0 . 6 + 0 . 4 −0 . 3 1 . 7 + 1 . 2 −0 . 7 

NGC 4535 24 . 5 + 8 . 5 −3 . 6 4 . 6 + 2 . 2 −1 . 0 8 . 9 + 2 . 3 −1 . 1 239 + 60 
−40 13 . 5 + 3 . 0 −3 . 8 3 . 0 + 3 . 1 −1 . 3 0 . 43 + 0 . 03 

−0 . 03 0 . 41 + 0 . 04 
−0 . 04 0 . 8 + 0 . 6 −0 . 3 2 . 3 + 1 . 7 −1 . 0 

NGC 4540 14 . 0 + 2 . 7 −2 . 9 < 2 . 6 < 7 . 0 < 215 22 . 4 + 12 . 6 
−3 . 8 2 . 0 + 1 . 5 −0 . 9 0 . 55 + 0 . 04 

−0 . 03 0 . 66 + 0 . 03 
−0 . 03 0 . 7 + 0 . 5 −0 . 3 2 . 4 + 1 . 7 −1 . 0 

NGC 4548 13 . 9 + 4 . 4 −2 . 6 < 2 . 7 < 6 . 9 < 250 39 . 3 + 17 . 1 
−15 . 2 1 . 6 + 1 . 4 −0 . 7 0 . 47 + 0 . 03 

−0 . 02 0 . 74 + 0 . 01 
−0 . 01 0 . 9 + 0 . 6 −0 . 4 2 . 5 + 1 . 8 −1 . 0 

NGC 4569 16 . 1 + 3 . 9 −2 . 5 < 2 . 2 < 6 . 5 380 + 83 
−61 72 . 3 + 33 . 9 

−22 . 4 1 . 1 + 0 . 9 −0 . 5 0 . 61 + 0 . 04 
−0 . 03 0 . 27 + 0 . 04 

−0 . 04 1 . 4 + 1 . 0 −0 . 6 6 . 5 + 4 . 7 −2 . 7 

NGC 4571 19 . 3 + 5 . 7 −2 . 8 4 . 5 + 1 . 7 −1 . 0 8 . 8 + 1 . 8 −1 . 1 255 + 50 
−36 13 . 1 + 3 . 2 −3 . 4 3 . 3 + 2 . 8 −1 . 4 0 . 64 + 0 . 02 

−0 . 02 0 . 29 + 0 . 07 
−0 . 06 0 . 6 + 0 . 4 −0 . 2 2 . 8 + 2 . 0 −1 . 2 

NGC 4654 19 . 8 + 4 . 3 −3 . 7 4 . 9 + 1 . 8 −1 . 5 9 . 1 + 1 . 8 −1 . 5 441 + 145 
−79 23 . 4 + 8 . 0 −4 . 9 2 . 8 + 2 . 2 −1 . 2 0 . 34 + 0 . 04 

−0 . 04 0 . 45 + 0 . 04 
−0 . 04 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 5 −0 . 9 

NGC 4689 23 . 6 + 4 . 1 −3 . 7 3 . 8 + 1 . 0 −1 . 0 8 . 1 + 1 . 0 −1 . 0 189 + 25 
−22 13 . 0 + 4 . 0 −2 . 4 4 . 6 + 3 . 5 −2 . 0 0 . 53 + 0 . 02 

−0 . 02 0 . 61 + 0 . 03 
−0 . 03 0 . 5 + 0 . 4 −0 . 2 1 . 7 + 1 . 2 −0 . 7 

NGC 4731 13 . 1 + 3 . 1 −2 . 8 2 . 6 + 1 . 1 −1 . 0 7 . 0 + 1 . 2 −1 . 1 248 + 93 
−49 24 . 8 + 14 . 1 

−6 . 5 1 . 8 + 1 . 4 −0 . 8 0 . 36 + 0 . 06 
−0 . 05 0 . 44 + 0 . 09 

−0 . 07 0 . 7 + 0 . 5 −0 . 3 1 . 6 + 1 . 1 −0 . 6 

NGC 4781 8 . 3 + 1 . 5 −1 . 1 2 . 1 + 0 . 8 −0 . 6 6 . 4 + 0 . 9 −0 . 6 182 + 53 
−32 22 . 7 + 6 . 4 −5 . 2 1 . 4 + 1 . 1 −0 . 6 0 . 46 + 0 . 04 

−0 . 03 0 . 72 + 0 . 02 
−0 . 02 0 . 6 + 0 . 4 −0 . 2 1 . 9 + 1 . 4 −0 . 8 

NGC 4941 21 . 1 + 4 . 2 −3 . 6 2 . 7 + 1 . 0 −0 . 9 7 . 0 + 1 . 0 −1 . 0 273 + 56 
−36 23 . 1 + 11 . 0 

−5 . 8 2 . 5 + 1 . 9 −1 . 1 0 . 57 + 0 . 02 
−0 . 02 0 . 87 + 0 . 01 

−0 . 01 0 . 8 + 0 . 6 −0 . 4 3 . 2 + 2 . 3 −1 . 3 

NGC 4951 7 . 9 + 4 . 4 −2 . 1 1 . 9 + 1 . 6 −0 . 8 6 . 2 + 1 . 7 −0 . 9 329 + 130 
−66 38 . 3 + 27 . 2 

−16 . 8 1 . 1 + 1 . 2 −0 . 5 0 . 67 + 0 . 02 
−0 . 02 0 . 73 + 0 . 05 

−0 . 03 0 . 7 + 0 . 5 −0 . 3 3 . 2 + 2 . 3 −1 . 3 

NGC 5042 14 . 7 + 3 . 7 −2 . 8 2 . 5 + 1 . 1 −1 . 0 6 . 8 + 1 . 2 −1 . 0 242 + 68 
−45 23 . 2 + 12 . 8 

−6 . 8 2 . 0 + 1 . 6 −0 . 9 0 . 48 + 0 . 02 
−0 . 02 0 . 65 + 0 . 04 

−0 . 03 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 
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Table 3 – continued 

Galaxy t CO t fb t H α λ v fb εsf f CO 
diffuse f H αdiffuse t 

compact 
dep t dep 

(Myr) (Myr) (Myr) (pc) (km s −1 ) (per cent) (Gyr) (Gyr) 

NGC 5068 11 . 4 + 2 . 3 −1 . 9 1 . 1 + 0 . 3 −0 . 3 5 . 5 + 0 . 4 −0 . 3 117 + 18 
−12 16 . 1 + 5 . 3 −3 . 6 2 . 7 + 2 . 1 −1 . 2 0 . 54 + 0 . 01 

−0 . 01 0 . 11 + 0 . 14 
−0 . 10 0 . 4 + 0 . 3 −0 . 2 1 . 1 + 0 . 8 −0 . 5 

NGC 5134 15 . 0 + 3 . 3 −2 . 9 2 . 5 + 0 . 7 −0 . 9 6 . 8 + 0 . 7 −0 . 9 229 + 49 
−37 21 . 2 + 9 . 8 −4 . 1 3 . 8 + 3 . 0 −1 . 6 0 . 49 + 0 . 01 

−0 . 02 0 . 67 + 0 . 04 
−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

NGC 5248 15 . 0 + 3 . 3 −2 . 6 2 . 5 + 1 . 1 −0 . 9 6 . 7 + 1 . 2 −0 . 9 173 + 40 
−27 20 . 8 + 8 . 8 −5 . 6 2 . 6 + 2 . 1 −1 . 1 0 . 56 + 0 . 03 

−0 . 03 0 . 73 + 0 . 02 
−0 . 02 0 . 6 + 0 . 4 −0 . 2 2 . 1 + 1 . 5 −0 . 9 

NGC 5530 20 . 4 + 5 . 0 −2 . 8 4 . 3 + 1 . 2 −0 . 7 8 . 6 + 1 . 3 −0 . 8 269 + 49 
−33 11 . 6 + 2 . 1 −2 . 4 2 . 3 + 1 . 9 −0 . 9 0 . 51 + 0 . 02 

−0 . 02 0 . 70 + 0 . 02 
−0 . 02 0 . 9 + 0 . 6 −0 . 4 2 . 7 + 2 . 0 −1 . 1 

NGC 5643 17 . 7 + 2 . 7 −2 . 7 3 . 0 + 0 . 7 −0 . 8 7 . 3 + 0 . 8 −0 . 8 188 + 33 
−21 13 . 8 + 4 . 4 −2 . 3 4 . 6 + 3 . 5 −2 . 0 0 . 40 + 0 . 02 

−0 . 02 0 . 70 + 0 . 01 
−0 . 01 0 . 4 + 0 . 3 −0 . 2 1 . 1 + 0 . 8 −0 . 5 

NGC 6300 21 . 5 + 3 . 6 −2 . 9 3 . 6 + 1 . 0 −0 . 8 7 . 8 + 1 . 1 −0 . 9 156 + 23 
−18 11 . 0 + 2 . 7 −2 . 3 3 . 2 + 2 . 4 −1 . 4 0 . 49 + 0 . 02 

−0 . 02 0 . 67 + 0 . 02 
−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 

NGC 6744 31 . 8 + 3 . 7 −3 . 0 3 . 9 + 0 . 7 −0 . 5 8 . 2 + 0 . 8 −0 . 6 156 + 13 
−9 9 . 4 + 1 . 3 −1 . 3 2 . 6 + 1 . 9 −1 . 1 0 . 38 + 0 . 01 

−0 . 01 0 . 17 + 0 . 03 
−0 . 03 1 . 2 + 0 . 9 −0 . 5 3 . 0 + 2 . 1 −1 . 2 

NGC 7456 11 . 0 + 4 . 6 −2 . 3 2 . 6 + 1 . 5 −0 . 9 7 . 1 + 1 . 6 −1 . 0 393 + 101 
−80 34 . 7 + 15 . 9 

−12 . 3 0 . 8 + 0 . 7 −0 . 3 0 . 36 + 0 . 06 
−0 . 05 0 . 81 + 0 . 02 

−0 . 02 1 . 4 + 1 . 0 −0 . 6 3 . 5 + 2 . 5 −1 . 5 

NGC 7496 18 . 4 + 10 . 5 
−3 . 0 4 . 1 + 3 . 7 −1 . 2 8 . 4 + 3 . 7 −1 . 3 262 + 161 

−58 17 . 4 + 5 . 5 −7 . 3 5 . 2 + 6 . 3 −2 . 1 0 . 54 + 0 . 01 
−0 . 02 0 . 69 + 0 . 04 

−0 . 03 0 . 4 + 0 . 3 −0 . 1 1 . 1 + 0 . 8 −0 . 5 
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louds are transient objects that disperse within a small multiple of
he dynamical time-scale. 

The o v erall measured range of molecular cloud lifetimes is
onsistent with that found in previous studies, those using cloud
lassification methods (Engargiola et al. 2003 ; Blitz et al. 2007 ;
ukui et al. 2008 ; Kawamura et al. 2009 ; Miura et al. 2012 ; Meidt
t al. 2015 ; Corbelli et al. 2017 ), statistics of sight line fractions with
nly CO or only H α or both types of emission (Schinnerer et al.
019 ; Pan et al. 2022 ), and those using the same statistical method
s described in Section 3 (Kruijssen et al. 2019b ; Che v ance et al.
020b ; Hygate 2020 ; Kim et al. 2021a ; Ward et al. 2022 ). Similar
loud survi v al times have been predicted by theory and simulations
e.g. Elmegreen 2000 ; Hartmann 2001 ; Dobbs & Pringle 2013 ;
im, Kim & Ostriker 2018 ; Benincasa et al. 2020 ; Jeffreson et al.
021 ; Lancaster et al. 2021 ; Semeno v, Kravtso v & Gnedin 2021 ).
n Fig. 4 , we sho w ho w the measured cloud lifetime is correlated
ith the position of galaxies in the M ∗, global − SFR global plane. The
gure shows that t CO increases with SFR global and M ∗, global (see also

op left-hand panel of Fig. 6 ). There seems to be no relation between
 CO and the host galaxy’s offset from the main sequence ( � MS). Pan
t al. ( 2022 ) have found similar trends for the PHANGS galaxies, in
hich the fraction of sightlines per galaxy that is associated only with
O emission increases with M ∗, global , while showing no correlation
ith � MS. Although not directly comparable, other time-scales such

s the average free-fall time-scale measured on cloud scales and
he global depletion time-scale have also been reported to correlate
trongly with galaxy mass across the PHANGS sample (Utomo et al.
018 ). The galaxy mass trend of t CO is discussed in more detail in
ection 5.1 . 

.2 Feedback time-scale ( t fb ) 

he duration o v er which CO and H α emission is found coincident
s measured to be less than 6.1 Myr in our sample of galaxies. For
2 galaxies, we do not sufficiently resolve the separation between
ndependent regions and therefore we are only able to obtain
pper limits on t fb (see the Appendix). Without these galaxies, the
ange of feedback time-scale becomes 1.3 and 5.4 Myr, constituting
0 −30 per cent of the cloud lifetime, with an average and a standard
eviation of 3.2 ± 1.1 Myr. This time-scale represents the time it
akes for emerging massive stars (visible in H α) to disperse the
urrounding molecular gas (either by kinetic dispersal or by the
hotodissociation of CO molecules). The range of feedback time-
cales measured across our galaxy sample is comparable to that from
ur previous studies using the same statistical method (Kruijssen
NRAS 516, 3006–3028 (2022) 
t al. 2019b ; Che v ance et al. 2022 ; Hygate 2020 ; Kim et al. 2021a ;
ard et al. 2022 ). 
Our measurements of the feedback time-scales are also similar

o the time it takes for optically identified stellar clusters and asso-
iations to stop being associated with their natal GMCs (1 −5 Myr;

hitmore et al. 2014 ; Hollyhead et al. 2015 ; Corbelli et al. 2017 ;
urner et al. in preparation). Grasha et al. ( 2018 , 2019 ) have measured
imilar ages of star clusters and associations when they become
patially decorrelated from GMCs in NGC 7793 and M51 (2 and
 Myr, respectively). Hydrodynamical simulations of GMCs (Kim
t al. 2018 ; Kim, Ostriker & Filippova 2021b ; Grudi ́c et al. 2021 ;
ancaster et al. 2021 ) find somewhat longer feedback time-scales ( �
0 Myr), constituting ∼ 50 per cent of the cloud lifetime. We suspect
his difference could be due to different approaches for tracing star
ormation in simulations and observations. Indeed, simulations trace
tar formation by employing sink particles, which are created when
 certain density threshold is reached assuming a fully populated
nitial mass function and include a phase of deeply embedded star
ormation. On the other hand, we focus on H α, which is sensitive
o the most massive stars; in the case where the star formation
ccelerates o v er time (e.g. Hartmann, Ballesteros-P aredes & Heitsch
012 ; Murray & Chang 2015 ), our measurements may be the most
ensitive to the final, intense phase of star formation. Moreo v er, H α

s attenuated during the earliest phase of star formation due to the
ense gas surrounding the young stars. Including 24 μm as a tracer
or the obscured star formation increases the o v erlapping time-scale
etween CO and SFR tracer by 1 −4 Myr (Kim et al. 2021a ). 

.3 Region separation length ( λ) 

ig. 1 reveals that there is a universal spatial decorrelation between
olecular gas and young stellar regions on small spatial scales,
hile these quantities are correlated with each other on galactic

cales. This result demonstrates that galaxies are composed of small
egions undergoing independent evolution from GMCs to cold gas-
ree young stellar regions. Our method constrains the characteristic
eparation length ( λ) between the small-scale independent regions,
hich is linked to the scale at which molecular gas-to-SFR tracer flux

atio starts to deviate from the galactic average (see Fig. 1 ). Excluding
 galaxies for which we do not sufficiently resolve these independent
egions (see Appendix A ), we find that λ ranges from 100 to 400 pc,
ith an average and standard deviation of 254 ± 79 pc. This is similar

o the total cold gas disc thickness (100–300 pc; Scoville et al. 1993 ;
im et al. 2014 ; Heyer & Dame 2015 ; Patra 2020 ; Yim et al. 2020 ), as
ell 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 H II 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 t CO − t fb ). Towards 
the end of this phase, massive star formation has taken place, generating spatially coincident H α emission (light purple, for a duration of t fb ). Finally, violent 
feedback from young stars has completely cleared the surrounding molecular gas, only leaving H α emission to be detected, without any associated CO emission 
(dark purple, with a duration of t ref ≈ 4.3 Myr; see Section 3 ). The error bars on the left and in the middle indicate the uncertainties on t CO and t fb , respectively. 
U indicates galaxies with only upper limit constraints on t fb . 
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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 ( t CO ), the feedback time-scale ( t fb ), the average separation length between independent star-forming regions ( λ), and the integrated star 
formation efficiency ( εsf ). For each histogram, the mean (black dot) and 16-84 per cent range (error bar) of the data, are indicated at the top of the panel 
(excluding t fb and λ measurements where only upper limits are constrained; see Table 3 ). 

Figure 4. Galaxy-wide SFR (SFR global ) as a function of stellar mass 
( M ∗, global ) for our full galaxy sample, colour-coded by our measurement 
of the cloud lifetime ( t CO ) for each galaxy. The dashed line is the local 
star-forming main sequence from Leroy et al. ( 2019 ). 
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ethod to relatively nearby and well-resolved galaxies (100 −250 pc,
ruijssen et al. 2019b ; Che v ance et al. 2020b ; Kim et al. 2021a ).
rom the similarity of λ to the gas disc scale height, Kruijssen et al.
 2019b ) have suggested that the break-out of feedback-driven bubbles
rom the galactic disc, pushing the ISM by a similar distance, might
e setting this characteristic length scale. 
While our methodology constrains the mean separation length

etween regions undergoing independent lifecycles, other methods
ocus on characterizing the separation between detectable emission
eaks. In a parallel paper on the PHANGS galaxies, Machado et al.
in preparation) investigate the spacing between emission peaks
n the PHANGS CO maps. Contrary to our study, which uses
he highest available resolution for each galaxy, they adopt GMC
atalogue (Hughes et al. in preparation; see also Rosolowsky et al.
021 ) that are generated using CO maps with matched resolution
f 150 pc and sensitivity across the full sample. For a sub-set of 44
alaxies in our sample, Machado et al. (in preparation) obtain mean
NRAS 516, 3006–3028 (2022) 
istances to the first nearest neighbour from 250 to 600 pc. We have
ompared these distances to the nearest neighbour distance expected
rom the mean separation length between GMCs, obtained by
 r n 〉 = 0 . 443 λGMC = 0 . 443 λ

√ 

τ/t CO (see the discussion of Kruijssen
t al. 2019b , equation 9), where τ is the total duration of the entire
volutionary cycle ( τ = t CO + t H α − t fb ). The 〈 r n 〉 ranges from 50
o 200 pc. While the two quantities show a mild correlation (with
pearman correlation coefficient of 0.5), the mean distance to the
rst nearest neighbour from Machado et al. (in preparation) is larger

han that expected from the mean separation length. We suspect this
ifference is due to the limitation in resolution (by 60 per cent coarser
n average) of CO maps in Machado et al. (in preparation) compared
o the maps analysed here, which results in a smaller number of
dentified GMCs compared to when high-resolution maps are used. 

.4 Feedback velocity ( v fb ) 

fter the onset of star formation, the CO emission quickly becomes
ndetectable due to energetic feedback from young massive stars.
e use the Gaussian 1 σ dispersion needed to reproduce the density

ontrast between the CO peaks and the local background ( r CO ) and the
ime-scale o v er which molecular clouds are disrupted ( t fb ) to define
he feedback velocity v fb = r CO / t fb (see also Kruijssen et al. 2018 ).
he measured v fb represents the speed with which the region must
e swept free of CO molecules. The measurement does not specify
 physical mechanism, but the most likely candidates are kinetic
emoval of gas from the region, e.g. by gas pressure-driven expansion,
adiation pressure, winds, or supernovae, or the photodissociation of
O molecules by massive stars (e.g. Barnes et al. 2021 , 2022 ). 
Excluding galaxies with resolution worse than 200 pc (as r CO 

epends on the beam size; see below), the size of the clouds is
etween 20 and 100 pc and v fb ranges between 10 and 50 km s −1 , with
n average and standard deviation of 22 ± 11 km s −1 . These measured
loud sizes are comparable to the luminosity-weighted averages of
hose derived from GMC catalogues for each galaxy (Rosolowsky
t al. 2021 ; Hughes et al. in preparation), with Spearman correlation
oefficient of 0.7. The range of velocities is consistent with that ob-
ained from our previous analysis (Kruijssen et al. 2019b ; Chevance
t al. 2020b ; Kim et al. 2021a ) and is comparable to the expansion
elocities measured for nearby H II regions in NGC 300 (McLeod
t al. 2020 ), the LMC (Naz ́e et al. 2001 ; Ward et al. 2016 ; McLeod
t al. 2019 ), and the Milky Way (Murray & Rahman 2010 ; Barnes
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art/stac2339_f4.eps


Molecular cloud lifecycle in 54 PHANGS galaxies 3017 

e  

i  

(
 

C
t
b  

m
c  

i
t  

r  

b  

f
e  

(  

s  

p  

c
c
p

4

W
(

ε

w
c  

a  

w
l

E  

t

m
t  

s  

a  

e
C  

�  

e  

w  

m
r
r
s  

e  

a
 

0  

a  

e  

v
A
c  

Q  

w  

d

Figure 5. Our measurements of cloud lifetime ( t CO ) against the depletion 
time for compact molecular gas ( t compact 

dep ). The data points are colour-coded 
by stellar mass ( M ∗, global ). Lines of constant εsf are shown using equation ( 2 ). 
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t al. 2020 ). A similar range of e xpansion v elocities is also found
n numerical simulations by Rahner et al. ( 2017 ) and Kim et al.
 2018 ). 

We note that the measured r CO depends on the beam size of the
O maps. If the CO emission peaks are dispersed kinetically, then 

he measured feedback velocity should be considered as accurate, 
ecause the measured r CO is the same size scale o v er which the
aterial must travel to achieve the spatial displacement necessary to 

ease the spatial o v erlap between CO and H α emission. Ho we ver,
f the CO emission peaks are dispersed by photodissociation, then 
his spatial o v erlap may cease before the feedback front reaches
 CO . In that case, v fb may be subject to beam dilution and should
e considered as an upper limit to the velocity of the dissociation
ront. For a sub-set of 19 galaxies with PHANGS–MUSE (Emsellem 

t al. 2022 ) observations, Kreckel et al. ( 2020 ) and Williams et al.
 2022 ) have measured the metallicity distribution, as well as the
cale at which the mixing in the ISM is ef fecti ve, using a two-
oint correlation function. Kreckel et al. ( 2020 ) have found a strong
orrelation between the mixing scale and v fb (Pearson’s correlation 
oefficient of 0.7), indicating that dispersal of molecular gas is 
redominantly kinetic. 

.5 Integrated star formation efficiency ( εsf ) 

e define the integrated star formation efficiency per cloud lifecycle 
 εsf ) as 

sf = 

t CO � SFR 

� 

compact 
H 2 

, (2) 

here � SFR and � 

compact 
H 2 

are the surface densities of SFR and 
ompact molecular gas of the analysed re gion, respectiv ely. This
llows us to directly compare the rate of SFR ( � SFR ) and the rate at
hich molecular gas participating in the star formation enters and 

eaves molecular clouds, which can be expressed as � 

compact 
H 2 

/t CO . 

quation ( 2 ) can also simply be rewritten as εsf = t CO /t 
compact 
dep , where

 

compact 
dep = � 

compact 
H 2 

/� SFR is the depletion time-scale of non-diffuse 
olecular gas structures (clouds), assuming that all star formation 

akes place in such structures. When measuring � 

compact 
H 2 

, we take the
um of the compact CO emission and divide by the analysed area
fter filtering out diffuse emission. This is to selectively include CO
mission that participates in massive star formation, while excluding 
O emission from diffuse gas and faint clouds. Ho we ver, to calculate
 SFR , we include all the emission, assuming that all the diffuse

mission in the SFR tracer map ( WISE W4 band in combination
ith GALEX ultraviolet band; see Section 3 ) is related to recent
assive star formation (e.g. leakage of ionizing photons from H II 

egions). This assumption might not hold especially in the central 
egion of galaxies where contributions from hot low-mass evolved 
tars in diffuse ionized gas is found to be non-negligible (Belfiore
t al. 2022 ). Ho we ver, galactic centres are mostly not included in our
nalysis. 

Our measurements of t compact 
dep are listed in Table 3 and range from

.3 to 1.4 Gyr. Since we only take the compact gas emission into
ccount, t compact 

dep is shorter than that measured including all the CO
mission ( t dep ), which ranges from 0.9 to 7.6 Gyr for the fields of
iew considered here. The depletion time-scales of the PHANGS–
LMA galaxies across the full ALMA footprints (including galactic 

entres) can be found in Utomo et al. ( 2018 ), Leroy et al. ( 2021b ),
uerejeta et al. ( 2021 ), and Sun et al. (in preparation). In Fig. 5 ,
e show the molecular cloud lifetime t CO as a function of the gas
epletion time of the compact molecular gas t compact 

dep , as measured 
n our analysis. Following the above procedure, we measure εsf to 
e 0 . 7 –7 . 5 per cent across our galaxy sample, illustrating that star
ormation is inefficient in these clouds. Our previous measurements 
f εsf (Kruijssen et al. 2019b ; Che v ance et al. 2020b ; Kim et al.
021a ) also fall within this range of values. 
We have also compared our measurements of εsf with the star 

ormation efficiency per free-fall time, defined as εff = t ff � SFR /� H 2 .
sing a subset of PHANGS-ALMA observations, Utomo et al. 

 2018 ) have measured εff (0 . 3 –2 . 6 per cent ) that are similar to εsf 

ithin a factor of few, where the difference is mostly because t CO is
n average three times longer than t ff (see Section 5.2 ). 

.6 Diffuse emission fraction in CO and H α maps ( f CO 

diffuse and 

f H α
diffuse ) 

s described in Section 3 , in order to robustly perform our measure-
ents, we filter out the large-scale diffuse emission with a Gaussian

igh-pass filter in Fourier space. With this procedure, we can also
onstrain the fraction of emission coming from the diffuse component 
n both CO and H α maps ( f CO 

diffuse and f H αdiffuse , respectively). As shown
n Table 3 , we measure a fraction of diffuse CO emission ranging
rom 13 to 69 per cent, with an average of 45 per cent. We obtain
iffuse ionized gas fractions ranging from 11 to 87 per cent, with an
verage of 0.53 per cent. We note that these values are determined
irectly from the morphological structure of the integrated emission 
aps. They do not contain any information regarding the dynamical 

tate of the gas, nor do they account for galaxy-to-galaxy variations
n resolution, sensitivity, or inclination. As a result, these diffuse 
mission fractions represent important functional quantities, but 
heir physical interpretation may be non-trivial. Pety et al. ( 2013 )
ave suggested a similar value of diffuse CO emission fraction in
51, finding that 50 per cent of the CO emission arises from spatial

cale larger than 1.3 kpc. Roman-Duval et al. ( 2016 ) have measured
5 per cent of the CO emission in the Milky Way to be diffuse. As for
he diffuse H α emission fraction, our range of values matches well
ith what is found in dedicated diffuse ionized gas studies based on
 II region morphologies, where Belfiore et al. ( 2022 ) have found

he diffuse emission fraction to range from 20 − 55 per cent, with
MNRAS 516, 3006–3028 (2022) 
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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 ( t CO ), the feedback time-scale ( t fb ), the characteristic region separation length ( λ), the integrated star 
formation efficiency ( εsf ), the feedback velocity ( v fb ), the diffuse emission fraction in the molecular gas and SFR tracer maps ( f CO 

diffuse and f H αdiffuse ), and the 

depletion time-scale of the compact molecular gas ( t compact 
dep ). Statistically significant correlations are in bold. 

t CO t fb λ εsf v fb f CO 
diffuse f H αdiffuse t 

compact 
dep 

Galaxy related properties 
Stellar mass, M ∗, global 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, SFR global 0.40 ( −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, M HI, global 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, M H 2 , global 0.59 ( −5.33) 0.49 ( −3.01) 0.14 ( −0.44) 0.22 ( −0.91) −0.14 ( −0.43) −0.21 ( −0.82) −0.19 ( −0.75) 0.15 ( −0.54) 
Offset from the main sequence, � MS 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 ( −0.43) −0.19 ( −0.72) −0.15 ( −0.54) 
Total gas mass, M gas, 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, M tot, 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, f H 2 , global 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, f gas, 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, L mix −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, σ v, 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, αvir, 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, M GMC 0.37 ( −2.12) 0.38 ( −1.94) 0.40 ( −2.26) 0.22 ( −0.93) 0.15 ( −0.46) −0.03 ( −0.08) 0.05 ( −0.14) −0.04 ( −0.09) 
Internal pressure, P int 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, 
� H 2 , GMC 

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) 

Galactic dynamics related properties 

Angular speed, � −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, σ 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 deri v ed quantities within our method 

Surface density 
... molecular gas, � H 2 0.44 ( −3.02) 0.41 ( −2.21) −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, � 

compact 
H 2 

0.43 ( −2.81) 0.40 ( −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, M H 2 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, M 

compact 
H 2 

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, � SFR 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 0.47 ( −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, E CO −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) 
H α emission density contrast, E H α 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) 

Obser v ational 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) 0.40 ( −2.54) 
Resolution, l ap, min 0.04 ( −0.11) 0.30 ( −1.32) 0.90 ( −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) 0.41 ( −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  

s  

h  

f  

s  

c

5

5

W  

p  

t  

l  

w  

m  

t  

f  

M  

W  

l  

m  

e  

v  

o  

c  

t
M  

T  

e
 

d  

f  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/3006/6673429 by C
N

R
S user on 24 M

arch 2023
 median of 37 per cent, for the galaxies in the PHANGS–MUSE
ample. Using an un-sharp masking technique, Pan et al. ( 2022 )
ave estimated 40 −90 per cent for the H α diffuse emission fraction
or the galaxies in our sample. Tomi ̌ci ́c et al. ( 2021 ) also finds a
imilar range of values for the diffuse ionized gas fraction in 70 local
luster galaxies. 

 DISCUSSION  

.1 Relations with global galaxy and average cloud properties 

e have correlated our measurements shown in Table 3 with global
roperties of galaxies and luminosity-weighted average properties of
he cloud population in each galaxy. The properties considered are
isted in Table 4 . We use the galaxy properties listed in Table 1 , as
ell as combinations of these quantities. We derive the total baryonic
ass of the galaxy ( M tot, global = M ∗, global + M HI , global + M H , global ),
NRAS 516, 3006–3028 (2022) 

2 (  
otal gas mass ( M gas , global = M HI , global + M H 2 , global ), molecular gas
raction ( f H 2 , global = M H 2 , global /M gas , global ), gas fraction ( f gas, global =
 gas, global / M tot, global ), and specific SFR (sSFR = SFR global / M ∗, global ).
e also look for correlations with gas phase metallicity [12 +

og(O / H)] for the subset of 23 galaxies for which direct measure-
ents are available. These measurements are taken from Kreckel

t al. ( 2019 ) for the 18 galaxies in our sample with MUSE obser-
ations and from Pilyugin et al. ( 2014 ) for five galaxies that do not
 v erlap with the MUSE sample. We also include the 50 per cent
orrelation scale ( L mix ) of the two-dimensional metallicity distribu-
ion maps (after metallicity gradient subtraction) of the PHANGS–

USE sample from Kreckel et al. ( 2020 ) and Williams et al. ( 2022 ).
his scale indicates the length o v er which the mixing in the ISM is
f fecti ve, and ranges from 200 to 600 pc. 

The luminosity-weighted averages of the cloud properties are
etermined from the GMC catalogues that have been established
or the full PHANGS–ALMA sample using the CPROPS algorithm
Rosolowsky et al. 2021 ; Hughes et al. in preparation). Here,
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e use measurements of the cloud velocity dispersion ( σ v, GMC ), 
irial parameter αvir, GMC , mass ( M GMC ), internal pressure ( P int ), and
olecular gas surface density ( � H 2 , GMC ). 
Metrics related to galactic dynamics are included using measure- 
ents of the rotation curve ( v c ) as a function of radius ( r ) from
ang et al. ( 2020 ). These metrics are the angular speed ( � = v c ( r )/ r )
nd the Toomre stability parameter of the mid-plane molecular gas 
Q = κσH 2 / πG � H 2 ), where σH 2 is the velocity dispersion measured
rom CO moment 2 maps, at native resolution, and κ = �

√ 

2(1 + β)
ith β = d ln v c ( R) / d ln R , numerically calculated. Since these val-
es vary with galactocentric radius, we first divide the galaxy into 
ve different radial bins and calculate �, Q , and σH 2 for each bin. We

hen calculate the CO luminosity-weighted average of these values. 
We explored possible correlations with galaxy global properties 

onstrained within our method. These are different from the values 
isted in the Table 1 in that they are calculated within the analysed
e gion, i.e. e xcluding galactic bulge and bar in most galaxies, and
estricted to regions where CO observations have been made. More- 
 v er, we pro vide two individual measurements for the molecular gas
ass surface density and total molecular gas mass, where one takes 

nly the compact emission into account (denoted as � 

compact 
H 2 

and 

 

compact 
H 2 

, which our measurements of the time-scales are based on) 
nd the other includes all the emission (denoted as � H 2 and M H 2 ).
he quantities E CO and E H α are the surface density contrast between 

he average emission of CO (respectively H α) peaks and the galactic
verage value, measured on the filtered map. 

In order to explore possible systematic biases, we also include our 
inimum aperture size ( l ap, min in Table 2 , which matches our working

esolution), inclination ( i ; column (g) in Table 1 ), completeness of
O observations, and noise of the CO data cube (in mK units) from
eroy et al. ( 2021b ) as metrics. Finally, we note that none of the
roperties listed here are corrected for galaxy inclination. 

.1.1 Statistically (in)significant correlations 

n Table 4 , for all correlations, we list the Spearman rank correla-
ion coefficients and the associated p -values, which represents the 
robability of a correlation appearing by chance. When e v aluating 
he correlations, we exclude eight galaxies where the resolution at 
hich the analysis can be run is larger than 200 pc, as we are likely

o not sufficiently spatially separate star-forming regions in these 
alaxies (NGC 1546, NGC 1559, NGC 1672, NGC 1792, NGC 3511, 
GC 4569, NGC 4654, NGC 7456). Whenever a measurement of 

ndividual galaxies is considered as an upper limit, we also exclude 
he galaxy from our correlation analysis of a given measurement (see 
ppendix A ). There are 12 galaxies (IC1954, NGC 1087, NGC 1097,
GC 1385, NGC 1546, NGC 1672, NGC 2090, NGC 3627, NGC 

298, NGC 4540, NGC 4548, NGC 4569) with only upper limits of
 fb constrained. For eight of these (IC1954, NGC 1087, NGC 1385, 
GC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 4548) λ is also

n upper limit. Finally, we include six nearby galaxies (IC342, the 
MC, M31, M33, M51, NGC 300; previously analysed by Kruijssen 
t al. ( 2019b ), Che v ance et al. ( 2020b ), and Kim et al. ( 2021a ), which
xtend the range of environmental properties. 

We define a correlation to be statistically significant when the 
easured p -value is lower than p eff , where p eff is derived using

he Holm–Bonferroni method (for an explanation and for an as- 
rophysical application also see Kruijssen et al. 2019a ; Holm 1979 ).
his method is used to account for the fact that spurious significant
orrelations may appear when comparisons between a large number 
f parameters are made. Specifically, we proceed by asking whether 
ach of our measurement (columns in Table 4 ) correlates with any of
he galaxy and average cloud properties (rows in Table 4 ). We then
ank the correlations by increasing p -value. For each correlation 
ith a rank ( i ) of i ≥ 1, we calculate the ef fecti ve maximum p -
 alue ( p eff ) belo w which the correlation is deemed significant (i.e.
ith p < p eff ). We use the definition p eff = p ref /( N corr + 1 − i ),
ith p ref = 0 . 05 the desired confidence level and N corr the number of

ndependent variables being evaluated. In order to determine N corr , we
ubtract variables among the galaxy and average cloud properties that 
re trivially correlated. We find that numerous properties ( M ∗, global ,
 H I , global , M H 2 , global , SFR global , � MS, M tot, global , M gas, global , M GMC ,
 int , � H 2 , GMC , M H 2 , M 

compact 
H 2 

, and SFR) are correlated significantly,
ith correlation coefficient higher than 0.7. We treat these parameters 

s one metric and this results in N corr ≈ 20. Table 4 shows statistically
eaningful strong correlations in red, identified according to our 

efinition. We note that even assuming that all the variables are
ndependent does not significantly change our result as the p -values
f 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

aused by the spatial resolution of maps ( l ap, min ) and inclination.
pecifically, we find that (1) l ap, min shows a strong correlation 
ith λ and v fb ; (2) the inclination shows a strong correlation with

sf ; (3) the noise of the CO data cube correlates with f H αdiffuse ; and
4) the metallicity correlates with t compact 

dep . The covariance between 
esolution and v fb = r CO / t fb is due to the increased measured cloud
ize ( r CO ) as the resolution gets worse. The dependence of λ on l ap, min 

mplies that the measured region separation length ( λ) would be
iased upward when using maps that have poor resolution. Ho we ver,
espite the dependencies on resolution of these quantities, we are 
onfident that the measured time-scales are less sensitive to the spatial
esolution of the maps, because we require star-forming regions 
o be sufficiently resolved for our time-scale measurements to be 
onsidered as robust ( λ > 1 . 5 l ap , min ; see Section A and Kruijssen
t al. 2018 ). Unlike λ, the measured time-scales indeed do not show
trong correlations with l ap, min . The dependence of εsf = t CO /t 

compact 
dep 

n inclination is driven by a highly significant correlation between 
nclination and t compact 

dep (log ( p) = −2 . 5; see Table 4 ). We suspect that
his latter correlation arises, because the filtering of the diffuse CO
mission is less ef fecti ve for highly inclined galaxies, and because
he extinction correction applied to SFR maps may depend on 
nclination, as suggested by Pellegrini et al. ( 2020 ). The dependence
etween the noise of the CO data cube and f H αdiffuse seems to arise by
 random chance, despite applying a strict threshold of p -values
or correlations to be considered significant. Indeed, there is no 
ogical link why these two quantities should show correlation and 
hen the three galaxies with high noise level are excluded from the

nalysis, the strong correlation disappears. Finally, for the correlation 
etween metallicity and t compact 

dep , we conjecture it could be related
o the fact that the low-mass (low-metallicity) galaxies tend to have

ore diffuse emission due to their low surface brightness (Leroy et al.
021b ). The surface brightness sensitivity of the CO maps is not good
nough to isolate the small clouds in low-mass (and low-metallicity) 
alaxies, which may therefore lead to more diffuse emission and low
ompleteness for such galaxies (Leroy et al. 2021b ). Ho we ver, we
ote that completeness of the CO maps does not show a strong trend
ith t compact 

dep (see Table 4 ). The adopted metallicity-dependent αCO 

ight also contribute to this observed trend between metallicity and 
 

compact 
dep . While we partially correct for the presence of molecular
as that is not traced by CO emission (CO-dark gas) with this
on version factor , the observed strong correlation seems to indicate
hat the correction is insufficient. In closing, we again emphasize 
MNRAS 516, 3006–3028 (2022) 
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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 d y /d x , the intercept of the best-fitting y 0 , and the scatter around the best-fitting relation. 

Quantity (y) Units Correlates with(x) Units Spearman r log Spearman p d y / d x y 0 Scatter 

log t CO Myr log M H 2 , global M � 0 .59 −5.33 0 .16 − 0 .24 0.14 
log t CO Myr log M H 2 M � 0 .54 −4.37 0 .16 − 0 .22 0.14 
log t CO Myr log M 

compact 
H 2 

M � 0 .53 −4.25 0 .17 − 0 .22 0.14 
log t CO Myr log f H 2 , global – 0 .50 −3.72 0 .23 1 .30 0.14 
log t CO Myr log M ∗, global M � 0 .47 −3.33 0 .16 − 0 .40 0.14 
log t CO Myr log SFR M � yr −1 0 .47 −3.29 0 .14 1 .24 0.14 
log t CO Myr log M tot, global M � 0 .46 −3.16 0 .17 − 0 .50 0.14 
log t CO Myr log � H 2 M � pc −2 0 .44 −3.02 0 .17 1 .02 0.15 
log t CO Myr log � 

compact 
H 2 

M � pc −2 0 .43 −2.81 0 .19 1 .10 0.15 

log t fb Myr log E CO – − 0 .59 −4.58 − 0 .61 1 .02 0.13 
log t fb Myr log M 

compact 
H 2 

M � 0 .55 −3.90 0 .24 − 1 .56 0.15 
log t fb Myr log M H 2 M � 0 .55 −3.85 0 .23 − 1 .64 0.15 
log t fb Myr log SFR M � yr −1 0 .53 −3.66 0 .24 0 .53 0.15 
log t fb Myr log f H 2 , global – 0 .50 −3.23 0 .31 0 .60 0.16 
log t fb Myr log M H 2 , global M � 0 .49 −3.01 0 .20 − 1 .33 0.16 
log λ pc log L mix pc 0 .78 −3.05 0 .84 0 .18 0.08 

log εsf − log � SFR M � yr −1 pc −2 0 .43 −2.85 0 .31 − 1 .79 0.19 

f CO 
diffuse − log M H I , global M � − 0 .52 −3.83 − 0 .13 1 .63 0.11 

f CO 
diffuse − log M tot, global M � − 0 .49 −3.50 − 0 .13 1 .67 0.11 

f H αdiffuse − log αvir, GMC – 0 .47 −3.26 0 .30 0 .48 0.17 
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hat our main measurements ( t CO , t fb , and λ) are not affected by our
rescription of αCO , as they are based on relative changes of flux ratios
i.e. the global H α/CO ratio does not affect the time-scale estimate).

.1.2 Physical interpretation of significant correlations 

n Table 5 , we list the best-fitting relations using linear regressions,
s well as their Spearman correlation coefficients and p -values,
or statistically significant correlations in red in Table 4 , while
orrelations illustrating biases in our analysis (described in Sec-
ion 5.1.1 ), are excluded. Fig. 6 shows examples of six main strong
orrelations between our measurements and global galaxy properties.
n this figure, we do not show all of the statistically meaningful
orrelations listed in Table 5 , as they seem to be redundant and driven
y correlations within galaxy properties (especially mass related
uantities), and also within time-scales ( t CO and t fb ). For example,
s described abo v e, M ∗, global strongly correlate with M H 2 , global , M H 2 ,
 

compact 
H 2 

, M tot, global , SFR, and M HI, global . By construction, f H 2 , global 

nd M H 2 , global are not independent. Also, � H 2 and � 

compact 
H 2 

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

Here, we offer explanations for how the relations in Table 5 can
e understood physically. Ho we ver, we do not attempt to investigate
hich galaxy (or average GMC) properties are the main driver for

hese trends, because numerous properties also correlate with each
ther, making it hard to assess. 
First of all, the cloud lifetime ( t CO ) is measured to be longer

ith increasing stellar mass ( M ∗, global ), which traces galaxy mass.
he cloud lifetime also shows positive correlations with the total
olecular gas mass, both measured globally ( M H 2 , global ) or only con-

idering the analysed region, with and without diffuse emission ( M H 2 
nd M 

compact 
H 2 

, respecti vely). Gi ven that galaxy mass and metallicity
re correlated (see Fig. 6 ; upper left), we suspect this can be due
NRAS 516, 3006–3028 (2022) 
o the fact that a higher gas density threshold is required to make
O visible in low-mass galaxies compared to high mass galaxies.
s shown in Table 4 , when only the galaxies with direct metallicity
easurements are considered, a suggesti ve positi ve trend between

 CO and metallicity is revealed (Spearman correlation coefficient of
.54), but this tentative trend is not strong enough to be charac-
erized as statistically meaningful. CO molecules in low-metallicity
nvironments with low dust-to-gas ratio are photodissociated deeper
nto the clouds (Bolatto, Wolfire & Leroy 2013 ). As clouds assemble
rom diffuse gas and become denser, clouds in a low-mass and low-
etallicity environment spend a longer time in a CO-dark molecular

as phase (see also Clark et al. 2012 ). This is not included in the
loud lifetime we measure, because it is based on the visibility of
O emission, leading to an underestimation of the cloud lifetime.
his is supported by the fact that, when H I emission is used to

race the gas, H I o v erdensities e xist for a much longer duration
rior to the formation of CO peaks (Ward et al. 2020 ). High-mass
alaxies also have a higher mid-plane pressure, which shapes clouds
ithin the galaxy to have a higher internal pressure (Sun et al.
020a ), resulting in higher (surface) densities and thus making them
asier to detect throughout their lifecycles (Wolfire, Hollenbach &
cKee 2010 ). 
Observational biases may also contribute to the relation between

loud lifetime and galaxy mass, where the CO emission in low-mass
alaxies is typically lower than the noise level of the PHANGS–
LMA data. In low-mass galaxies, we might simply lack sensitivity

o the CO emission to pick up emission from low mass GMCs at
ny point of their lifetime, while they are detected in high mass
alaxies. Schinnerer et al. ( 2019 ) and Pan et al. ( 2022 ) also find
 higher fraction of CO-emitting sightlines in high-mass galaxies
ompared to low-mass galaxies and discuss that this trend is due
o intrinsically low visibility of CO emission in low-mass galaxies.
o we v er, we e xpect this ef fect of sensiti vity to be minor in our

nalysis, as our measurements are based on flux measurements and
hus 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 ( t CO ) is shown as a function of stellar mass ( M ∗, global ; left) and molecular gas surface density ( � H 2 ; right), where points are colour 
coded by metallicity (12 + log (O / H)) and molecular gas fraction ( f H 2 , 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 ( t fb ) is shown as a function of the surface density contrast 
between CO emission peaks and the galactic average ( E CO ), colour coded by the molecular gas surface density ( � H 2 ). The middle right-hand panel shows 
the integrated star formation efficiency ( εsf ) as a function of SFR surface density ( � SFR ), where the points are colour coded by inclination ( i ). The lower 
left-hand panel shows the diffuse CO emission fraction ( f CO 

diffuse ) as a function of the global atomic gas mass ( M H I , 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 α emission fraction ( f H αdiffuse ) is shown as a function of 
average virial parameter of GMCs ( αvir, GMC ), colour coded by the global atomic gas mass ( M H 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, 1 σ uncertainties are 
shown. In each panel, the best-fitting linear regression (solid line), 1 σ 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 ∗, global 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
elated to the stellar mass and/or molecular gas mass of the galaxy
SFR and M tot, global ) are likely to be driven by the correlations
 xplained abo v e. Sev eral studies hav e also reported such connections
etween global properties of the galaxy and the ensemble average
roperties of clouds (Hughes et al. 2013 ; Colombo et al. 2014 ; Hirota
t al. 2018 ; Sun et al. 2018 , 2020b , a ; Schruba et al. 2019 ). In the
pper left-hand panel of Fig. 6 , we also include the distribution of
 ∗, global for ten galaxies that are excluded from our sample due

heir small number of emission peaks (see Section 2 and Section A ).
hey are randomly distributed in M ∗, global , indicating that selectively

ncluding CO-bright galaxies does not bias this result. 
The cloud lifetime also positively correlates with the molecular gas

raction ( f H 2 , global ), as well as with molecular gas surface densities
easured with and without diffuse emission ( � H 2 and � 

compact 
H 2 

,
espectively). The relation with molecular gas surface density might
eem to contradict theoretical expectations (e.g. Kim et al. 2018 ),
ecause denser clouds are expected to collapse faster, form stars
nd disperse more quickly than lower-density clouds. As proposed
y Che v ance et al. ( 2020b ), the observed strong correlation might
e related to the transition from an atomic gas-dominated to a
olecular gas-dominated environment, as shown by the coloured

oints in the upper right-hand panel of Fig. 6 . Che v ance et al.
 2020b ) have found that at a critical density threshold of 8 M � pc −2 

similar to the gas phase transition threshold), the cloud lifetime
hows a better agreement with the galactic dynamical time-scale
bo v e this threshold and with the internal dynamical time-scale. This
alue is similar to the molecular gas surface density at which the
as phase transition occurs ∼ 10 M �pc −2 , at near solar-metallicity
e.g. Wong & Blitz 2002 ; Bigiel et al. 2008 ; Leroy et al. 2008 ;
chruba et al. 2011 ). In the upper right-hand panel of Fig. 6 , this

ransition density is shown as a dashed line for comparison. In an
tomic gas-dominated environment ( f H 2 < 0 . 5), CO is only emitted
y the central region of the clouds, tracing the densest regions.
o we ver, in a molecular gas-dominated environment ( f H 2 > 0 . 5),
e detect more CO emission coming from an extended envelope
f the molecular clouds (e.g. Shetty, Clark & Klessen 2014 ). This
ay increase the measured cloud lifetimes, as the assembly phase of

he envelope is additionally taken into account, compared to when
nly the densest phase is included. In addition, in a low-surface
ensity environment, the clouds will spend a longer time in the
O-dark phase, as a higher density threshold is required to make
O visible, resulting in a measured cloud lifetime shorter than the
ctual molecular cloud assembly time (Bolatto et al. 2013 ). Similarly
o the dependence on galaxy mass discussed abo v e, observational
iases due to CO sensitivity level also play a role, making us
iss a higher fraction of low-mass clouds in atomic gas-dominated

nvironments. 
For the feedback time-scale, during which CO and H α o v erlap,

e find the strongest correlation with E CO , which is the surface
ensity contrast in the CO map between the emission peaks and
he galactic average. The feedback time-scale becomes shorter with
ncreasing E CO . In the middle left-hand panel of Fig. 6 , points are
olour coded by � H 2 and suggest that when E CO is higher (i.e. sharper
O emission peaks), feedback-driven dispersal of the clouds makes

he CO emission become undetected faster. This can be understood
hysically as the CO emission will become invisible faster after the
nset of star formation when the surrounding medium is sparse,
ndicated by the low molecular gas surface density, allowing a faster
ispersal of molecular clouds. 
Similarly to the dependencies we have identified for t CO , we

nd that t fb also correlates with M 

compact 
H 2 

, M H 2 , M H 2 , global , SFR, and
NRAS 516, 3006–3028 (2022) 
 H 2 , global . We suspect these correlations arise at least partially because
 fb and t CO strongly correlate with each other (with a Spearman
orrelation coefficient of 0.72). Interestingly, unlike t CO , we find a
ess significant correlation with stellar mass, which does not satisfy
ur significance cut with p = 0 . 03. This can be explained by the
act that the feedback time captures the phase when clouds are star
orming, implying that the density is high enough, which typically
orresponds to a CO-bright phase. Therefore, we miss less of the
O-dark phase that is proportionally more important in the low-mass
alaxies. 

The mean separation length between independent regions ( λ),
hich is linked to the scale at which molecular gas and young

tars start to become spatially decorrelated, shows a strong positive
orrelation with the mixing scale traced by metallicity measure-
ents of H II regions in PHANGS–MUSE galaxies from Kreckel

t al. ( 2020 ) and Williams et al. ( 2022 ). This trend indicates that
or galaxies with broader and more efficient mixing in the ISM,
olecular gas and young stars are separated by a larger distance.
his might be physically understood, because a broader mixing

ength, most likely driven by stellar feedback, will push the gas
urther away from its original position. This would imply that the
ispersal of the molecular cloud after star formation is kinetically
riven, rather than by the photodissociation of the CO molecules.
o we ver, we note that this correlation could be at least partially
riven by the resolution as it becomes weaker (with Spearman
orrelation coefficient from 0.78 to 0.66 with p = 0.02) when the two
alaxies with the highest resolution (NGC 0628 and NGC 5068) are
xcluded. 

We find a strong correlation between our measurements of inte-
rated star formation efficiency ( εsf ) and SFR surface density ( � SFR ),
s shown in the middle right-hand panel of Fig. 6 . This correlation
ight seem like it can be simply understood as that a higher integrated

tar formation efficiency per star formation event, at least, partially
ould be driven by a higher SFR. Ho we ver, we cannot rule out the
ossibility that this relation arises due a strong correlation between
 CO and � 

compact 
H 2 

explained above, making εsf to be mostly dependent
n � SFR by construction (see equation 2 ). Moreo v er, potentially not
nough extinction correction for highly inclined galaxies, shown as
oloured points in Fig. 6 , can also contribute to this trend. 

For the diffuse CO emission fraction ( f CO 
diffuse ), which is measured

ithin our method during the diffuse emission filtering process of
ygate et al. ( 2019 ), we find the strongest anticorrelation with the H I

ass ( M H I , global ). Another correlation with M tot, gas is driven by this
trong correlation with M H I , global . We find that as M H I , global decreases,
he diffuse molecular component becomes more important. We
onjecture that this can be due to an observational bias, as the
ompleteness of the CO maps (indicated as coloured data points
n Fig. 6 ) is low for low-mass galaxies due to our limited sensitivity,
uggesting that we are missing a larger fraction of small, faint clouds
n such galaxies. Ho we v er, contrary to our e xpectation, f CO 

diffuse and
ompleteness of CO emission maps from Leroy et al. ( 2021b ) do not
eveal a strong trend with each other (see Table 4 ). 

Lastly, the diffuse H α emission fraction ( f H αdiffuse ) shows a strong
orrelation with the average virial parameter of GMCs ( αvir, GMC ).
e suspect this can be due to a more perv asi ve medium of GMCs

higher αvir, GMC ) allowing more ionizing photons to leak out from
tar-forming regions, compared to more bound clouds. Furthermore,
s indicated by the coloured points in Fig. 6 , galaxies with higher
 

H α
diffuse tend to have lower atomic gas mass ( M H I , global ), which is in line
ith observ ations sho wing deeper penetration of ionizing photons

nto the surrounding ISM in lower mass (and lower metallicity)
alaxies (Cormier et al. 2015 ; Che v ance et al. 2016 ). 
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Figure 7. Comparison of our measured cloud lifetime ( t CO ) with analytical predictions, which are, from left to right, the free-fall time ( t ff ), the crossing time of 
GMCs ( t cr ), and the galactic time-scale, considering the effect of large-scale dynamics ( t gal ). 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 ( � H 2 ). The lower panels show the ratios of t CO and analytical predictions ( t dyn ), where t dyn is the 
free fall time (left), the crossing time (middle) or the galactic dynamical time-scale (right), as a function of � H 2 , where the points are colour coded by molecular 
gas fraction ( f H 2 ). 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 t CO = t dyn . The blue and red lines, respectively, indicate the mean of the time-scale ratios for galaxies below and abo v e � H 2 of 8M � pc −2 (from 

Che v ance et al. 2020b ) with the shaded regions representing the 16 th –84 th percentile. This density threshold is from Che v ance et al. ( 2020b ), belo w which t CO 

shows better agreement with internal dynamical times ( t ff and t cr ) compared to the t gal , and the other way around at densities higher than this threshold. 
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.2 Comparison with characteristic time-scales 

n order to understand the dynamical mechanisms that go v ern cloud
ifetimes, we compare our measurements of t CO with analytical 
redictions, which are related to local cloud dynamics (GMC free-fall 
ime and GMC crossing time; t ff and t cr , respectively), or large-scale
ynamics of the ISM ( t gal ; Jeffreson & Kruijssen 2018 ). We adopt
he CO-luminosity-weighted harmonic average of t ff from the cloud 
atalogue established for the PHANGS–ALMA galaxies by Hughes 
in preparation), which uses the CPROPS algorithm (Rosolowsky 
t al. 2021 ) to determine the physical properties of GMCs. Here,
 cr is defined as r GMC / σ vel , where r GMC is the radius of GMC and

vel is the cloud velocity dispersion ( σ vel ). We first obtain t cr for
ach GMC in a given galaxy and calculate CO-luminosity-weighted 
armonic average of t cr . For t gal , we use the analytic theory presented
n Jeffreson & Kruijssen ( 2018 ). This theory assumes that cloud
ifetimes are environmentally dependent and can be estimated by 
ombining the time-scales of numerous processes go v erning the 
loud ev olution: the gra vitational collapse of the mid-plane ISM
 τ ff ), galactic shear ( τβ ), spiral arm interactions ( τ�P ), epicyclic
erturbations ( τ κ ), and cloud–cloud collisions ( τ cc ). As the galactic 
hear ( τβ ) is a dynamically dispersive process unlike the other four
echanisms compressing the clouds, the cloud lifetime is expressed 

s t −1 
gal = | τff + τ�P + τκ + τcc − τβ | . We determine these time-scales

n five different radial bins for each galaxy (see also Section 5.1 ),
sing equations from Jeffreson & Kruijssen ( 2018 ), the radial profiles
C  
f velocity dispersion from CO moment 2 maps, and the rotational
urves measured by Lang et al. ( 2020 ). We then calculate harmonic
verages of t gal obtained in five radial bins. Five galaxies, for which
he rotation curve is not available, are omitted from this comparison.

In the upper panel of Fig. 7 , we show our measurements of t CO 

s functions of the analytically predicted time-scales. In the lower 
anel, the ratios of t CO o v er these predicted time-scales are shown as
 function of � H 2 . For comparison, we also calculate the mean and
 σ range of these ratios only considering galaxies with molecular gas
urface density below and abo v e the atomic-to-molecular transition 
ensity described in the previous subsection (8 M � pc −2 ; Chevance
t al. 2020b ). We find that on average, t CO = (2 . 7 ± 1 . 3) t ff and t CO =
4 . 0 ± 1 . 9) t ff , respectively, below and abo v e the transition density
ith error bars representing 16–84 per cent range. Measured cloud 

ifetimes t CO are almost al w ays longer than t ff , independently of the
olecular gas surface density. The crossing time t cr shows a better

greement with t CO compared to t ff , especially in low molecular gas
urface density environments ( � H 2 ≤ 8 M � pc −2 ), with an average of
 CO = (1 . 3 ± 0 . 6) t cr . At higher densities, t CO increasingly deviates
rom t cr , with an average of t CO = (1 . 7 ± 0 . 6) t cr . 

Finally, the right-hand panels of Fig. 7 show that, in low molecular
as surface density environments, our measurements of t CO are sig- 
ificantly lower than t gal , with an average of t CO = (0 . 7 ± 0 . 3) t gal . By
ontrast, in higher-density ( ≥ 8 M � pc −2 ; molecular gas dominated)
nvironments, where the majority of the molecular gas has high 
O emissi vity, t CO becomes e ven longer than t gal for most of the
MNRAS 516, 3006–3028 (2022) 
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alaxies, with an average of t CO = (1 . 5 ± 0 . 6) t gal . This difference
n two density regimes can be explained by the fact that t gal takes
nto account all the cold gas, including the phase that is not strongly
O-emitting, while our measurements of t CO are based on CO-bright
louds. Therefore, t gal is typically longer than t CO , especially in low
olecular gas surface density environments. Moreo v er, this indicates

hat in low-surface density environments (atomic gas-dominated), the
ssembly of CO-bright molecular clouds seems to be less coupled
o galactic dynamics, but rather occurs on internal cloud-dynamical
ime-scales such as the crossing time. Following the analytic theory
y Jeffreson & Kruijssen ( 2018 ), we can also quantify which galactic-
ynamical mechanisms are rele v ant for setting the analytical cloud
ifetime. The rele v ance is deemed significant when the time-scales of
 given dynamical process is smaller than 2 × τmin , where τmin is the
mallest time-scale among the five processes. The minimum time-
cale has the greatest influence on setting the t gal , and is τ ff in most
ases whereas shear is also found to be rele v ant in some environments
ith τβ = (3 . 7 ± 2 . 3) τmin , on average. This shows that the predicted

ifetime of these molecular clouds results from a competition between
he gravitational collapse of the mid-plane ISM and galactic shear,
hich causes clouds to be pulled apart by differential rotation. At
igh density where t CO shows a good agreement with t gal , this implies
hat the assembly of molecular clouds and their evolution may be
ignificantly influenced by galactic dynamics. Meidt et al. ( 2015 )
ave reached a similar conclusion using GMCs in M51, where GMC
volution appears to be regulated by shear. 

 C O N C L U S I O N  

e present a systematic determination of evolutionary sequences
f GMCs from the molecular gas phase to exposed young stellar
egions across an unprecedented sample of 54 molecular gas-rich
ain sequence galaxies from the PHANGS–ALMA surv e y (Leroy

t al. 2021b ). We have applied the statistical method developed
y Kruijssen & Longmore ( 2014 ) and Kruijssen et al. ( 2018 ) to
O and H α emission maps at cloud-scale resolution ( ∼100 pc) and
easured the cloud lifetime ( t CO ), the feedback time-scale (duration

or which CO and H α are spatially o v erlapping; t fb ), as well as the
verage separation length between independent star-forming regions
volving from molecular clouds to exposed young stellar regions
 λ). We also derive other physical quantities such as the feedback
 elocity ( v fb ), the inte grated star formation efficienc y ( εsf ), and
he diffuse emission fraction for both CO and H α maps ( f CO 

diffuse 

nd f H αdiffuse ). By capitalizing on a statistically representative sample
f galaxies from PHANGS, we have correlated our measurements
ith global galaxy and average cloud properties. This allows us

o quantitatively link galactic-scale environmental properties to the
mall-scale evolutionary cycle of molecular clouds, star formation
nd feedback. The metrics explored here include properties related to
alaxy mass, surface density of molecular gas and SFR, morphology,
etallicity, velocity dispersion, pressure, and galactic dynamics. Our
ain conclusions are as follows: 

(i) Across our sample of galaxies, we find that molecular clouds
ssemble and survive for a time-scale of 16.4 ± 5.5 Myr on average,
emonstrating that GMCs are transient objects that disperse after
 few dynamical times via feedback from young massive stars.
he feedback time-scale is 3.2 ± 1.1 Myr on average (excluding
alaxies for which only an upper limit could be constrained) and
onstitutes 10 –30 per cent of the cloud lifetime. Our measurements
f these time-scales are in good agreement with those obtained using
ther methods (cloud classification based on their stellar content, e.g.
NRAS 516, 3006–3028 (2022) 
awamura et al. 2009 ; Corbelli et al. 2017 ; determination of gas-
ree stellar cluster ages, e.g. Grasha et al. 2019 ). Our results further
onfirm the conclusion of previous works that there is a decorrelation
etween gas and young stars on the cloud scale (Schruba et al.
010 ; Kreckel et al. 2018 ; Schinnerer et al. 2019 ; Pan et al. 2022 ),
hich can be explained by assuming that galaxies are composed of

egions, undergoing evolution from gas to stars, that are separated
y 100 −400 pc on average. 
(ii) We find that the star formation in these regions is inefficient,

ith an integrated cloud-scale star formation efficiency ( εsf ) ranging
rom 0 . 8 to 7 . 5 per cent . We measure feedback velocities ( v fb ) of
0 –30 km s −1 . Overall, these results are consistent with those from
ur previous measurements, conducted on a significantly smaller
umber of galaxies (Kruijssen et al. 2019b ; Che v ance et al. 2020b ;
im et al. 2021a ; Che v ance et al. 2022 ). We also determine the

raction of diffuse emission in each CO and H α map based on its
orphology. We find average fractions of 45 ± 10 per cent in CO

nd 53 ± 19 per cent in H α. 
(iii) We find several statistically significant correlations between

ur measurements and global galaxy (or average cloud) properties
Table 5 ). In brief, t CO sho ws positi ve correlations with quantities
elated to galaxy mass, as well as with the molecular gas surface
ensity. These correlations can be explained by the existence of a
O-dark phase, during which the molecular clouds are beginning to
ssemble. Indeed, we miss more of this phase at low-mass (low-
etallicity) and less dense environments as these environments

equire higher gas column density in order to shield CO molecules
rom being dissociated, compared to high-mass and high-density
nvironment. Moreo v er, in high-surface density environments, we
lso capture the e xtended re gion of the GMCs, unlike in low-surface
ensity (atomic gas-dominated) environments where CO is only
racing the densest centres of the GMCs. This results in longer
loud lifetimes in galaxies with a higher molecular gas surface
ensity. 
(iv) The feedback time-scale t fb also shows correlations with

uantities related to galaxy mass, most likely because t CO and t fb 
re correlated. Ho we ver, t fb does sho w an interesting relation with
 CO , which is the surface density contrast measured on a CO map
etween emission peaks and the galactic average. We find that t fb is
horter with increasing E CO (i.e. towards sharper emission peaks).
his can be physically understood as the result of feedback, where
O emission becomes undetected faster after the onset of massive

tar formation when the surrounding medium is more sparse. 
(v) The star formation efficiency εsf shows a strong correlation

ith � SFR , which can at least partly be understood as a higher
FR leading to a higher integrated star formation efficiency per star
ormation e vent. Ho we ver, other factors can also contribute to this
rend such as, the tight correlation between t CO and � H 2 , as well as
he dependence of extinction correction on inclination. 

(vi) We find a strong ne gativ e correlation with the diffuse gas
raction ( f CO 

diffuse ) and the global atomic gas mass ( M H I , global ). We
ttribute this correlation to the low completeness of CO observations
n low-mass galaxies. 

(vii) Diffuse H α emission fraction strongly correlates with a ver -
ge virial parameter of GMCs ( αvir, GMC ), which seems to indicate
hat a more perv asi ve medium of less bound GMCs allows more
onizing photons to escape the star-forming region and to penetrate
eeper into the surrounding gas. 

(viii) We find that, at all the density regimes probed here, t CO 

s longer than t ff (from Rosolowsky et al. 2021 ; Hughes et al. in
reparation) by a factor of 3.5 ± 1.8. By contrast, we find a good
greement with crossing time (from Rosolowsky et al. 2021 ; Hughes
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t al. in preparation) with t CO = (1 . 5 ± 0 . 6) t cr . The agreement be-
omes better when only the galaxies with low molecular gas surface 
ensity ( � H 2 < 8 M �pc −2 ) are considered, with t CO = (1 . 3 ± 0 . 6) t cr .
t higher surface densities, the agreement becomes slightly worse 
ith t CO = (1 . 7 ± 0 . 6) t cr . Lastly, in the low-density regime ( <
 M � pc −2 ), t CO is shorter than the time-scale expected for galactic- 
ynamical processes to act, with (0 . 7 ± 0 . 3) t gal , implying that t gal 

 v erpredicts the cloud lifetime traced by CO emission. Ho we ver,
n higher surface density environments, t CO = (1 . 5 ± 0 . 6) t gal , t CO 

ven becomes longer than t gal . The difference in low-surface density 
nvironments is likely due to the fact that GMCs spend a large fraction
f their lifetime being CO-dark, and this phase is by construction 
xcluded from t CO , which measures the CO visibility lifetime. By
ontrast, the Jeffreson & Kruijssen ( 2018 ) model does not make
ny distinction regarding on the CO emissivity of the different gas 
hases, and t gal includes both the CO-dark and CO-bright phases. 
his results in an increase of t CO / t gal with the molecular gas surface
ensity (also see Che v ance et al. 2020b ). 

We have quantified the evolutionary lifecycle of GMC formation, 
volution, and dispersal across an unprecedented sample of 54 nearby 
isc galaxies. We have demonstrated that this lifecycle depends on the 
arge-scale galactic environment. In this work, we have determined 
he evolution from cold gas to exposed young stellar regions using CO 

nd H α maps. In the future, we plan to further extend and refine this
volutionary timeline, for a subset of our galaxy sample, by including 
ther observations at different wavelengths: ionized emission lines 
rom MUSE, mid-infrared from the James Webb Space Telescope , 
nd H I from the VLA and Meerkat. This will allow us to determine
he time-scales of all the successive phases of the gas that participate
n star formation. 
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PPEN D IX  A :  A  C C U R A  C Y  O F  O U R  RESULTS  

n order to validate the accuracy of our measurements, we verify that
he requirements listed in section 4.4 of Kruijssen et al. ( 2018 ) are
ulfilled. Satisfaction of these criteria indicates that the constrained 
arameters ( t CO , t fb , and λ) are measured with an accuracy of at least
0 per cent: 

(i) The duration of t CO and t H α should differ by less than one order
f magnitude. This is satisfied by | log 10 ( t H α/ t CO ) | ≤ 0.58. 
(ii) The ratio λ/ l ap, min ranges from 1.06 to 3.63 for the galaxies in

ur sample. For eight galaxies out of 54 (IC1954, NGC 1087, NGC
igure A1. In the top panel, we show the adopted density contrasts ( δlog 10 F ) 
sed for the peak identification in each H α (blue) and CO (red) emission 
ap, as a function of the average filling factor ζ . The shaded area is the 

arameter space where the peak identification is affected by blending of 
ources (Kruijssen et al. 2018 ). We confirm that we adopt small enough 
log 10 F to identify adjacent peaks even in maps with high filling factor. 
n the bottom panel, we show the ratio of the feedback time-scale ( t fb ) and 
he total duration of the evolutionary cycle ( τ ), as a function of the average 
lling factor. The shaded area is the parameter space where the contamination 
y adjacent peaks affects the measurement of the feedback time-scale. As a 
esult, in grey we show six galaxies where only an upper limit of t fb can be 
etermined by not satisfying the condition (viii). 
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385, NGC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 4548),
e measure λ/l ap , min < 1 . 5, implying that for these galaxies, only

 CO is constrained with sufficient accuracy, while the constrained t fb 
nd λ are upper limits. For the remaining galaxies, we ensure that the
ean separation length between independent regions are sufficiently 

esolved by our observations. 
(iii) We ensure that the number of identified peaks in both CO and
 α emission maps is al w ays abo v e 35. Galaxies without enough
eaks were initially remo v ed from our galaxy sample as described
n Section 2 . 

(iv) The CO-to-H α flux ratios measured locally focusing on CO 

H α) peaks should never be below (abo v e) the galactic average. As
hown in Fig. 1 , this criterion is fulfilled, implying that we filter
ut the large-scale diffuse emission that is not associated with peaks
nclosed in the aperture. 

(v) The global star formation history of the analysed region, during 
he last evolutionary cycle (ranging 9 −35 Myr), should not vary more
han 0.2 dex, when averaged over time width of t CO or t H α . This is
o ensure that we homogeneously sample the evolutionary timelines 
rom gas to star with the identified peaks. Unfortunately, SFR o v er
he last course of cloud lifetime for the galaxies in our sample are
ot kno wn. Ho we v er, we e xpect that the variation of SFR in the last
35 Myr to be minor when time averaged by t CO or t H α as these

ow redshift galaxies are mostly undergoing a secular evolution, 
specially when the galactic centres and bars are excluded. 

(vi) Each region, independently undergoing evolution from gas to 
tar, should be detectable in both tracers at some point in their life.
his implies that sensitivity of the CO and H α should be matched,
llowing the faintest CO peak to evolve into H II regions that is
right enough to be detected in the H α map. In order to check if this
riterion is satisfied, we first calculate the minimum star-forming 
egion mass expected to form from the detected molecular clouds by
ultiplying the typical 5 σ point source sensitivity of the CO map

 ∼ 10 5 M �pc −2 ; Leroy et al. 2021b ) by the typical star formation
fficiency constrained in our method ( εsf = 2 . 8 ± 1 . 5 per cent ). We
hen compare this minimum mass to the mass of the stellar population
equired to produce ionizing radiation that matches the typical 5 σ
ensitivity of H α map on the scale of the typical individual star-
orming regions ( λ ≈ 250 pc). We use the STARBURST99 model 
Leitherer et al. 1999 ) to obtain the initial mass of the stellar
opulation assuming that stars formation took place instantaneously 
 Myr ago. We find that the typical minimum mass of the stellar
opulation obtained from CO maps (3000 M �) matches well with
hat from H α maps (4000 M �). 

Our measurements satisfy almost all of the requirements listed 
bo v e with an exception of (ii). This implies that while t CO is
onstrained with high accuracy, we do not have sufficient resolution 
o precisely constrain the λ and t fb , for 8 galaxies in our sample. Only
pper limits can be obtained for these v alues. Belo w, we use four
ore criteria listed in Kruijssen et al. ( 2018 ) to further determine

he validity of t fb . To do so, we first introduce the filling factor of
FR or gas tracer peaks, which is defined as ζ = 2 r / λ, where r is the
ean radius of the corresponding peaks. This ζ characterizes how 

ensely the peaks are located in a map. The average ζ is calculated
y weighting the filling factors of gas and SFR tracer peaks with
heir associated time-scales: 

(i) When peaks are densely distributed potentially o v erlapping 
ith each other, the density contrast used for identifying peaks 

 δlog 10 F ) should be small enough to identify adjacent peaks. In
ig. A1 , we confirm that our adopted δlog 10 F is small enough,
ompared to the upper limit prescribed by Kruijssen et al. ( 2018 ). 
MNRAS 516, 3006–3028 (2022) 
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(ii) Spatial o v erlap of adjacent peaks due to high filling factor can
alsely be attributed to a longer duration of the measured feedback
ime-scale. In this case, only an upper limit on the feedback time-
cale can be determined. In order to check whether we sufficiently
esolv e independent re gions, we compare in Fig. A1 the analytical
rescription of Kruijssen et al. ( 2018 ) with our measurements of
 fb / τ , where τ is the total duration of the entire evolutionary cycle
 τ = t CO + t H α − t fb ). We find that this condition is not fulfilled for
ix galaxies (NGC 1097, NGC 2090, NGC 3627, NGC 4540, NGC
548, NGC 4569), two of which o v erlap with galaxies that do not
atisfy condition (ii). 

(iii) As shown in the lower panel of Fig. A1 , we ensure the
onditions t fb > 0.05 τ and t fb < 0.95 τ are verified for all galaxies. 

(iv) Similarly to condition (v), the global SFR of the analysed
egion should not vary more than 0.2 dex during the entire evolution-
ry lifecycle when averaged over t fb . This is satisfied using the same
rgument in (v) stated abo v e. 

(v) After masking obviously crowed regions such as the galaxy
entre, visual inspection does not reveal abundant region blending. 
n conclusion, we find that most of our measurements are constrained
ith high accuracy. The only exceptions are λ in 8 galaxies that do
ot satisfying condition (ii) and t fb in 12 galaxies that do not satisfy
oth conditions (ii) and (viii). Only upper limits for these values can
e constrained for this subset of galaxies. 
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