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ABSTRACT

It remains a major challenge to derive a theory of cloud-scald @0 pc) star formation
and feedback, describing how galaxies convert gas into stars as a function of the galacl&:
environment. Progress has been hampered by a lack of robust empirical constraints on tge
giant molecular cloud (GMC) lifecycle. We address this problem by systematically applying%
a new statistical method for measuring the evolutionary timeline of the GMC lifecycle, starz
formation, and feedback to a sample of nine nearby disc galaxies, observed as part of tlge
PHANGS-ALMA survey. We measure the spatially resolved Q0 pc) CO-to-H ux ratio
and nd a universal de-correlation between molecular gas and young stars on GMC scale&
allowing us to quantify the underlying evolutionary timeline. GMC lifetimes are short, typlcally
10-30 Myr, and exhibit environmental variation, between and within galaxies. At kpc-scal
molecular gas surface densities;, 8M pc°2, the GMC lifetime correlates with time-
scales for galactic dynamical processes, whereagsat 8 M pc? GMCs decouple from
galactic dynamics and live for an internal dynamical time-scale. After a long inert phas
without massive star formation traced by H75-90 per cent of the cloud lifetime), GMCs
disperse within just 1-5Myr once massive stars emerge. The dispersal is most likely due
to early stellar feedback, causing GMCs to achieve integrated star formation ef ciencies og
4-10 percent. These results show that galactic star formation is governed by cloud-scale,
environmentally dependent, dynamical processes driving rapid evolutionary cycling. GMC$3
and Hil regions are the fundamental units undergoing these lifecycles, with mean separauorﬁ
of 100-300 pc in star-forming discs. Future work should characterize the multiscale physms
and mass ows driving these lifecycles. N
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Key words: stars: formation—ISM: clouds—ISM: structure —galaxies: evolution — galaxies:
ISM —galaxies: star formation.

and the stellar feedback from the newly formed stars deposits mass,
metals, energy, and momentum into the GMCs, eventually leading
The lifecycle of giant molecular clouds (GMCs) resides at the heart to their disruption (e.g. Dobbs et &014 Krumholz 2014 and
of the physics driving star formation and stellar feedback in galaxies. regulating the galaxy-wide star formation rate (SFR; e.g. Ostriker &
Star formation takes place in GMCs (e.g. Kennicutt & Eva0%2 Shetty2011, Hayward & Hopkins2017 Krumholz et al.2018.
These cloud-scale (100 pc) processes determine how galaxies
evolve and form stars (e.g. Scannapieco et28l12 Hopkins,
E-mail: chevance@uni-heidelberg.de Narayanan & Murray2013 Semenov, Kravtsov & Gnedig018
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Kruijssen et al.2019, implying that an understanding of galaxy and their impact on galaxy evolution is to resolve the scales of
evolution requires describing a rich variety of physics over a wide individual clouds within galaxies and empirically constrain their

range of spatial scales. lifecycles as a function of the galactic environment (e.g. Lada,
Recent simulations of galaxy formation and evolution are now Lombardi & Alves 201Q Hopkins et al.2013. This requires a
able to resolve the scales of GMCs (e.g. Grand et2all7 large ¢ 100) sample of GMCs and star-forming regions for a wide

Hopkins et al.2018), but observations have long been unable to variety ( 10) of galaxies covering different ISM conditions (e.g.

match this step outside a small number of very nearby galaxies, densities, pressures) and kinematics (e.g. dynamical time-scales) to

mostly con ned to the Local Group (e.g. Bolatto et &008 obtain suf ciently representative statistics. In this paper, we address
Kawamura et al2009 Miura et al. 2012 Hughes et al2013 this problem by characterizing the GMC lifecycle across nine star-
Corbelli et al.2017 Faesi, Lada & Forbricl2018 Kruijssen et al. forming disc galaxies spanning a range of properties.

2019 Schruba, Kruijssen & Lerop019. It is critical to obtain There are two main competing theories describing the cloud

an empirical census of the GMC lifecycle across a wider range lifecycle, which predict strong differences in the time evolution
of galactic environments, spanning the main sequence of galaxiesof individual clouds. In one theory, clouds are described as long-
atz = 0 (e.g. Brinchmann et aR004. Covering a wide range lived, stable objects, supported by magnetic elds, such that star
of environments is important, because the cosmic star formation formation proceeds over long time-scales100 Myr; e.g. McKee
history peaked at redshift 2-3 (Madau & Dickinsor2014 and 1989 Vazquez-Semadeni et #011). In a second theory, clouds

it is currently unclear if the GMC lifecycle proceeded differently are transient objects, undergoing gravitational free-fall or dynamical
under the high-pressure and high-gas fraction conditions prevalentdispersal, in which star formation proceeds on a dynamical time-
in high-redshift galaxies (e.g. Genzel et 2011, Swinbank et al. scale (10 Myr; e.g. Elmegreer200Q Hartmann, Ballesteros-
2011,2012 Tacconi et al2013 2018, with claimed lifetimes of up Paredes & Bergig001; Dobbs, Burkert & Pringl@011). Measuring

to several 100 Myr (Zanella et &019. Analytical and numerical the molecular cloud lifetime is a key step to distinguish between
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studies predict that the GMC lifecycle likely varies with the galactic these two theories, but so far observations have only been made fore

environment (e.g. Dobbs & Pringl2013 Fujimoto et al.2014 small samples and have yielded a variety of different outcomes, §
Dobbs, Pringle & Duarte-CabraD15 Jeffreson & Kruijsser2018 largely due to differences in experiment design and the use of @

Meidt et al. 2018 2019. Due to a crucial lack of observational differing, subjective ways of de ning objects (i.e. GMCs andi H
constraints on GMC scales across a variety of environments, it regions).
is therefore not known how most stars in the Universe formed GMC lifetimes are well in excess of a human lifetime, requiring
and how they affect galaxy evolution through feedback. Thanks the use of indirect methods to constrain their lifecycles. Long
to the construction of large sub-mm interferometers such as the cloud lifetimes ( 100 Myr) have been suggested by the presence
Atacama Large Millimeter/submillimeter Array (ALMA) and the  of molecular clouds in between spiral arms (i.e. ‘inter-arm’ GMCs,
Northern Extended Millimeter Array (NOEMA), it is now possible  see e.g. Scoville & Hersth979 Scoville & Wilson 2004 Koda
to overcome this problem. etal.2009. Short cloud lifetimes (10-50 Myr) have been measured
Observationally, galaxies globally follow a ‘star formation rela- by classifying the clouds based on their star formation activity
tion’, linking the gas surface density and the SFR surface density (Engargiola et al2003 Blitz et al. 2007 Kawamura et al2009
(e.g. Silk1997 Kennicutt1999. This has been observed in alarge Murray 2011 Miura et al. 2012 Corbelli et al. 2017, or by

range of galaxies, from nearby spiral galaxies (e.g. Bigiel 20418 quantifying the fraction of CO-bright versus Hbright lines of sight
Blanc et al.2009 Schruba et al2011;, Kennicutt & Evans2012 across each galaxy (Schinnerer eR8l19. Finally, evolution along
Leroy et al.2013 to high redshift galaxies (e.g. Daddi et 201Q orbital streamlines has been used to infer cloud lifetimes, leading

Genzel etal201Q Tacconi et al2013. These empirical, large-scale  to values ranging from 1 Myr in the Central Molecular Zone of
relations are often used in galaxy formation simulations to describe the Milky Way (Kruijssen, Dale & Longmor2015 Henshaw et al.
the relation between gas mass and SFR. However, these relation2016 Barnes et al2017 Jeffreson et a018 to 20-50 Myr in the
do not apply universally; they are observed to break down at scalescentral 4 kpc of M51 (Meidt et al2015. While the classi cation

1kpc (e.g. Onodera et &01Q Schruba et al201Q Leroy et al. of clouds based on their star formation activity is the most promising
2013 Kreckel et al.2018 Kruijssen et al2019 as well as in low- method due to its general applicability, the subjective de nition of
density environments, such as in low surface brightness galaxiescloud categories and the fact that the cloud structure needs to b
or in galaxy outskirts (e.g. Kennicuff989 Martin & Kennicutt resolved to classify them limits the application of this method to
2001; Boissier et al2003 Bigiel et al.201Q Goddard, Kennicutt & very nearby galaxies, mostly con ned to the Local Group. This can
Ryan-WebeR010). potentially be overcome by describing star formation in galaxies

As demonstrated by Kruijssen & Longmor20(4, the small- as a multiscale process, such that the cloud lifecycle is inferred
scale breakdown of the star formation relation is driven by evo- without needing to resolve individual GMCs (see below Kruijssen
lutionary processes taking place at the scale of molecular clouds.et al.2018).

The details of how the star formation relation breaks down differ  In addition to the overall cloud lifetime, the co-existence (or
between different galaxies (Leroy et &013, which suggests overlap) time-scale of GMCs andiHegions provides an essential
that the evolution of individual clouds depends on the galactic diagnostic for probing the cloud-scale physics of star formation
environment. Such an environmental dependence has been predictednd feedback. By measuring how long GMCs survive after the
by theory. Galaxy dynamics, interstellar medium (ISM) pressure, appearance of ionizing photons generating emission, it is pos-
and disc structure modify the balance of cloud formation and sible to identify the feedback mechanism driving GMC dispersal. In
destruction (e.g. Dobbs & Pringk®13 Dobbs et al2014 Fujimoto principle, GMC dispersal could be driven by a number of processes,
et al. 2014 Jeffreson & Kruijsser2018 Krumholz et al.2018 including supernovae, stellar winds, photoionization, and radiation
Meidt et al.2018 2019 and therefore in uence the population and pressure (e.g. Krumhol2014 Dale 2015 Krumholz, McKee &
lifecycle of GMCs. One of the major challengesin understanding the Bland-Hawthorn2019. Crucially, many of these processes act on
parsec-scale physics of star formation and feedback within GMCs different time-scales and all of these have different environmental

MNRAS 493,2872-2909 (2020)
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dependences, so that it is possible to determine their relative impor-across the star-forming discs of80 nearby galaxies at a point-
tance by measuring the characteristic time-scale for gas dispersal asource sensitivity high enough to detect molecular clouds down to
afunction of the galactic environment. Other feedback mechanisms, 10°M . In combination with matched-resolution, ground-based
such as protostellar out ows are local mechanisms which are H maps, these observations probe the multi-phase structure of

incapable of disrupting entire GMCs (BalB016 Krumholz et al. galaxies at 1resolution (35—-162 pc for our sample), which allows

2019. us to characterise the lifecycle of cloud evolution, star formation,
Capitalizing on the unprecedented resolution and sensitivity and feedback as a function of galactic environment.

achieved by ALMA, the method introduced by Kruijssen et al. In this paper, we present the rst systematic characterization

(2018 develops a statistical approach for empirically characterizing of the molecular cloud lifecycle in a rst sample of nine nearby

the evolutionary timeline of cloud evolution, star formation, and star-forming galaxies. The structure of the paper is as follows.
feedback by describing the multiscale nature of the star formation In Section 2, we rst present the observational data, describing
relation in galaxies. This method is based on the fact that the the distribution of gas and SFR tracers in nine nearby galaxies.
breakdown of the star formation relation between the gas massin Section 3, we summarize the statistical method used to derive
and the SFR on sub-kpc scales is highly sensitive to the time- the characteristic quantities of star formation and feedback. In

scales governing the GMC lifecycle. In brief, it uses cloud-scale Section 4, we then present the derived quantities characterizing starg
variations of the ux ratio between tracers of molecular gas and star formation and feedback processes for the nine galaxies, and carry =

formation to determine the relative occurrence of both phases, thusout a detailed comparison of the measured molecular cloud lifetimes
constraining their relative durations. This approach is agnostic aboutwith analytical predictions in Section 5. Finally, we discuss the
observational criteria often used to de ne GMCs or Hegions, physical interpretation and implications of the results in Section 6,
and instead de nes these empirically as emission peaks that areand conclude in Section 7.

positioned on the timeline describing their evolutionary lifecycles
in away thatis independent from their neighbours. We refer to these
as ‘independentregions’and nd thatthe identi ed objects resemble
classical GMCs and H regions in terms of their spatial dimensions. We now summarize our galaxy sample, describe the observational

2 OBSERVATIONS
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Rather than needing to resolve individual GMCs, as was the casedata used to trace molecular gas and recent star formation, and ?,

in previous methods, this new technique only requires resolving the discuss the procedure used to obtain total SFRs.
mean separation length of the combined population of GMCs and
H 11 regions (a few 100 pc). This enables the systematic application
of this method across a signi cant part of the local galaxy population
(outto 50 Mpc with ALMA's currrent capabilities). We use a sample of nine galaxies with currently available, high-
As aresult, we can now determine the molecular cloud lifetime, resolution, multiwavelength coverage, targeted by the PHANGS-
the time-scale for cloud dispersal by feedback, as well as the ALMA survey (P.l. E. Schinnerer; A. K. Leroy et al. in preparation).
characteristic distance between individual sites of star formation. One of the main science goals of the PHANGS collaboration
In turn, these constrain a variety of additional physical quantities, is to link the cloud-scale physics governing ISM structure, star
such as the integrated cloud-scale star formation ef ciency, the formation, and feedback with galaxy evolution. One of the key
mass-loading factor (i.e. the feedback-driven mass out ow rate in steps for achieving this is to map the molecular gas distribution
units of the SFR), and the feedback out ow velocity. The accuracy in nearby star-forming galaxies at high physical resolution and
of the method has been demonstrated using simulated galaxieshigh sensitivity. An initial sample of 17 galaxies has been observed
(Kruijssen et al.2018 and it has been applied to the individual ~during ALMA Cycle 3, targeting thd = 2 S 1 transition of carbon
galaxies NGC 300 (Kruijssen et &019, the large magellanic monoxide (CO) at a resolution of 1 arcsec, which is expanded
cloud (Ward et al2019 and M33 (Hygate et aR0193. Kruijssen to a total of 74 galaxies in ALMA Cycle 5. The observations are
et al. 019 nd a de-correlation between gas and star formation described in more detail in A. K. Leroy et al. (in preparation; also
in NGC 300, which they attribute to the rapid evolutionary cycling see Sun et a018and Utomo et al2018, but we summarize them
between molecular gas, star formation, and cloud destruction by below. The galaxies have been selected to be nearkl7(Mpc),
stellar feedback. Fujimoto et a@19 build on this empirical result relatively face-on (inclination 75) and to lie on or near the
to propose that this de-correlation is a fundamental test of feedbackmain sequence of star formation [le¢SFRM ) [yr®!] S11 and
physics in galaxy simulations, as it probes the dispersive effect of log;o(M ) [M ]  9.3]. At these distances, the spatial resolution
stellar feedback on GMCs. achieved across our sample of nine galaxies ranges from 35 to
Here, we greatly expand the sample of galaxies analysed, to 162 pc. This spatial scale is close to the typical sizes of GMCs
cover a relevant range of galaxy types and environments in which measured in the Milky Way (Solomon et dl987 Heyer et al.
star formation takes place and obtain representative constraints2009 Miville-Deschenes, Murray & Lee€2017), implying that the
on the molecular cloud lifecycle. The systematic application of galaxy sample is suitable for constraining the GMC lifecycle using
these novel analysis techniques requires a high-resolution, mul-our methodology (see Sections 3 and 6).
tiwavelength census of the nearby galaxy population. To date, From this initial sample of the PHANGS-ALMA CO survey,
the main challenge has been to obtain homogeneous sensitivitywe select the objects which also have newly obtained narrow-band
mapping of the molecular gas across a large number of galaxiesH observations with the MPG/ESO 2.2-m Wide-Field Imager
at 100 pc resolution. With the PHANGSollaboration, we have (WFI; Razza et al. in preparation) or archival high-quality H
now made this step by carrying out the PHANGS-ALMA survey observations available at a similar resolution. This restricts our
(Leroy et al. in preparation), which is mapping the CO emission nal sample to eight nearby star-forming galaxies: NGC 628,
NGC 3351, NGC 3627, NGC 4254, NGC 4303, NGC 4321, NGC
4535, and NGC 5068. In addition to these targets, we also include
LPhysics at High Angular Resolution in Nearby Galaxietf://phangs.org the galaxy NGC 5194 for which archival observational data of

2.1 Sample selection

MNRAS 493,2872-2909 (2020)
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Table 1. Physical and observational properties of the targets.

Galaxy Stellar mass Metallicity? co* co~d H H Spatial
resolution sensitivity observations resolution  resoludtion
[logioM ] [12 + log(O/H)]  (arcsec) (Kkmg?l) (arcsec) (pc)
NGC 628 M74) 10.24 8.65 1.12 1.3 WEFI 0.87 53
NGC 3351 (195) 10.28 8.80 1.46 1.2 KPNO 1.16 84
NGC 3627 166) 10.67 8.33 1.57 1.6 WFI 1.44 109
NGC 4254 \199) 10.52 8.62 1.71 0.7 WFI 1.21 154
NGC 4303 (161) 10.67 8.69 1.84 1.1 WFI 0.81 162
NGC 4321 M100) 10.71 8.69 1.64 1.0 KPNO 1.28 137
NGC 4535 10.49 8.68 1.56 0.8 WEFI 1.20 139
NGC 5068 9.36 8.39 1.00 1.8 WFI 1.15 35
NGC 5194 M51) 10.73 8.84 1.06 4.9 KPNO 1.83 79

aStellar masses are presented in Leroy et2f110 and references therein, with typical uncertainties of 0.1 dex.

PMean molecular gas mass-weighted metallicity based on Pilyugin, Grebel & Kni2a@&4 (with typical uncertainties of 0.03 dex.

€CO(1-0) for NGC 5194 from Schinnerer et &20(13; CO(2-1) for all other galaxies.

dCharacteristic 1 sensitivity corresponding to the root-mean-squared noise across the integrated intensity CO map at the resolution
given in the preceding column.

®Deprojected spatial resolution accounting for inclination, calculated as the maximum of the CO amdp$. The adopted distances

and inclinations are listed in Tab%

fSpitzerinfrared Nearby Galaxy Survey (SINGS) (Kennicutt et2403.
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H and CO(1-0) are also available at a similar spatial resolution observations have been taken using the 12m, 7 m, and total powe B
(Pety et al2013 Schinnerer et aR013. The main characteristics  arrays, covering all spatial scales, including short- and zero-spacingg
of these galaxies and of the observations are summarized indata. For NGC 5194, the combination of the PdBI with the IRAM &
Table1l. We now summarize the properties of the CO and d¢thata 30 m telescope also enables the recovery of all spatial scales. g
used. We now summarize the main steps of the data reduction of the 5

PHANGS data, which are described in detail in A. K. Leroy etal. 3

(in preparation). After calibration of theS v data using the ALMA 3
2.2 Molecular gas tracer calibration pipeline, line-speci ¢ data sets are extracted, for @ach g

S v measurement set and each line of interest, for both the 12 and2

As discussed previously, we measure molecular cloud lifetimes 7, array. These are then regridded to a chosen velocity grid ando'
in a sample of nine star-forming disc galaxies. To ensure the g)| measurements for a given spectral line are combined. The cubess
homogeneity of the results, we select the same tracers of moleculargre set to have a common channel width &g St and a typical
gas and recent star formation across the entire galaxy sample (withyandwidth of 500 km%L. The nal cubes of the combined 12 and
the exception of NGC 5194; see below). The Q& (1-0) transition 7m data are reconstructed using several iterations of multiscale
[denoted as CO(1-0) in the following] and the CO £ 2-1) clean using the algorithniclean  in casa? (McMullin et al.
transition [denoted as CO(2-1) in the following] are commonly 2007 v5.4.0) and are convolved to a round synthesized beam 2
used to trace molecular gas (e.g. Schuster e2G7, Leroy et al. (where the size of the synthesized beam is approximately equals
2009 Bolatto, Wol re & Leroy 2013 Sandstrom et aR013. The to the original major axis beam size). For the galaxies NGC 3627, &
effective critical density for exciting CO(2-1) is higher than for NGC 4254, NGC 4321, and NGC 5068, which were observed with Q
CO(1-0) ( 10®cm®3 and 10%cm®3, respectively; Leroy et al. o separate 150 pointing mosaics, we combine the two mosaics
20173, implying that this tracer is less affected by optical depth. In  |inearly after convolution to match the beams of the two halves.
addition, the mapping of CO(2-1) at a given resolution with ALMA  The total power data are reduced using tiesa v5.3.0 software
is more ef cient than for CO(1-0), which makes it a commonly package (see Herrera et 2019 for details). For each antenna,
observed transition for extragalactic studies of molecular gas and the spectra are calibrated, the ‘OFF’ position is subtracted from the
the tracer of choice in the PHANGS-ALMA survey (A. K. Leroy  gpectrum, and a rst-order polynomial is tted and subtracted to
etal. in preparation). While CO(2-1) does not trace speci cally the ¢orrect the baseline. The spectra are then convolved to regularly
high density molecular gas (traced for example by HCN, HE@ gridded data cubes. Finally, the 124n7m cubes are combined
is brighter and easier to observe than these high density gas tracersyjth the total power cubes usingasa's feather  task, and
allowing entire galaxies to be mapped efciently at arcsecond corrected for the 12m 7m primary beam response. The reduction,
resolution. We therefore use the CO(2-1) transition as a tracer of imaging, and combination of the PAWS data for NGC 5194 are
the molecular gas for all galaxies except NGC 5194, for which presented in Pety et al2@13. We use the ‘broad’ integrated
only a CO(1-0) map is available at high resolution, observed by the jntensity maps of the PHANGS v1.0 data release (A. K. Leroy
Plateau de Bure Interferometer (PdBI; Pety eRall3 Schinnerer et 3| in preparation). These maps recover most of the CO emission
etal.2013. presentin the data cube, including low signal-to-noise ux, resulting

The typical angular resolution is 1-2arcsec, allowing us to jp high completeness (Sun et &018, but also higher noise

achieve a median physical spatial resolution oi10pc at the  compared to maps using more restrictive masking of the faint CO
distances of our target galaxies. This is suf cient to resolve the char- gmission.

acteristic spatial separation between independent (i.e. temporally
uncorrelated) regions (see Section 4). The angular resolution for
each galaxy is listed in Table For the PHANGS-ALMA galaxies, 2Seehttps://casa.nrao.edu/

0T¥1895/2.82/2/E6T/

Ae|N 0z uo Jsa

(44014

MNRAS 493,2872-2909 (2020)



2876 M. Chevance et al.

2.3 Star formation tracer a Gaussian of the appropriate width to match the lower resolution

. . . . . data.
We trace massive star formation using the Hne, which mostly Astrometry.The analysis presented in Section 3 carries out a

orlglnates.from ionized gas in the vicinity of newly formed massive _spatial correlation of the CO and Hmaps to determine the relative
stars and is therefore commonly used as a tracer of the SFR (see "Yurations of the evolutionary phases governing the cloud lifecycle
particular the review by Kennicutt & Evar#Z)12. We select H yp 9 9 ycie.

. L - This r ires that both m har mmon astrometri tem
as a star formation tracer, because it is the most readily observable, s requires that bo aps share a co on astrometric syste

tracer of young stars (10 Myr: e.g. Leroy et aR012 Haydon et al. at high accuracy. Exten§|ve tests of Fhe method using S|muI§ted
. ; .. data show that for meaningful constraints on the coexistence time-
2018 with the best coverage across our sample, while minimizing

contamination from other objects. By contrast, the far-UV or near- scale of CO and H emission (i.e. the ‘feedback time-scalg, see

: Section 3), we require that any astrometric offset is less than 1/3
UV wavelength ranges probe longer time-scales and have Iargerof either the FWHM of the size of the emission peaks (GMCs and
associated uncertainties (Haydon et24118. The duration of the P

. H 1 regions), or of the (synthesized) beam if they are not resolved
phase traced by H also has the advantage of being only weakly (Hygate et al2019h. The angular resolution of our observations
dependent on metallicity, in contrast to UV lters. Infrared (IR) e ) 9

. g is larcsec. Therefore, considering the conservative case where

emission (e.g. at 24m) is also a common tracer of young star e
. ; : b emission peaks are notresolved, we adopt a target value of 0.3 arcse

formation and can be used in particular to correct for extinction, . .

. . . for the absolute astrometric precision.
which often heavily affects embedded young stars (e.g Kennicutt : .

) The astrometric precision of H maps has been assessed by
et al.2009 Hao et al.2011). However, IR observations generally . . .
; . - . matching stellar sources to tigaia DR2 catalogue (Gaia Collab-

do not have suf cient spatial resolution for our science goal (except

for the most nearby galaxies), and the duration of the IR emission oration 2016 201§ and tting 50 stars peR-band mage, for .
. . o both the SINGS data and the WFI data. The resulting astrometric
phase is hard to calibrate due to contamination by evolved stars.

The H maps were obtained using ground-based telescopes anoprec:lsmn is 0.1arcsec—0.2 arcsec, which comfortably satis es our

. . . conservative target precision of 0.3 arcsec.
include avariety of archival and new data. For NGC 628, NGC 3627, Flux caIibratio%.TFr)le ux scale is determined using the median
NGQ 4254, NGC 43.03‘ NGC 45.35’ and NGC 5068, we use newly of the ux ratios for a selection of non-saturated stars that are
obtained H data using the WFI instrument on the MPG/ESO 2.2- matched between the Hand theR-band images. Since the-
m telescope at La Silla Observatory. We also observe the galaxiesbanol continuum has to be subtracted from ?he .Frhe but the
in the R—b_and to enable the c_ontlnuym subtraction .Of the éiata. H line also contributes to the-band data, we proceed iteratively
The details of these observations will be presented in A. Razza et al. ; : : .
(in preparation) to produce the ux-calibrated H images. First, the ratio of the

FF:)r RGC 335'1 NGC 4321 and NGC 5194. we use wide- eld relative ux calibration is used to determine the scale offleand

. . ! ' - continuum in the H narrow-band image. With this ux basis,
high-resolution narrow-band H data from theSpitzer Infrared . S
Nearby Galaxies Survey (SINGS: Kennicutt et 8D03. The we perform a rst estimate of the H ux, which is then used to
SINGSy alaxies we con)éider here' have been observe.d using th determine the contribution of the Hline to theR-band. We repeat

. g . SINY NGpis procedure until the successive continuum estimates differ by
Kitt Pgak National Observatory (KPNO) 2.1m telescopsew with the less than 1 per cent. To obtain the continuum-subtractedirage
CF'M imager. The data are p_art of IRSA o_Iata releadeSBNGS this estimate of the continuum is then subtracted from the narrow-
also includesR-band observations taken with the same telescope band image
under similar observing conditions, which are used to perform the ge.

: . . Filter transmission and [NilI ] contamination.We correct the
continuum subtraction of the Hmaps. The origin of the H data . .
. . X o measured H ux for the loss due to the lter transmission, using
and their spatial resolution are detailed in Tahle

We now summarize the main steps of the data reduction (for the spectral shape of the narrow-band lIter and the position of the

: : . : H line within the lter. It is also corrected for the contribution
details, see A. Razza et al. in preparation and Schinnerer et al. .
. . of the [N11] lines at 654.8 and 658.3 nm to the narrow-band lIter
2019. For consistency, the same steps have been applied both to T .
ux. For all galaxies in our sample, we rst assume a uniform

the WFI and SINGS data. L : .
. . contamination of 30 per cent due to thel[Nines. This value has
Background subtractionFor all galaxies, the sky background . o ) )

. . . . been calibrated with high-spectral resolution observations of H
is calculated by masking bad pixels and bright sources, and then_ "~ "~ . .

. - : regions in NGC 628 with the VLT/MUSE instrument (Kreckel et al.
masking all emission more than 3above the median ux of the - . .

2016 and comparable results are found from similar observations in

wi?ﬁ I;egérsgzhm; hm::z?j?sm;?g;: é;l?mnesgntﬁgt; i%v?ztﬁohn;gunonNGC 3627, NGC 4254, and NGC 4535, where we measure median
P ratios [Ni1]J/H  of 0.30 to 0.32, with standard deviations of 0.05 to

maximum (FWHM) of the angular resolution, in order to mask out . - o .
. . . 0.06 (Kreckel et al. in preparation). In addition, our galaxies span
all diffuse emission from any bright sources or from the galaxy. . ! - ; -
a relatively narrow range in metallicity and our radial coverage is

We then t the residual sky backgrounq with a_plane. In the cases limited to the inner part of the disc (Kreckel et2019 and no trend
where a good plane t cannot be obtained (this can happen when N - . S
X : : of the [NuI]J/H ratio with galactocentric radius (or metallicity) is
the galaxies Il a large fraction of the image), the sky background . . .
observed (K. Kreckel et al. in preparation), which supports our

is taken as the median of the masked image. assumption of a uniform contamination throughout the sample. We

Seeing. We t point sources in both the .H and R—banq then estimate the contribution of the Hand [Ni] lines to the
background-subtracted images with a Gaussian to determine the

seeing of the observations. In cases where the results differ bynarrow-band Image based on the redshift of the galaxy and on the

more than 0.5 pixels, the higher resolution map is convolved with lter transmission curves (see Tabin Schinnerer et al2019,
=P ' 9 P before nally subtracting the effective contribution from the IjiN

linestothe H ux.
Extinction.We correct for foreground Galactic extinction using
3More details about these observations can be fourhdtat/irsa.ipac.calt the calibration from Schla y & Finkbeiner2011) and assuming a
ech.edu/data/SPITZER/SINGS/doc/ sirfgth _delivery.v2.pdf Fitzpatrick (1999 reddening law withR, = 3.1. Note that we do

a
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Table 2. Flags set to a different value than the default (as listed in simulations and estimate that shocks contribute less than 10 per cent
table 1 of Kruijssen et a2018. ofthe total H ux. A large-scale reservoir of H emission tracing
diffuse ionized gas is also commonly observed in galaxies (e.g.

Flags Value Notes Monnet 1971, Dettmar 1990 Hoopes, Walterbos & Greenwalt
mask_images 1 Mask images on 1996 Oey et al2007 Kreckel et al2016 Lacerda et al2018. We
mstar _int 1 Mask the centre of the galaxy describe how we separate this diffuse emission reservoir from the
mgas_ext 1 Mask outer parts of the galaxy, compact emission tracing iHregions in Section 3.4.

where CO is not detected The nal CO and H images of all nine galaxies are shown in

Fig.1. The guresalso indicate the eld of view used in the analysis
(this is mostly limited by the eld of view of the CO observations,
but it also excludes some map edges where the noise is high, e.g.
in NGC 628 and NGC 5194), the galactic centres and bar regions
(which are excluded by eye because of blending effects, see below),
and the foreground stars and background galaxies that have beergj
masked. These maps are used throughout this paper.

not carry out a spatially resolved correction for internal extinction
of the H line, but instead perform a single, global extinction
correction. This is achieved by calculating the global SFR across
the eld of view using far-UV and 22um emission and re-scaling
the H map accordingly (see Section 2.4 for details). None the
less, our lack of a spatially resolved extinction correction may
cause us to underestimate emission from young, embedded H
regions, or fail to detect them at all. In practice, this means that 2.4 Global SFR
we trace the unembedded phase of star formation, whenisH . - T
. ; . . . Asnoted above, H line emission can suffer from extinction, imply-
visible. Previous studies of nearby galaxies have shown a high" . ) )
. ) 7 . ing that the total SFR derived from Halone is underestimated. To
spatial correlation between g#h emission and H emission (e.qg. o .
. . - correct for extinction, we calculate the SFR from multiwavelength
Pérez-Gonalez et al.2006 Prescott et al2007 Kruijssen et al. . . .
- : . S mapping, combining th&alaxy Evolution Explore(GALEX) far-
2019. Most importantly, we aim to derive visibility time-scales ) ) )
AR ultraviolet band (far-UV; 155 nm) and tWgide-peld Infrared Survey
rather than absolute ux levels. As long as ani lfegion is visible
X N . . Explorer (WISB W4 band at 221m maps (Leroy et al2019),
above the noise level, it is included in our analysis. The absolute . 3
. L . . convolved to 15 arcsec angular resolution. To convert the observedz-
brightness of a region is only used as a weight when calculating the _— .
- . . ux levels to an SFR, we use the SFR prescription provided by
population-averaged gas-to-SFR ux ratio (see Sectioh 3). .
. . . L Kennicutt & Evans 2012 and Jarrett et al.2013. The SFR
Even if we might expect some impact of extinction on the local . . .
. L measured this way accross the elds of view used for our analysis are
H ux, we stress that we calibrate the measured timeline for . - ; : : ;
. . . listed in Table3. Finally, we determine the appropriate conversion
cloud evolution and star formation based on the duration of the

unembedded phase of star formation (see Section 3.2). As a resultfactor between the ux in the H map and the total extinction-
: P . S corrected SFR frorALEXandWISEacross the same eld of view.
neglecting the embedded star-formation phase during whictisH

not yet visible would only result in underestimating the duration of We note that this conversion factor has no impact on the evolutionary

timeline derived in Section 4 and only plays a role in calculatin
the overlap between the gas and the young stellar phases. However, i~ - . y play . 9
e integrated star formation ef ciency per star formation event (see

would not affect the cloud lifetime, because the sum of the durations Section 3.2)
of the inert CO-bright phase and the overlap phase is unaffected by -
extinction, even if the division between both phases may change.
For the same reason, the total duration of the evolutionary cycle 3 UNCERTAINTY PRINCIPLE FOR STAR
would not change either. If an embedded Hbhase is present, FORMATION

Haydon et al. 2019 demonstrate that this could potentially affect We now turn to a discussion of our analysis method. We rst

the measured duration of the overlap phase, but only for global gasintroduce the general concept and framework, before discussin
surface densities larger than 20 Mc>? at solar metallicity. This g P '

S . . . ) how it is applied speci cally to our sample of nine nearby disc
conclusion is based on a numerical simulation that overpredicts the . ; . . .

- . o galaxies. This section also includes a summary of the adopted inputo

effects of extinction and thus represents a lower limit. Extinction . . : . 5

thus affects less than half of our sample (see Big— galaxies parameters of the analysis, a discussion of how we Iter diffuse

that reside above this (highly conservative) threshold of 2Qoeb? emission fmm th_e galaxy maps, and a description of how the
across more than 4 kpc in galactocentric radius are NGC 3627, NGCevolunonary timelines are calibrated.
4254, NGC 4303, and NGC 5194). We will quantify the impact of
extinction further in future works (Chevance et al. in preparation; 3.1 General concept
Kim et al. in preparation).
Finally, sources other than IHregions generating H emission

apeoe//:sdny wolj papeojumo
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Inspired by the interpretation rst proposed by Schruba e24l1(),

(such as supernova remnants) might contribute to the and recent work has now demonstrated that the observed small-scale
P 9 scatter around the global star formation relation (e.g. Bigiel et al.

thus contaminate our measurements. However, these generally hav«i008 Blanc et al.2009 Onodera et a201Q Schruba et al201Q

considerably smaller sizes and lower luminosities thanregions Leroy et al 2013' Kreckel et al.2018 Kruijssen et al2019 can

@g. K_reckel et al201§. As a result, their cont_rlbutlor_l _to the be understood by assuming that individual regions in a galaxy

ux-weighted average H ux in each aperture is negligible —

. S - . independently undergo an evolutionary lifecycle during which a
Peters etal017) quantify this using 3D radiation-hydrodynamical molecular cloud assembles, collapses, forms stars, and is disrupted

by feedback, with molecular gas and SFR tracers probing different
4The uxes of all CO and H regions are summed before calculating the €volutionary phases (e.g. Feldmann, Gnedin & Kravt@6u1
gas-to-SFR ratio. As a result, bright regions contribute more to these total Kruijssen & Longmore014. On small scales, such anindependent
uxes. In the following, we therefore refer to our measurements as ‘ux- region is observed at a speci ¢ time during this cycle, and therefore
weighted averages'. does not necessarily satisfy the galactic star formation relation: it
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Figure 1. Maps of the nine observed galaxies. The left-hand column shvowézﬂtﬁ integrated intensity maps € 1 S 0 transition for NGC 5194,

J = 2 S 1 transition for the other galaxies of the sample; in units of KRAjsand the right-hand column shows the Hntensity maps (in units of
10°%%erg £1 cmP2 arcsee?). To minimize the effects of blending between independent regions, the centre of each galaxy (black central ellipse) is identi ed
by eye and excluded from the analysis. We also mask foreground stars and background galaxies (black circles). The analysis of this work hasibden perfor
in the area delineated by the grey line, where both CO andhklve been observed (the eld of view is primarily limited by the size of the CO map, excluding
map edges with high noise when necessary). A linear scale of 500 pc is indicated in each of the CO images.
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Figure 1 —continued

is not possible to simultaneously observe a young stellar cluster SFR emission. This means that the gas-to-SFR ux ratio (or gas
and the progenitor cloud from which it formed. When focusing on depletion time) depends strongly on the local evolutionary state of
a young, unembedded star-forming region, most of the molecular the ISM (Schruba et a201Q Kruijssen & Longmore2014).

gas has been consumed or disrupted, leaving an excess of SFR ux In the context of the above interpretation, the observed scatter
compared to the average gas-to-SFR ux ratio. By contrast, when around the star formation relation on small scales results from the
focusing on a non-star-forming GMC, an excess of molecular gas statistically insuf cient sampling of the different star formation

is measured relative to the galactic-scale balance between gas anghases. Conversely, the strong correlation between gas mass and
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Figure 1 —continued

SFR observed on galactic scales results from averaging over manyexploits the multiscale nature of the star formation relation by
regions that collectively sample the full evolutionary lifecycle translating the small-scale variations of the gas-to-SFR ux ratio
spanning the successive phases of star formation. In this work, weinto the underlying evolutionary timeline of cloud formation, star
use the statistical method rst presented in Kruijssen & Longmore formation, and feedback, as well as deriving the physical quantities
(2014 and developed further in Kruijssen et aR0@8, which describing star formation on the cloud scale.
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Table 3. Main input parameters of the analysis for each galaxy. The other parameters use the default values as listed in table 2 of Kruijssen et al.

(2018.

Quantity NGC628 NGC3351 NGC3627 NGC4254 NGC4303 NGC4321 NGC4535 NGC5068 NGC 5194
D (Mpc)? 9.77 10.00 10.57 16.80 17.60 15.20 15.80 5.16 8.60
i()P 8.70 45.14 56.49 35.27 19.99 39.10 42.12 26.95 21.00
()P 20.82 193.24 174.04 68.51 310.60 157.65 179.35 348.96 173.0
lap, min (PC) 50 80 100 140 150 130 130 30 70
lap, max(PC) 4800 4900 5400 10700 7400 6100 7200 4000 3000
Nap 15 15 15 15 15 15 15 15 12
Noix, min 10 10 10 10 15 10 10 15 15
10030 F star® 1.00 1.60 2.10 2.30 2.50 1.60 2.30 1.70 2.30
10010 F star® 0.06 0.25 0.20 0.20 0.15 0.25 0.25 0.50 0.20
10G10 F gas® 0.70 1.10 2.20 1.90 2.00 1.60 2.00 1.20 1.40
10g10 F gas® 0.03 0.15 0.10 0.10 0.15 0.15 0.20 0.60 0.15
tstar, ref (Myr) 435 4.27 437 434 437 4.29 438 453 4.19
(tstar, red (Myr)® 0.16 0.17 0.16 0.16 0.16 0.16 0.16 0.14 0.17
SFR(M yrS1e 0.87 0.22 2.81 4.50 437 2.50 0.92 0.22 1.91
(SFR)(M yrS1yd 0.17 0.04 0.56 0.90 0.87 0.50 0.18 0.04 0.38
10g10X gas' 0.81 0.67 0.33 0.78 0.82 0.45 0.82 0.92 0.59
rel(Xgag @ 0.40 0.63 0.50 0.31 0.50 0.50 0.50 0.50 0.50
N iter 10 10 12 12 12 12 12 10 12

aDistances adopted from Leroy et al. (in preparation) and references therein.

bInclinations and position angles are preliminary and will be presented by Lang 2029 (

®The parameters for the peak identi cation listed here are valid for the diffuse-emission Itered maps (see Section 3.4). Different values are used fo
the rstiteration during which emission peaks are identi ed in un Itered maps, but we have veri ed that the choice of these initial parameter values
does not signi cantly affect our results.

dstandard error. The subscript ‘rel’ indicates a relative error.

This is the SFR measured froBALEXandWISE(see Section 2.4) across the eld of view considered in this paper, rather than of the entire galaxy.
The gas conversion factor corresponds g 1-0) for NGC 5194 and to coe-1) for all of the other galaxies, in M(K km s> p)>.
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The evolutionary timeline for star formation is constituted by the probes the relative durations of the phases captured by the two®
lifetime of molecular cloudstyss and the duration of the young  tracers. For instance, when placed on the numerous emission peakg,
stellar phaség,. Here and in the following, we usgas and ‘star of a long-lived tracer, even the smallest apertures will cover most @
to refer to molecular gas clouds and young kgions, respectively. of the galaxy, and will therefore also encompass a large fraction of &
These two phases can overlap in time, which de nes the duration of emission peaks of the other tracer. The resulting ux ratio will be
the feedback phasg,, during which stars and gas coexist within  close to the galactic average, resulting in a small bias. By contrast,§
a region. The total duration of this evolutionary timeling, is when placed around the rare emission peaks of a short-lived tracer,»
therefore given by: small apertures will cover only a small part of the galaxy, and
therefore only a small fraction of the emission peaks of the other
tracer, leading to a large bias of the ux ratio compared to the
galactic average.

To measure the above time-scales for our nine target galaxies
we systematically t the model from Kruijssen et akQ18 to
the observed gas-to-SFR ux ratios measured as a function of the N
the cloud is visible in the gas tracer. Finally, is the time between ape_rtu_re size, when focusing rflpe_rtures either on molecular gaso

emission peaks or on SFR emission peaks. The general steps of

the moment at which the SFR tracer rst becomes visible and the the procedure used for this analysis are described in Section 3.2 an
moment at which the gas tracer has completely dispersed. Each P . Y ) S
are summarized as follows. We rst select two tracers of causally ™

of these phases can be probed by a particular observational tracerfelated hases in a Laarangian timeline. i.e. anv individual region N
Schematically, across a galaxy, the relative abundance (or rarity) of p grang - 1.€. any 9

the tracers associated with each of the above phases re ects their\/|S|ble in one of the tracers will eventually emit in the other tr&cer.

relative duration. Therefore, by measuring how common or how Emission peaks are identi ed in this pair of maps and the gas-to-SFR
rare ux peaks of a given tracer are, we are able to de ne a relative
lifetime between successive phases of the star formation cycle.

In practice, we perform our measurement by Cen’[ring circular 5This does not preclude multiple visibility cycles of the rst of both tracers
apertures of a certain size on molecular clouds or youngdgjions before becoming visible in the second, which happens if clouds disperse
and measuring the relative change of the gas-to-SFR ux ratio dynamically without forming massive stars. However, we nd in Section 4

P - . thatthisis unlikely to occur, because the integrated cloud lifetimes are similar
within the§e a}pertgres with respect to the galactic average ?S thetoa(cloud—scale or galactic) dynamical time-scale, leaving insuf cient time
aperture size is varied (see e.g. Supplementary Video 1 of Kruijssen

i . o for multiple cycles. The generality of the method also allows for multiple
et al. 2019. At large aperture sizes (centred on either emission generations of (or temporally extended) star formation within a single cloud,

peak), the galactic average gas-to-SFR ux ratio is recovered. The py allowingty, > 0. Because the method identi es ‘independent regions',
relative deviation (or ‘bias’) of the gas-to-SFR ux ratio measured which reside on an evolutionary timeline independently of their neighbours,
at smaller aperture sizes relative to the galactic average directlythese regions may contain multiple smallen Hegions or molecular

e/se.

121€6

q/

= tstart tgasS tp. (1)

6 Ag 0T+T89

According to this de nition, tgr is the complete duration over
which the SFR tracer is visible, such that it exceeds the lifetime
of massive stars if star formation proceeds over a non-zero time-
scale. Likewisefqas represents the complete duration over which

c
'™

01]s
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ux ratio is measured around these peaks, for a range of different From these summed uxes, we then calculate the CO-to-hix
aperture sizes. We then t a statistical model to these measurementgatio around CO peaks or around Hpeaks, at each given aperture
to constrain its three free parameters (thesetgeets, and the size. We then calculate the bias relative to the galactic averaged
region separation length, see below), propagate the errors on CO-to-H ux ratio for each set of peaks. As a function of the
the derived parameters characterizing the evolutionary timeline, aperture size, this bias for CO and Hemission peaks takes the
and derive secondary quantities including their uncertainties. The characteristic shape of a ‘tuning fork’ diagram (see Section 4).
results of applying this analysis to our galaxy sample are presented In practice, placing an aperture on each peak would result in
in Section 4. counting at least some of the pixels multiple times, because some
apertures overlap. This occurs for large aperture sizes and in regions
with a high number density of peaks, and leads to inaccurate
measurements of the ux ratio bias due to over-representing regions

3.2 Application of analysis method to our galaxy sample

is presented and described in detail by Kruijssen epall®. Here calculated 1000 times on different Monte Carlo realizations of sub-
we summarize the main steps of the method to measure the duratiorf@mples of independent, non-overlapping apertures, for each peak
of the gas phaségs), the duration of the feedback phasg)( and type and aperture size. These Monte Carlo realizations contain the 2
the typical separation length between independent regigns ( maximum number of non-overlapping apertures obtained by going

We provide two galaxy maps of the tracers characterizing the through the full list of apertures in a different order each time and
evolutionary timeline of interest (CO and H see Section 3.3). rejecting those that overlap with any qpertures that have already
Both maps are convolved to the same resolution and matched to the?€en drawn. The nal CO-to-H uxratio is an average over all of
same pixel grid before running the analysis. We specify as neededthe Monte Carlo realizations. The uncertainties on the ux ratio bias
if the maps should be partially masked or a galactocentric radius Measurements account for both the nite sensitivity and resolution
cut should be applied. We de ne a central region by eye to exclude ©f the maps, as well as for the intrinsic stochasticity of the gas
the galactic centre (where independent regions are the most prondnass and SFR of the different regions. These are then translated
to blending). For NGC 3351 and NGC 4535, this mask is extended into effective uncertainties, which take into account the covariance
to cover the bar region, because their strong bars have cleared moseetween the ux measurements at different aperture Size% and are 5:
of the corresponding area of molecular gas and star formation. We Used when tting the statistical model to the tuning fork diagram.
also exclude the galaxy outskirts beyond the galactocentric radius !N the tuning fork diagrams presented in Section 4, we show both
of the outermost emission peak identi ed across both maps (see th€ individual and effective uncertainties. o
below). The masking also takes into account the edges of the eld The next stepisto tthese measurements with a statistical model
of view. If any, masks or radial cuts are applied to both maps. The linking the ux ratio biases to the duration of the different phases
masked regions (galaxy outskirts, central region, foreground stars,Of the evolutionary timeline. The mathematical expressions for the
and background galaxies) are visible as ellipses inEigo enable ux biases have been derived in Kruijssen & Longmo2014
a straightforward measurement of the gas-to-SFR ux ratio (here Appendix C) by considering a random spatial distribution of point-
CO-to-H ux ratio) at various aperture sizes, we next use a top- like regions at random positions on the evolutionary timeline, and
hat kernel to convolve both maps Iy, different spatial scales, taking into account the possible ux evolution between regions in

spaced logarithmically between a minimuig, (i) and maximum isolation and regions within which both phases coexist. The model
(Iap. may) @perture size (see Tak® ’ was since updated to account for a spatially extended pro le of the

The emission peaks on which the apertures are placed areregions. As stated above, the model depends on three independen
identi ed in both maps at the best common resolution, using the duantities:tgas tw, and . As a function of these quantities, it
algorithmcLUMPFIND (Williams, de Geus & Blitz1994). In brief, predicts how the CO-to-H ux ratio changes as a function of
the CLUMPFIND algorithm identi es closed contours for a given set  the aperture size when focusing apertures on regions bright in CO
of ux level intervals, de ned by a ux range below the maximum ~ Or in H . We refer to Kruijssen et al201§ section 3.2.11) for
uxlevel, log,,F,and aninterval between ux levelsjog,,F . the complete details of the model and note that a concise summary
In Table3, these carry subscripts ‘star’ and ‘gas’, referring to the IS provided in the Methods section of Kruijssen et a8D19. The
H and CO maps, respectively. We set the minimum number of model is tted to the data points by minimizing the reducetlover
pixels within a closed contour necessary for a peak to be identi ed the above three free parameters. These three quantities are non
to Nyix, min, t0 avoid selecting point sources, and the position of degenerate, as _they affect the predi_ctions of the mc_)del _in qlif'fe_rent
the peak is then de ned as the pixel with the maximum ux value Ways (see Section 4.1). The resulting 3D probability distribution
within this closed contour. For each of the, spatial scales, we function (PDF) is margil_walized to obtain the 1D PDF_ for each free
place apertures on each peak and measure the gas and SFR uxeBarameter. The uncertainty on each free parameter is de ned as the
within these apertures, as well as the effective average aperture area32nd percentile of the part of the PDF below the best- tting value,
which may be smaller than the intended aperture area due to the@nd the 68th percentile of the part of the PDF above the best- tting
potential presence of masked pixBfBhis results in four uxes per value. For a Gaussian PDF, this reduces to thercertainties. We
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aperture size: the total summed CO ux and total summed kK provide the full PDFs of our measured cloud lifetimes in Section 4,
across the entire sample of CO peaks, and the total summed CO ux nding that they are often close to lognormal. o
and total summed H ux across the entire sample of Hpeaks. Fundamentally, the above analysis only measures relative time-

scales, such that the duration of one of the two phases needs
to be provided as a reference time-scale in order to convert the
substructure if these have correlated evolutionary ages. For instance, thisr6|atlve time-scales into absolute ones. We use the calibration of
would apply to a group of K regions born from the same molecular cloud.  the H -emitting phase by Haydon et al2q18 to convert the
6For instance, apertures that partially fall outside of the eld of view have relative duration of each phase to an absolute timeline, using a
their area reduced accordingly. reference time-scalésfy re). This calibration has been carried out
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in a self-consistent way, by applying tReISENBERGCOde to pairs dependence on galactic environment. Before discussing the results
of simulated galaxy maps. The input maps used there are a masof our analysis, we now rst describe the input parameters of the
surface density map of star particles within a speci ed age range HEISENBERGcode used in this paper, as well as how we determine
(of which the duration is then knowhpand a synthetic emission  a number of observational quantities that are required as input for
map of a star formation tracer (Hor UV emission for various the measurement of the molecular cloud lifetime.

Iters), the duration of which is then an output of the method.

Haydon et al. 2018 generate these maps by post-processing their

hydrodynamical disc galaxy simulations with the stellar population 3.3 Input maps and parameter choices

synthesis (SPS) codeua2 (da Silva, Fumagalli & Krumhol2012
2014 Krumholz et al2015. They sample stars stochastically from
a Chabrier2005 initial mass function (IMF) and use Geneva stellar
evolutionary tracks (Schaller et 4092 with STARBURST99 spectral

The requirement that the tracers of the different phases represent
causally related phases along a Lagrangian timeline means that the
tracers must be chosen with care. Each independent region needs
) ) to be detectable in both tracers at some point in its lifetime, but not
synthesis (Leitherer et 2201,4"8 . necessarily simultaneously. Based on the strong correlation between
Haydon et al. 201§ calibrate tsar, rer USing @n SPS model  gjecylar gas and star formation on galactic scales, we therefore
describing an instantaneous burst of star formation, to avoid any . nsider the timeline from molecular gas (traced by CO) to young
dependence on the duration of star formation, which likely varies ¢4, (traced by H), under the assumption that young stars form
in nature. This implies that the reference time-scilg; () differs from molecular ga8.This means that GMCs hosting unembedded
from the total duration of the H-bright phaset(.) by excluding massive star formation will be visible in both tracers simultaneously. =
the feedback phase. This choice of de nifgr, rer = tsar S For the analysis presented here, we trace the rst phase (theS
thus allows for a continuous star formation history, in which new ‘gas’ phase) with the emission of CO(2-1), except for NGC 5194, =
massive stars can form as long as the region contains molecular gassy, which we use the high-resolution CO(1-0) PAWS map. In the
and the ‘clock’ de ningtstar, refonly starts when the last massive star  f5|0wing, we will use the notatiofco to represent the duration of
forms. The exact value dfr, rervaries somewhat with metallicity 0 gas phase (instead of the more general notagignwhich in
(see Section 3.5) and the sampling of the IMF. In this work, we his context refers to the molecular cloud lifetime. This choice of
account for the dependence of this time-scale on metallicity. ItS {506 de nes the structures of which the lifetimes are measured: we &
dependence on IMF sampling is weak in general, and is negligible 455ume that CO and molecular gas coexist in time and space, so that
for the range of region masses probed by our observations (seecq emission can be used to trace molecular gas. As such, the moleca
section 6 of Haydon et al201§. For reference, the total H ular cloud lifetimes presented here represent the ‘CO visibility’

visibility time-scales (i.ety  tsar = tstar,ret + tn) Obtained in lifetimes of molecular clouds, i.e. the ux-weighted, population-
this work range from 5-9 Myr (see Section 4), broadly consistent 4eraged time for which an individual molecular cloud emits in

with previous studies (e.g. Kennicutt & Eva@812 Leroy et al. CO, for the molecular cloud population above our point source
201_3' ) ) ] - sensitivity limit of 10°M . Beyond this de nition, an important
Finally, we calculate a wide variety of derived quantities from g 4yantage of the method used here is that the measured time-scal
the thfee free parameters, includ.ing their RDES. Among others, 44 not explicitly depend on theco conversion factor, which is
these include the total star formation tracer lifetim@( tsar, ref uncertain in extragalactic environments (see e.g. Kennicutt & Evans
+ tg), the total duration of the evolutionary timeline)( the region 2012 Bolatto et al.2013. Once a molecular gas tracer has been
radii (4 andrco), the region size-to-separation ratios or 1ling  ¢posen, the assumption of a particulagp conversion factor or of
factors (1 and co), the feedback out ow or phase transitionfront 5 (aio CO(2-1)/CO(1-0) has no impact on the derived molecular
velocity (vio), the global gas depletion timés,), the integrated g Jifetime, nor on the other primary derived quantittasand
star formation ef ciency per star formation eventsq, a_”_d the (see also Section 3.5). This insensitivity to conversion factors arises,2
region-scale mass loading factors(). How these quantities are  pecaysethe ux observed near emission peaks is divided by the kpc<2
derlve.(.j from the three free parameters is detailed in section 3.2.1440a1e ux of the same tracer, which means that the conversion factor g
of Kruijssen et al. 2018. cancels out on average. However, if there is a considerakle ]
In this paper, we apply theEISENBERG code to a sample of  gpreaq within the galaxy, the ux-averaging nature of our method 3
nine galaxies, and derive all of the quantities mentioned above. implies that the measurements may be biased towards regions 01%

Howev_er,_we will mainly focus our qiscussion on the molecular low co (high ux). For the shallow metallicity gradients shown in
cloud lifetime (Sections 4 and 5), while future papers will present Fig. B3, we expect this effect to be minor.

a detailed investigation of the other derived quantities and their
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We selectH as a star formation tracer for the second phase and ™
use it to calibrate the obtained timelines. In the following, we will
use the notatioy; to represent the duration of the young stellar
"By using a mass surface density map with a pre-de ned stellar age range phase (instead of the more general notatigy. The duration of
as the ‘reference map’ in these calibration experiments, we ensure that they,o young stellar phase probed by (continuum subtractedjiis

calibration is largely insensitive to the baryonic physics of the simulation. h —
See Haydon et 12018 for detals. been calibrated by Haydon et a20(18 to bety o = 4.3 Myr at

8Binaries are not included in the adopted SPS model, but they may prolong

the emission of ionizing photons and incredsg, res because stars in

binaries may be tidally stripped, thus exposing their hot interiors (Eldridge °Note that we do not assume the opposite, i.e. not every CO emission peak
et al. 2017 Gotberg et al.2019. However, we do not expect this to is assumed to host massive star formation at any point of its life. However,
substantially change our results, because binaries only increase the ionizingthe short cloud lifetimes reported in Section 4 imply that clouds only live
ux at times when it has already dropped considerably, i.e. well after the for approximately one (cloud-scale or galactic) dynamical time before being
nominal value ofstar, refderived by Haydon et al2018, and are unable to associated with H emission, which strongly suggests that most CO peaks
boost it to values similar to the ionizing ux predicted ta tstar, ref (S€€ in our maps do eventually host massive star formation. See the Methods
g. 4 of Gotberg et al2019. section of Kruijssen et al2019 for further discussion.
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solar metallicity, for the calibration setup described in Section 3.2. can be applied to remove the contribution from the diffuse ionized
In Section 3.5, we quantify the slight dependence of this time-scale gas, depending on its assumed origin. The simplest methods consist
on metallicity; the reference time-scales listed in Tableccount of subtracting an estimate of the diffuse emission based on a
for the gas mass-weighted mean metallicity of each galaxy. smoothed version of the star-formation tracer (e.g. Hoopes et al.
It is necessary that the observed tracer maps have a spatiall996 Greenawaltl998 or applying a xed intensity threshold to
resolution suf cient to resolve the separation lengthbetween remove all emission lower than a given value (e.g. Blanc et al.
independent regions, and that the inclination of the galactic disc 2009 Kaplan et al2016. Including information about the spatial
is moderatei( 75) to avoid confusion between emission peaks. extent of Hi regions can also help decomposing the emission into
We also assume that the regions are randomly distributed in eacha diffuse background and compact sources (e.g. Thilker 2082
other’s vicinity, such that the distribution of neighbouring regions Oey et al.2007). However, while most of these approaches are
is accurately described in 2D, without dominant 1D structdfes. physically motivated, they ultimately rely on subjective choices
These requirements, as well as the other guidelines listed in regarding the intensity threshold, the smoothing scale, the size of
Kruijssen et al. 2018 section 4.4), have been determined based on H 11 region and/or the scaling factor applied to the smoothed map.
experiments on simulated galaxies. We demonstrate in Section 6.1We note that if the main source of diffuse Hemission results from
that our analysis satis es these guidelines. the leaking of ionizing photons, this ux should not be omitted from
The tracer maps of the two consecutive phases are the primarythe global SFR when calculating the star formation ef ciency (see
inputs of theHEISENBERGCcOde. Table® and3 present a selection  Section 4.3.4).
of ags and input parameters used for our galaxy sample. The other In the case of CO, a diffuse component on large scales can be
ags and input parameters of theEISENBERGCOde not listed here emitted by truly diffuse, unbound molecular gas, or by an ensemble
have been set to their default values as listed in tables 1 and 2 ofof small mass, unresolved clouds. Our observations have the point
Kruijssen et al. 2018. We note that, while we have optimized the  source sensitivity to detect cloud masses down faMLOwhich for
input parameters of the model (suchNg andlap, min) and of the the star formation ef ciencies reported in Section 4 corresponds to
peak identi cation ( log,oF and log,,F)to each ofthe galaxies  afew 1M in stellar mass over the duration of an evolutionary
in our sample, small variations of these numbers do not strongly cycle . Few massive stars are expected in lower mass regions (e.g.
affect the constrained quantities, as long as the physically relevantWeidner & Kroupa&006 da Silva et al2012 and our measurements
peaks are identi ed and the criteria listed in Section 6.1 are satis ed. represent ux-weighted population averages (Kruijssen &Gilg).
Because the cloud mass function follows an exponentially truncated
power law with a slope below the truncation mabks(,c. ) that
is shallower tharS2 (e.g. Freeman et aR017, E. Rosolowsky
The presence of diffuse emission on large scales in the maps of theet al. in preparation), this means that the lifecycles inferred here
observed tracers affects the measured cloud lifetime, by adding amostly describe the cloud population near the truncation mass.
reservoir of emission on scales larger thahat does not belongto ~ For the galaxies considered here, thisMgyc, = 10°-10'M
the emission peaks identi ed. This diffuse emission can have dif- (Rosolowsky et al. in preparation). We can therefore Iter out the
ferent physical origins for different tracers, as described below (e.g. lower mass clouds, which do not strongly contribute to the ux-
diffuse molecular gas not forming massive stars, ionizing photons Weighted average evolutionary cycle constrained fere.
leaking from Hil regions and therefore not spatially associated with ~ For both the CO and H maps, we Iter out diffuse emission
a star-forming region), and does not participate in the evolutionary from the input images using the method of Hygate et20108,
cycle of emission peaks described in Section 3 (Kruijssen204B which uses the mean separation length between independent region
Hygate et al20198. This large-scale emission therefore needs to be obtained withHEISENBERG( ) to iteratively Iter out emission in
Itered out of the observed maps to ensure an unbiased measurementourier space on scales larger than a xed multiple of the separation o
of the different phases of the molecular cloud lifecycle. scale. This approach avoids making assumptions about the physwal«:
In the case of H, the leaking of ionizing photons outside of  scale of Hi regions or a ux threshold to separataiHiegions from
the Hil regions where they are produced leads to the presence ofthe diffuse background. Instead, it uses the characteristic separatlono

3.4 Diffuse emission
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a diffuse H component in the observed maps (e.g. Mafl9i86 length between independent regions as a physically motivated scaIeB
Sembach et al200Q Wood et al.2010. Other contributions to for separating the diffuse emission from compact emission. Thisis =
this diffuse ionized gas include ionization by post-asymptotic giant achieved by ltering out the emission in Fourier space on spatial <
branch stars (e.g. Binette et dl994 Sarzi et al.201Q Flores- scales larger than those of the independent regions undergoing theo
Fajardo et al2011), dust scattering (Seon & WiR012), shocks evolutionary lifecycle of interest, and doing this consistently for the N

(Pety & Falgaron€00Q Collins & Rand2001), and the presence ~ SFR map and the gas map. While this approach does not presume
of small, unresolved H regions (Lee et aR016. Different methods a xed scale for diffuse emission, it does a posteriori introduce
a spatial scale over which diffuse emission is thought to exist.
However, given that the separation length is larger than the typical
19Because the de-correlation between CO and tdkes place below a  Hii region size by de nition, this should not introduce a large
size scale  of typically a few hundreds of pc (see Section 4), our pias (even though it may not remove all of the diffuse emission).
methodology is largely insensitive to galactic structure. This means that
strong morphological features on the galactic scale do not typically break
the assumption of local spatial randomness and two-dimensionality. Even
local evolutionary stream lines (e.g. across spiral arms, Meidt 0483 1L ower mass clouds could potentially represent an accretion ow on to
Querejeta et al2019 Schinnerer et al2017 are accommodated by the more massive clouds and therefore also participate at some level in the
method, as long as the increase of the number of neighbouring emissionhigh mass formation process. However, these must represent a small gas
peaks with size scale proceeds roughly as expected for a 2D distribution. reservoir, as we only Iter out 15 per cent of the CO emission on average
We have tested the method on simulated galaxies with a occulent spiral (see TableAl), and therefore do not constitute the main units for massive
structure to demonstrate this (Kruijssen e2al18. star formation.
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A key advantage of this method is that it also deals well with NGC 5194), which translates into a narrow range of associated
a diffuse background that varies across the map, as long as thereference time-scales tfar, ref= 4.19-4.53 Myr. Within individual
variations manifest themselves over a size scale larger than thegalaxies, the reference time-scale also varies by less than 10 per cent
region separation length. across the range of radii considered.

The in uence of the size and type of Iter used are fully described Secondly, the total molecular gas mass surface density scales
in Hygate et al. 2019h). For our analysis, we use a Gaussian high- directly with the value of the CO-to-Hconversion factor, co.
pass lter, which is the best compromise between the selectivity Therefore, the choice of the conversion factor affects a small subset
of the Iter and the undesired appearance of artefacts around of the quantities derived through our analysis, such as the molecular
compact regions. We then set the characteristic cut-off wavelengthgas depletion time, the integrated star formation ef ciency per
of this Gaussian lter to be between 10-%2 (see Appendix A star formation event, and the region-scale mass loading factor (see
for details), with the characteristic separation length between Kruijssen et al2018. For the conversion factor from CO(2-1) to
independent clouds or star-forming regions, as measured with ourtotal molecular gas mass, we adopt a xed ratio CO(2-1)/CO(1-0)
analysis method (see Sections 3 and 4). The multiples(of ) = 0.7 (e.g. Gratier et aR01Q Leroy et al.2011, Saito et al. in
used are listed in Tabl8. This choice ofn j.r ensures that the preparation) and use theo factors provided by Sandstrom et al.
large-scale diffuse emission is Itered, while minimizing the impact (2013 when available (i.e. for NGC 628, NGC 3351, NGC 3627,
of the Iter on the compact regions (Hygate et aD19h. After NGC 4254, and NGC 4321). For all other galaxies, we simply scale
Itering, we again measure for the ltered maps and iterate this  the conversion factor with metallicity as suggested by Bolatto et al.
process until convergence is reached (whevaries by less than (2013:
5 percent from the previous iteration, for at least four successive

iterations). The resulting compact emission fractidns @ndfco; co= 29M (KkmsS1p)St x exp 04z , (4)
and by complement the diffuse fraction$S1f; and 1S fco) are z
presented for our nine target galaxies in Appendix A. where o is the conversion factor from CO(1-0) ux to total

molecular gas mass, including the contribution of heavy elements.
The adopted CO-to-Hconversion factors are listed in TabB
When dividing the galaxies into several bins of galactocentric radius :
In this section, we quantify how metallicities of the target galaxies (see Section 5), we use the appropriate values @ and ty
affect the input quantities and derived quantities of our analysis. corresponding to the mean metallicity in each bin (see Big.

3.5 Metallicity and reference time-scale
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While our method itself is not directly affected by changes in metal- for the pro les of co andtgar, ref@s a function of galactocentric 3
licity, accounting for metallicity variations allows us to calibrate radius). We note that these global values may deviate considerably=
the measured timeline more accurately and to calculate additionalon the scales of individual clouds (e.g. Schruba e2@17). 8
derived quantities as described below. We note again that the absolute metallicity value has no direct
First, the absolute calibration of the reference lifetimes of the in uence on the primary parameters of the modgh{ i, and %
young stellar phase (see Section 3.2) depends weakly on the ), which are based on the relative change of the gas-to-SFR ux E
metallicity as (Haydon et aR018): ratio compared to the galactic average, and not on the absolutew
£0.086¢ 0,017 values of the gas mass or SFR. The only way in which it affects E

tstarret = (4.32+ 0.16Myr)x  —— , 2 the rst two of these quantities is through the (slight) metallicity g
Z dependence of the reference time-scale in equation (2), which causeg

where we de ne the reference time-scale to vary by less than 10 per cent across all&o
7 (O/H) galactic environments considered here (see BR). 5
Z  (OR) ® <
with 12 + log (O/H) = 8.69 (Asplund et al2009. We therefore 4 THE MOLECULAR CLOUD LIFECYCLE §
scale the reference time-scale for each galaxy by the mean gas massAAVERAGED ACROSS NEARBY GALAXIES §
weighted metallicity, based on the metallicity gradients measured . . . N
in Pilyugin et al. R014. This measurement is available for all We now apply the methodology described in Section 3 to the ;

data presented in Section 2. We rst show that our galaxy sample 5
exhibits a universal de-correlation between molecular gas and stare
formation on the cloud scale, before translating this de-correlation §
into the evolutionary timeline of cloud evolution, star formation,
and feedback. We conclude the section by giving brief summaries
of other inferred quantities, each of which will be the subject of a
more detailed analysis in follow-up work.

galaxies in our sample, except NGC 3627. For this galaxy, we
therefore use the slope of the metallicity gradient as measured from
MUSE observations (see Kreckel et @019 which use the S-
calibration method from Pilyugin & Grebel016. Because the
calibration method is different than the one used in Pilyugin et al.
(2019, we compare the average metallicities of the galaxies present
in both samples and scale the absolute values in Kreckel et al.
(2019 to match the average values in Pilyugin et 2014. For
_the three galaxies in common betwe_en_the samples, Fhls cor_rectl_on4.l A universal de-correlation between gas and star formation
is smaller than 0.1 dex over the radial intervals considered in this

: - on the cloud scale
work. For each galaxy, the resulting metallicities are shown as a
function of galactocentric radius in FiB3 and the adopted average  We apply the analysis described in Sections 3.2 and 3.3, using H
metallicities are presented in TaldleThe corresponding reference  as a star formation tracer and CO as a gas tracer as discussed in
time-scales calculated using equation (2) are listed in Taded Section 2. For each galaxy, we measure the gas-to-SFR ux ratio
shown in Fig.B2 as a function of galactocentric radius. Over compared to the galactic average, focusing on gas peaks and SFR
the entire sample, the average metallicity ranges betweef 12 peaks, as a function of varying aperture sizes and then t these
log (O/H) = 8.39 (for NGC 5068) and 12 log (O/H) = 8.84 (for measurements with a model describing how this observable changes
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as a function of the underlying evolutionary time-scales and region lifetimes are relatively short and vary with galactic environment:
separation length. they range between 10 and 30 Myr across our galaxy sample. This
Fig. 2 shows the measured gas-to-SFR ux ratios as a function range of values for the molecular cloud lifetime is consistent with
of the aperture size for each galaxy, together with the best- those found in previous studies combining region classi cation
tting model. All galaxies in our sample exhibit a pronounced with statistical incidence arguments (e.g. Engargiola e2603
de-correlation between gas emission and SFR emission, whichKawamura et al2009 Meidt et al.2015 Corbelli et al.2017) and
becomes stronger as the aperture size decreases. This leads tihose based on the same statistical method used here (Kruijssen
two distinct branches, diverging from the galactic average. The et al.2019 Hygate et al20193. This is discussed in more detail in
cloud-scale de-correlation between gas and star formation was rst Section 6.2.
observed in M33 by Schruba et ak010 and we nd that it The above results have two important implications. First, they
is a universal feature of the galaxies studied here. As discussedfavour theories suggesting that molecular clouds are short-lived,
in Kruijssen et al. 2019, this de-correlation implies the rapid  transient objects that form, evolve, and disperse on a (cloud-scale or
evolutionary cycling between molecular gas, star formation, and galactic) dynamical time (e.g. EImegre2d0Q Dobbs et al2011;
cloud destruction by stellar feedback. Fujimoto et 2019 builds Grudic et al.2018 Jeffreson & Kruijsser2018 Semenov et al.
on our empirical results to show that the de-correlation represents2018. Secondly, the strong variation of the cloud lifetime between
a fundamental test of feedback physics in galaxy simulations, as it different galaxies suggests that cloud formation and collapse does
probes the dispersive effect of stellar feedback on GMCs. not proceed on a universal time-scale but is plausibly governed by
While we nd a universal de-correlation between gas and star environment, such as galactic dynamics, either by directly setting
formation tracers on 100 pc scales, Fi@ also reveals quantitative  the time-scale or indirectly, by changing the properties of the
variation between galaxies. This variation is caused by differences clouds (e.g. Leroy et a0178. We will explore this hypothesis in
between the underlying evolutionary timelines. The mathematical Section 5. For the galaxy-wide quantities discussed in this section,
expression of the model depends on three independent quantitiesthe potential importance of environmental variations implies that
tco, t, @and , from which we can also derive secondary quantities as the presented numbers are a ux-weighted average representation
described in Section 3.2. These three quantities are non-degeneratef the cloud lifecycle across the eld of view covering each galaxy.
and affect the shape of the model in very different ways. The  The full timelines from molecular clouds emitting in CO to young
characteristic scale at which the branches diverge from the galacticstellar populations emitting in H are shown in Fig4, including
average is set by. The ratiotco/ty governs the asymmetry  the time for which CO and H coexist. This ‘overlap’ time shows
between the branches, and the radgi6 , as well as the nite size when massive stars have started to emerge, but have not completely:
of the CO and H peaks, regulate the attening of the branches dispersed the parent molecular cloud yet. As such, it re ects the
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at small aperture sizes (see Kruijssen eRall8for more details). time over which stellar feedback acts on the cloud. We see that
The best- tting values of the above time-scale ratios are indicated the evolutionary timelines all show evidence for a long ‘inert’ (or
in the bottom-right corner of each panel of F&j.with marked ‘isolated’ CO-bright) phase, during which the molecular clouds

with an arrow along the-axis in each panel. The gure clearly  are brightly emitting in CO, but no signs of massive star formation
shows the impact of the above quantities on the shape of the tuninghave appeared yetin H This is consistent with the results obtained
fork diagram describing the de-correlation between gas and starusing the same method for NGC 300 (Kruijssen et2all9 and
formation. First, galaxies with a small value of show a de- M33 (Hygate et al20193, as well as with the results of GMC—H
correlation at smaller aperture sizes (compare e.g. NGC 628 andregion catalogue matching (Kreckel et2018 and pixel statistics
NGC 4321). Secondly, galaxies with a small value@fty have (Schinnerer et al2019, which all nd large numbers of CO-
tuning fork diagrams with steeper top branches, re ecting a shorter bright clouds or pixels unassociated with Hemission. While this
cloud lifetime (compare e.g. NGC 628 and NGC 5068). Finally, does not exclude the (potentially prevalent) formation of low-mass g
galaxies with a small value df,/ have less attened branches at stars during this inert phase, it seems inescapable to conclude thata

0T¥1895/¢.8¢/2/E6V /3100 e/selu/w

small aperture sizes (compare e.g. NGC 4254 and NGC 5068).  unembedded high-mass star formation arrives late during the cloud §

Table4 summarizes the best- tting values ftio, t, and , as lifecycle, after 75-90 per cent of the cloud lifetime (corresponding §
well as the implied feedback out ow velocityf) and the integrated to 9—26 Myr for the lifetimes measured het). N
cloud-scale star formation ef ciency §). Together, these describe The complete timelines shown in Fig.also demonstrate that =
the molecular cloud lifecycle in the nine star-forming disc galaxies unembedded massive star formation correlates strongly with cloud 2
considered here. We now turn to a more detailed discussion of thesedispersal, as indicated by the short overlap times in Ei¢see 5
results. N

the uncertainties are largely lognormal because we fundamentally measure
relative time-scales, so that the ratig.,/t co is roughly constant. This
When applying the model to CO and Has tracers of the gas and ~ manifests itself as an extended positive wing of the PDF when shown in
young stellar phases, respectiveyo represents the duration of  linear space and generally broader PDFs for galaxies with longer GMC
the molecular cloud lifetime during which CO emission is visible I|fet|mes. Secondly, the results of our analy5|s_ are more__accurate when
as local enhancement. The 1D PDFs of the constraipgchre the time-scales of poth phases (CO and)Hare' similar (Kruijssen et al.
- . . 2018. Becausdy is always the shortest, this means that the smallest
presentgd |n Figs. The gure.shows Fhatrco IS wgll (.:onstra|r.1ed for relative uncertainties are typically found in galaxies with the shortest GMC
all galaxies in our sample, with relative uncertaintiag (tco) in the lifetimes.
range of 10-40 per ceftWe nd that the derived molecular cloud 13, principle, some clouds may condense and disperse more than once
before massive star formation occurs. However, this does not seem very
likely, because the measured cloud lifetimes are similar to a (cloud-scale or
12\e note that the uncertainties & in Fig. 3 appear to be asymmetric galactic) dynamical time, which leaves little time for multiple cycles prior
and tend to increase with increasigg. This is caused by two effects. First,  to massive star formation (also see footmte

4.2 Measured molecular cloud lifetime
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Figure 2. Relative change of the gas-to-SFR (CO-to-Hux ratio compared to the galactic average as a function of aperture size, for apertures placed o

CO emission peaks (blue) and Hemission peaks (red). The error bars indicate theuficertainty on each individual data point, whereas the shaded areas®
indicate the effective 1 uncertainty range that accounts for the covariance between the data points and should be used when visually assessing the qudlity of
the t. The horizontal solid line indicates the galactic average and the dotted line is the best- tting model (Kruijss&0&8alvhich allows us to constrain

the GMC lifecycle. The arrows indicate the best- tting values of the region separation lengthich is always resolved given the minimum aperture sizes.

The ratiogco/ty  (controlling the asymmetry between the two branches)tghd(controlling the attening of the branches) are indicated in the bottom-right

corner of each panel.

Section 4.3.1 below), which constitute 9-18 per cent of the entire the region contains CO-bright molecular gas. In this context, the
timeline (also see Fi@). In principle, some massive stars may form  durationtsr, refiS Not affected by extinction and the extent to which
earlier and remain embedded, so that they are not visible in H embedded massive star formation would extend the duration of the
We reiterate here that this would not affect our measurements of overlap phase can be determined by applying the same methodology
the cloud lifetimes, but only increase the duration of the overlap to galaxies for which high-resolution @4n maps are available. For
phase, because the reference time-sizglgesto which our results NGC 300, including embedded star formation would increase the
are calibrated refers to the duration of the unembeddeebHght duration of the overlap phasgy,( = 0.1) by only a few percent
phase, without associated CO emission. We note that this holds(Kruijssen et al.2019. Because NGC 300 is a low-mass, half-
under the assumption that new massive stars form as long assolar metallicity galaxy, we might expect a stronger effect in more
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Table 4. Physical quantities describing the lifecycle of molecular cloud the time spentin a CO-bright phase until associateddrhission. If
evolution, star formation, and feedback, obtained with the analysis described clouds would disperse dynamically without massive star formation,
in Section 3. Each of these values represents the ux-weighted average for ihjs ‘starless’ cycle would be added on to a future one during which
the corresponding galaxy. The uncertainties account for the nite sensitivity massive stars do form. The fact that this integrated cloud lifetime
and resolution of the maps, as well as for the intrinsic stochasticity of the is found to be similar to a (cloud-scale or galactic) dynamical
gas mass and SFR of the different regions. - ) . . .
time-scale (see Section 5) means that there is very little time
to go through multiple cycles of dynamical dispersal and (re-

Galaxy tco tip (Myr) Vb sf

(Myr) (Myr) (pc) (kmsSl)  (percent) )format?on. While we cannot forme_tlly rgject such a scenario, the
above time-scale argument makes it unlikely that clouds go through
NGCO0628 240558 32505 117 85577 61537 multiple lifecycles prior to experiencing massive star formation.
NGC3351 206535 25508 166532 148533  5.2:32 We therefore propose that the close correlation between the ap-
NGC3627 189533 28598 2255 209533 102477 pearance of massive stars and rapid cloud dispersal is physical in
nature.

NGC 4254 209533 4.8L13 267453 147835 4233
NGC 4303 169555 40418  25at%] 174835 43837
NGC4321 191553 3350 24&3% 19655  7.1857

In addition, the short feedback time-scales provide evidence
against multiple generations of massive star formation within GMCs
taking place (and ceasing) prior to the (potentially extended) star

NGC4535 26453g 39555 2165 154537  38i7g formation episode that drives cloud dispersal (see footfpte
NGC5068 96529 10504 10741 156538  4.3:3] The reason is that the feedback time-scale represents the total
NGC5194 3G6i3z 4.8i21 1402 7.9:13 4.0532 time spent by a region in a combined CO-bright and-Bright

state. Because these overlap time-scales are of a similar duration
as the time-scale over which His emitted by a massive star-
forming region,tsiarrer 4.3 Myr, allowing even a single earlier,
unembedded massive star formation episode would leave little or
L ; no time for the nal massive star formation episode to coexist with a
affected by extinction. In a future paper, we plan to systematically CO-bright cloud. The only alternative is thatHegions born during

addr_ess the _|mpact of e_mbed_ded massive star formation on theany earlier episodes of massive star formation would be ejected
relative durations of the inert, isolated CO phase and the overlap from the cloud on a short ( 1 Myr) time-scale. This would require

phase (Kim et al. in preparation). Without further evidence, the velocities of  30km $1, well in excess of the typical cloud-scale
strong correlation between massive star formation and the end Ofvelocity dispersion obs‘erved in these galaxies (Sun 2G19

the C_:O'b”ght pha_se thatwe nd here sugge_stsacausgl relation (seel'herefore, the most plausible interpretation is that massive star
Section 4.3.1). This extends the result previously obtained for NGC formation is temporally clustered towards the end of the cloud
300, i.e. that stellar feedback is a likely, if not dominant driver of lifecycle

molecular cloud dispersal (Kruijssen et2019, to a wide variety When comparing the measured feedback time-scales to the

of nearby star-forming galaxies. physical resolutions listed in Table we see a suggestion of a
weak trend of increasing, towards coarser resolutions (also see

4.3 Other derived quantities the minimum aperture sizeég, minin Table3). We have combined
our results with other studies performing the same analysis for

In addition to the molecular cloud lifetime, our analysis allows us NGC 300 and M33 (Hygate et a2019a Kruijssen et al2019
to constrain a wide variety of other physical quantities. These will \hich all have resolutions of 50 pc or better, to determine whether

be described in more detail in follow-up papers, but here we already s constitutes a systematic trend. We nd that the feedback time-

summarize some of the key results. scale is uncorrelated with resolution fog, min < 120 pc, but a
very weak trend starts to appear figp, min > 120 pc, in that no
feedback time-scalet, < 3.3 Myr are found for galaxies with
observations at these resolutions. We therefore advise some cautiong
The duration of the feedback phadg)( during which molec- in the interpretation of the feedback time-scales measured for NGC =
ular clouds and H regions coexist, is relatively short, with 4254, NGC 4303, NGC 4321, and NGC 4535. Itis possible (though &
t, = 1-5Myr, and also exhibits environmental variation between not necessarily likely) that these represent upper limits.
galaxies. For four of the galaxies in our sample (NGC 628, Using the same statistical method applied to lnd CO(1-0)
NGC 3351, NGC 3627, and NGC 5068), this feedback time is observations, a similarly short feedback time of 1.5 Myr has been
signi cantly shorter than the typical lower limit of 4 Myr at which  measured in NGC 300, for which Kruijssen et @019 infer that
the rst supernovae explode (e.g. Leitherer eRal14, whereas for molecular clouds are predominantly destroyed by photoionization
another two (NGC 4321 and NGC 4535) it is marginally shorter or and stellar winds. Other studies, most of which rely on different
consistent with 4 Myr. Under the assumption that the embedded methodological approaches, have also found evidence that GMCs
phase of massive star formation is short (i.el Myr, see the are dispersed within a few Myr after the onset of massive star
discussion in Sections 2.3 and 4.2, as well as e.g. Prescott et alformation (e.g. Kawamura et &009 Whitmore et al2014 Hol-
2007 Hollyhead et al.2015 Kruijssen et al.2019, this implies lyhead et al2015 Corbelli et al.2017 Grasha et a019 Hannon
that, in these environments, early feedback mechanisms such a%t al. 2019 Hygate et al20193. A detailed comparison between
winds, photoionization, or radiation pressure must be the dominant the measured feedback time-scales and theoretical expectations for
processes driving the destruction of molecular clouds. different feedback mechanisms is investigated in more detail in
The short feedback time-scales are not achieved by dynamicala companion paper (Chevance et al. in preparation). The results of
cloud dispersal without associated massive star formation. As thatwork con rmtheimportance of ‘early’, pre-supernova feedback
explained in Section 3, our methodology fundamentally constrains highlighted here.

massive galaxies with higher cloud column densities. In particular,
if massive stars are forming in a CO-dark environment, or if star
formation stops before the CO gas has been cletggdesmight be

uo 1sanb Aq 0THT89S/2.82/2/S6v/a1onre/Seiuw/wod dnooiwapese//:sdny woJj papeojumod

4.3.1 Feedback time-scale

(44014
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Figure 3. 1D PDFs oftco for each galaxy. The vertical dashed lines indicate the best- tting values and the dotted lines indicateittoetainties, de ned 2

as the 32nd percentile of the part of the PDF below the best- tting value, and the 68th percentile of the part of the PDF above the tted value. Tittéeesncerta'’s
account for the nite sensitivity and resolution of the maps, as well as for the intrinsic stochasticity of the gas mass and SFR of the differeffthegions &
best- tting values and their uncertainties are also indicated in the top-right corner of each panel.

4.3.2 Region separation length laments in NGC 4321. While this appears to be larger than the sep-
aration length measured here for the same galaxy 4832 pc),
we note that infrared emission tracing embedded stars only spanss

Bart of the timelines in Fig4, such that the resulting separation 5
<

uo 1sanb Aq

In addition to the evolutionary timeline discussed so far, we
also measure the separation length between independent region

(). This length scale is not an area-weighted mean separatlonIength is increased by a factor of Tz, with tr the visibility <

length (W.h'Ch would b_e in ated b_y large empty_ space in galaxies, lifetime of the infrared emission. Therefore, these two values match &
such as inter-arm regions), but instead describes the length scale

in the immediate vicinity of a region © which f cient each other to within the uncertainties oif tg = ( / g)?fallsin
: € Immediate vicinity ol a region over which a sulciently =, range 6.2—12.1 Myr. This is not an unreasonable range, because
large number of neighbouring regions is found to wash out the

decorrelation seen in Fi@. A ch. it re ects the local numbe it requires that the IR emission traces the overlap phase, part of
den 'tr flr S nn Ir Ir% fn_su_ r’1I " K Snd q u'n " the ‘isolated young stellar’ phasé,as well as a short embedded

ensily of regions around emission peaxs a 0€s soIn a Wayphase of (at most) a few Myr. Finally, we note that the other
that combines both maps (CO and Hi this case). Physically,

de nes the separation length between independent building blocks difference between Elmegreen et &l04§ and this work is that

that each undergo the evolutionary lifecycles visualized in &i we consider the entire galaxy, whereas Eimegreen e2ally
u gotr u Y Y u 9 focus on the separation along dominant lamentary structures.
and together determine how galaxies form stars.

. ) Excluding peaks that do not closely follow these structures likel
We nd that the region separation length ranges between gp y Y

100-300 pc. Similar values have been found in NGC 306 (

22 ey _ 37 e
10435 pc; Kruijssen et al2019 and M33 ( = 1.64::.24 pc; Hygate 14Based on observations of NGC 300, the Large Magellanic Cloud, and
et al.20193, but our measurements extend this range. EImegreen, \33, 241m emission and H emission seem to largely trace the same part

Elmegreen & EfremovZ018 nd a separation length of g = of the timeline (J. Kim et al. in preparation), so we expect IR emission to
410pc for infrared-bright (8—8um) clumps situated along 27  also partly trace the isolated Hphase.
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Figure 4. Evolutionary timeline of molecular clouds, star formation, and feedback for each of the nine galaxies. From top to bottom, the galaxies are ord
by increasing galaxy stellar mass. Orange indicates when only CO emission is visible (with dtg@ati®r,), purple indicates when only Hemission is
visible (with durationtstar, ref= tH S tp), and maroon indicates the ‘overlap’ phase, when the region emits both in CO alfdith durationts,). The error

bars on the left indicate the uncertainty te», whereas the error bars in the middle indicate the uncertainty on

0]

results in a longer measured separation scale. A similarly larger extent of the clouds results in a characteristic velocity scale. This
separation scale between individual CO peak4(0 pc) is indeed ‘feedback out ow velocity’ is de ned as

observed by Henshaw et a2qQ19 along the southern spiral arm of reo

NGC 4321. Vip = ®)

Whe_n com_parlng the measured s_eparatlon lengths to the physwalwhererco is the mean radius of the CO emission peaks determined
resolutions listed in Tabld, we typically nd larger separation

lengths at coarser resolution (also see the discussion in Sec-With HEISENBERG as the standard deviation of a 2D Gaussian
g (see equation (95) in Kruijssen et @018 and the discussion in

tion 4.3.1). We have combined our results with other studies . .
: . Appendix Al of Hygate et aR019h we showrgyc = 1.9Tr¢o in
performing the same analysis for NGC 300, M33, and the LMC Fig. B4).15 Depending on the nature of molecular cloud dispersal,

(with the latter measuring the separation length forctuds and e.g. whether it is kinetic or takes place by a phase transition, this

H1i regions; Hygate et ab0193 Kruijssen et al2019 Ward et al. velocity may represent the speed of the kinetic removal of molecular

2019, which all have resolutions of 50 pc or better, to determine gas or the speed of the phase transition front. We obtain values in
whether this constitutes a systematic trend. We nd that the region the rangar, = 8-21km €2, withameanofy,  15km$1. These

separation length mirrors the behaviour of the feedback tlme_S(:"’lle'velocities fall within the range of typical expansion velocities found

lstt;srtgntiogela;:? fvg;th r?sgluilgg ffj“w: fhelrigogg':(‘;\tﬂgetf;‘:m in nearby Hi regions in the Milky Way, LMC, NGC 300, and
PP ap, min pe. M33 (6-30kms?; see e.g. Bertoldi & McKed99Q Murray &

caution in the interpretation of the separation lengths measured -
for NGC 4254, NGC 4303, NGC 4321, and NGC 4535. It is anmare010 Hygate et al2019a Kruijssen et al2019 McLeod
et al. 2019ha) and in numerical simulations of expandingiH

possible (though not necessarily likely) that these represent upperregions (e.g. Dale et a2014 Kim, Kim & Ostriker 2018, These

limits. predictions can be tested independently by measuring the ionized

It. remains tq be determined which physical mechanisms set the gas kinematics through (integral- eld) spectroscopy (for instance
region separation length across our galaxy sample. For NGC 300,With MUSE) for these galaxies

Kruijssen et al. 2019 compare the region separation length to the
gas disc scale height and the Toomt8&4) instability length and
ndthat matches the gas disc scale height across the full extent of 4.3.4 Star formation efbciency
the star-forming disc. A future paper will present this comparison for
the nine galaxies considered here, and will investigate whether this
correlation applies across the nearby galaxy population (Chevance
et al. in preparation).

220z Re 0z uo 1senb Aq 0T T89S/2.82/2/S6v/a10Ne/selul/wod dnoowapede//:sdny woiy papeojumoq

On galactic scales, the star formation relation between the gas mass
(Mga9 and the SFR implies a gas depletion titgg, ~MgadSFR,

15While some of the CO emission peaks may represent unresolved groups

of molecular clouds, the measured feedback velocity is quite robust against
4.3.3 Feedback velocity such blending effects, because the CO peak radius and the feedback time-

scale exhibit similar dependences on blending (see g. 3 of Kruijssen et al.
Having measured the time-scale over which stellar feedback dis- 2019. As a result, the uncertainties increase towards coarser resolution, but
perses molecular clouds, combining this with the typical spatial the feedback velocity itself remains largely consistent with its true value.
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whichis observedtobige, 2 Gyrin nearby star-forming galaxies
(Bigiel et al. 2008 Leroy et al.2008 2013 Blanc et al.2009
Bigiel et al. 2011 Schruba et al2011) and represents the time
necessary to convert the entire reservoir of molecular gas into star
at the current SFR. Because the SFR can be expressed as SFR
sitMgadtco, wheretco is the cloud lifetime and ¢ is the mean
star formation ef ciency per unit cloud lifetime, the gas depletion
time is also given byyep = tco/ st. This expression highlights that,
at xed depletion time, there exists a degeneracy between the star
formation ef ciency and the cloud lifetime. The long depletion time
measured on galacticscales (iqg, 2 Gyr being much larger than
a dynamical time, see e.g. Zuckerman & Palrh®74) can either
be a result of a small cloud-scale star formation ef ciency or of a
long cloud lifetime. By directly measuring the characteristic time-
scale on which individual clouds within galaxies live and form
stars,tco, we break this degeneracy. As noted above, our results
qualitatively indicate that only a small fraction of the gas mass is
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5 VARIATION OF THE MOLECULAR CLOUD
LIFETIME AS A FUNCTION OF GALACTIC
ENVIRONMENT

SWe now discuss how the cloud lifetime depends on the galactic

environment, by applying our analysis to bins in galactocentric
radius. We then compare to analytical models for cloud evolution to
determine whether the cloud lifetime is set by internal or external
processes. We also discuss the in uence of galactic morphological
features on the measured cloud lifetimes. In conclusion, we nd
that both internal and external processes can set the cloud lifetime,
and propose a rough separation between both regimes in terms of
a critical value of the large-scale gas surface density (i.e. the area-
average across radial rings or annuli within the galaxies).

5.1 Radial probles of the molecular cloud lifetime

papeojumoq

converted into stars, with clouds being short-lived and disrupted by After having identi ed a variation of the integrated cloud lifetime
stellar feedback before they reach a high star formation ef ciency. between galaxies in Section 4.2, we investigate potential variations 5
This is consistent with theoretical and numerical predictions (e.g. ©f tco Within galaxies to test the hypothesis that the cloud evolution =

Semenov, Kravtsov & Gnedi2017 Grudic et al. 2018 Kim
etal.2018.

Quantitatively, we calculate the integrated star formation ef -
ciency per star formation event as (equation 143 Kruijssen et al.
2018:

_ ltco sFr
= ———

(6)

gas
where grr is the SFR surface density andyss the molecular
gas surface density across the eld of view of each galaxy where
we carry out our analysis. We calculatespr as described in
Section 2.4 and we obtain g,s from the Iltered CO map, using
the conversion factoKgy,s from Table3. For g5 we thus take
only the compact CO emission into account, because this is the
emission for whichco describes the lifetime. This choice assumes
that most of the diffuse CO emissi§roriginates from truly diffuse
molecular gas or from small molecular clouds that do not participate
in the formation of massive stars generating lemission. With
these assumptions in mind, we measure small star formation
ef ciencies per star formation event, ranging between= 4—

10 percent. The combination of a shtwp and low « indicates
that star formation is fast and inef cient, for all galaxies in our
sample.

In closing, we note the difference in de nition between the
integrated star formation ef ciency per star formation event from
equation (6) to the star formation ef ciency per free-fall time, which
isgivenby ¢ =ty srrl gas(Wherety is the free-fall time). Utomo
etal. 2018 measure for all nine galaxies in our sample. Because
we nd cloud lifetimes of 1-3 free-fall times, ¢ wlcolty IS
higher than g by a factor of a few. Another difference is that we
measure the star formation ef ciency of compact clouds, i.e. after
removing diffuse CO emission from the maps, whereas Utomo
etal. 018 measure ¢ from the un Itered CO maps, resulting in a
lower ef ciency, appropriate for the entire molecular gas reservoir
rather than for the clouds considered here. This also contributes
to s> .

16Thisis 25 percent on average, see Tahlefor all measurements of the
diffuse CO and H emission fractions across our galaxy sample.

process depends on galactic environment, and determine Whichg
mechanisms are playing a role in this process. For each galaxy inZ
our sample, we apply our analysis to successive radial bins around§
the galactic centre (see FiB1 for images of the galaxies showing
how the radial bins are de ned). To do this, we divide each galaxy
into non-overlapping radial bins of a minimum width of 1 kpc. This
condition is set to satisfy the requirement of having a random 2D
distribution on a scale (typically a few 100 pc, see Tab#y for

the application of the method. In addition, we require that each bin
contains a minimum of 50 peaks identi ed in our full-galaxy runs
for each tracer, to ensure suf cient statistics to constrain the derived
guantities to suf ciently high precision (Kruijssen et 2018. If

this condition is not satis ed for bins that are 1 kpc in width, we
increase their width (and therefore decrease the total number of
bins) in order to satisfy this condition.

As the peak identi cation is normally done by stepping down in

ux density relative to the brightest peak in the image (which is
different in each radial bin, possibly causing the identi ed peaks to
be different than in the full maps; see Section 3), we supply the peaks
identi ed across the full maps as input for the analysis in each radial 2
bin. As input maps, we use the Itered maps, from which diffuse
emission has been removed through the iterative Itering process
applied to the full eld of view (as described in Section 3.4). This
approachis validated a posteriori by the fact th@thich sets the |-
tering scale) is approximately constant between each bin for a given
galaxy. The resulting-o pro les as a function of the galactocentric
radius for each galaxy are presented in Bignd in TableB1.

We nd that, given the uncertainties, the cloud lifetime is often
consistent with being constant within galaxies, although some radial
variations can be identi ed. For examplgp is relatively constant
in some galaxies (e.g. NGC 628, NGC 4303, and NGC 4321),
but in others it peaks at a certain radius (e.g. NGC 3627, NGC
4254, and NGC 5194), or decreases outwards (e.g. NGC 3351,
NGC 4535, and NGC 5068). To understand the origin of these
variations, we will now compare the measured cloud lifetimes with
analytical predictions for cloud-scale dynamical time-scales and
galactic dynamical time-scales.
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5.2 Comparison with analytical models

To understand the origin of the environmental variatiotcef we
compare our observations with analytical predictions. If molecular
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Figure 5. Measured molecular cloud lifetim&-g) as a function of the galactocentric radius for each galaxy (data points with error bars) and for the full galaxy:3
(horizontal black lines with shaded area representing theahge of uncertainties). For each data point, the horizontal bar spans the range of radii within<
which tco is measured and the vertical bar represents thericertainties. We note that the uncertaintiesg@nfor the individual bins are generally larger
than the uncertainties for the full galaxies. This results from a larger degree of stochasticity due to a lower number of regions per bin, whiteithteesnce
on the full galaxies mostly re ect observational uncertainties on the (well-constrained) mean value. The shaded data point in NGC 628 repraisents$ the
tco measured in the second radial bin if the ‘headlight’ cloud (which vastly dominates the CO emission from the cloud population in that radial bin, see the
text and Herrera et a019 is not masked. The light blue data points indicate the bins coinciding with the bar or residing at the tip of the bar for the barred
galaxies NGC 3627, NGC 4303, NGC 4321, and NGC 4535. The lines indicate the predictions from simple theoretical prescriptions. The red dagh-dotted an
dashed lines indicate the pro les of the cloud free-fall time and the cloud crossing time, respectively. The blue solid lines represent théroleuldiéfeo
various galactic dynamical processes as predicted by the analytical model of Jeffreson & Kr2ijss@nw(ith dotted lines indicating the luncertainties on

the prediction. The positions of the co-rotation radii (see the text and Bldles indicated by vertical shaded areas. All measurements of the cloud lifetime

shown in this gure are listed in TablB1.

clouds are gravitationally bound and globally collapsing, their for spherical clouds of radiusgyc and molecular gas mass

evolution is governed by the gravitational free-fall time We
de ne the cloud free-fall time as:

2¢r3
_ feme

th= oM, 7
i 10GM on (@)
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Memc, Where G is the gravitational constant. The GMC radius
and mass are derived using the output frefRISENBERG by

de ning remc 1.9Trco (Kruijssen et al.2019 and Mgmc

Egas 1, (/ 2)%, where Egas is the surface density contrast on a
size scale relative to the surface density measured across the
eld of view, 4, (Kruijssen et al.2018. The choice to take

ze0z Ke



these from the output ofiEISENBERGIS mainly self-consistency
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counter-acted by galactic shear §, cloud—cloud collisions (cc),

— this way, the masses and radii are obtained for the units that density wave perturbations (,), and epicyclic perturbations ().

are inferred to undergo the evolutionary lifecycles characterized
in this work. By contrast, using a cloud catalogue would rely on
subjective classi cation. It would also be more strongly affected
by the nite resolution of the observations. For example, applying
the cloud characterization algorithnbPROPSRosolowsky & Leroy
2006 to the CO maps leads in some cases to the identi cation of
GMC complexes of several 100 pc in size (larger thpmather than
individual GMCs. This is remedied iREISENBERGbY using a sub-

As galactic shear is a dynamically dispersive process, while the
other mechanisms are dynamically compressive, it competes with
gravitational collapse and the resulting lifetime can be written as

9)

We show the predictions of this model with blue lines in Fag.
including the uncertainties on the predictions obtained by propagat-
ing the uncertainties on the input quantities (see below). We note

_ 81& 81 81 $1 §1 51
gal = ff,gS ot P + .

resolution model to infer GMC sizes from the surface brightness that in the inner part of NGC 3351, the term becomes as large
contrast of a subsample of emission peaks against the large-scalgys gl other mechanisms combined, resulting in an extremely large

background. By de nition, these emission peaks are then separated

gal With a large downwards uncertainty. This most likely re ects

by the separation length of independent regions (see equations 9‘ihe morphology of NGC 3351, with a strong bar in the centre, and

and 95 of Kruijssen et a018, such that their radii cannot exceed
. In this contextrsuc andMgwc represent the CO ux-weighted
average for each radial bin.

We show the median pro le df; as a function of the galactocen-
tric radius in Fig5. For all the galaxies in our samptg,is relatively
constant within galaxies, exhibiting variations of less than a factor of
two. In generaliy is close to or shorter than the measured molecular
cloud lifetime, both for the global measurements and in individual

a prominent gas ring betweer? and 5 kpc.
All of the time-scales taken into account iy depend on

observable parameters. Speci cally, these are the angular velocity

(all time-scales depend inversely on), the ToomreQ parameter,
the surface densities, and velocity dispersions of gag #&nd

g» respectively) and stars ¢ and s, respectively), which are
combined into the single quantityp = 1+ ( s ¢/ ¢ ), the
shear din /dInR + 1, the number of spiral arms, and

bins, which is expected given that it represents the extreme case Ofihejr pattern speed p. Different (regions of the) galaxies are

free-fall collapse. Quantitatively, we nd that clouds live for 1-3
free-fall times. However, in some caskg appears shorter than
t¢ by more than the uncertainty. This happens in 6 out of 39 radial
bins and could potentially be caused by a biased measurentgpt of
due to the effect of galaxy morphology (see the discussion below in

Section 5.3), or by the fact that the clouds are not resolved, resulting most galaxies (except for NGC 3351 and NGC 5068) there exists a3

in an underestimated value gfdue to beam dilution. However, at

least some of these six bins with short-lived clouds should simply and the analytical predictions. However, we also note discrepancies2

result from the uncertainties. We nd 12 bins for whitly tx to
within the uncertainties, implying that for a normal distribution we
expect three bins whetgg falls signi cantly belowts.
We also compare the measured cloud lifetime to the GMC
crossing time, which is de ned as:
_ Temc

cr — ,
vel

®)

where g isthe 1D cloud velocity dispersion. BecausSENBERG
does not provide kinematic information, we use the individual
cloud velocity dispersions determined by Rosolowsky et al. (in
preparation) usingcPROPS(Rosolowsky & Leroy2006. Before
insertingrgmc and g into equation (8), we calculate the CO
ux-weighted average for each radial bin. For a large fraction
of the galaxiest. is similar to the free-fall time and the mea-
sured molecular cloud lifetimes, both globally and in individual
bins.

Despite the rough similarity betweégo andts, in many cases
(e.g. NGC 628, NGC 3627, NGC 5194) the measured molecular
cloud lifetimes cannot be simply explained by the local cloud

therefore likely to cover different areas of the,@Q, , p, M,

p) parameter space, where cloud evolution is predicted to be
governed by different processes, resulting in different values of 2
the cloud lifetime (Jeffreson & Kruijsse2018. We describe how
these quantities are derived in Appendix B. Figshows that in

apeojuMoq
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broad agreement between the measured molecular cloud lifetimess

in some individual radial bins, which we explore below.

5.3 InBuence of galaxy morphology
5.3.1 Co-rotation radius

At the co-rotation radius, the velocity of the material in the
disc equals the pattern speed of the spiral structure. Molecular
clouds located at the co-rotation radius are therefore likely to
permanently reside in a deep potential well provided by the spiral
arm, which potentially facilitates sustained gas in ow and extends
cloud lifetimes (i.e. the duration of the CO-visible phase). Téble

summarizes the available measurements of co-rotation radii for the
galaxies in our sample, and these are indicated as vertical grey-

shaded bands in Fih. For NGC 3351, NGC 4535, and NGC
5068, either the co-rotation radius falls outside of the range of &

1]
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radii considered here, or no clear pattern speed was available from®

previous measurements.
Some in uence of co-rotation on the molecular cloud lifetime is
suggested in several galaxies in Fagwith longer cloud lifetimes

dynamical time, as visible in Figh. We pursue the alternative = compared to the galactic average in the bins located atthe co-rotation
hypothesis that molecular cloud lifetimes are environmentally radius. This is most prominentin NGC 4254, NGC 3627, and NGC
dependent and can be affected by galactic dynamics, which has628 (lower limit on the cloud lifetime shown by the grey data point),
been shown to hold for other cloud properties, such as surfacebut also somewhat in NGC 5194 in the sense that the last bin falls
density, velocity dispersion, and boundedness (e.g. Leroy et al. above the median of all bins. One of the most striking examples is
2017h Sun et al2018 Schruba et aR019. We therefore compare  found in NGC 628, with the presence of a very bright cloud (referred
our measurements with the predictions of the analytical theory for to as the ‘headlight’ cloud in Herrera et £019, located at the
GMC lifetimes from Jeffreson & Kruijssen2018. Within this intersection of a spiral arm and the co-rotation radius at 3.2 kpc.
theory, the cloud lifetime is set by the large-scale dynamics of the We have masked this particular cloud in our analysis in Section 4.
ISM and calculated as the harmonic average of characteristic time-The reason is that this cloud is three times brighter in CO(2-1)
scales associated with the gravitational collapse of the IS ) than any other cloud in the galaxy and it would thus dominate our
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Table 5. Position of co-rotation radii for the galaxies (by 60 percent) of the molecular cloud lifetime in the inner bin
of our sample. References: (1) Herrera et 2019, (2) compared to the galactic average. This is caused by a lack of H
Cepa & Beckman 1990, (3) Rand & Wallin 004, emission in the bar noted by Schinnerer et a019. We do not
(4) Emegreen, Elmegreen & Montenegrb992, (5) measure a signi cant elevation tfo in NGC 3627 and NGC 4303,

Gonzalez & Graham1096, (6) Kranz, Slyz & Rix
(2001, (7) Schinnerer et al.2002, (8) Elmegreen,
Elmegreen & Seiden1@89, (9) Garcia-Burillo et al.

where the star formation in the bar is not as strongly suppressed.
For the bins at the end of the bar (i.e. the second bins of NGC

(1998, (10) Scheepmaker et aRd09, (11) Querejeta 3627, NGC 4303, and NGC 4321, as well as the inner bin of
etal. £016. The range of values given takes into account NGC 4535), we expect highly bursty and localized star formation.
15 percent uncertainties for single references, or the This can lead to strongly enhanced or de cient star formation,
range of values found in the literature when several depending on the moment of observation, and would violate one
references exist. Where necessary, we sBaje to be of the fundamental assumptions of our methodology, which is that
consistent with the distances tabulated in Table the star formation history over the recent time intervahust have
been relatively constant (Kruijssen et2018. As a consequence, it
Galaxy Rer (kpc) Reference is not surprising that the data point at the tip of the bar in NGC 3627
NGC 628 27-37 1 seems to be an outlier in Fi§. In NGC 3627, Beuther et al2017)
4.5-6.0 2 suggest that the interaction between the end of the bar and the spiral
NGC 3627 25-35 3 arms might induce strong star formation events. The particularly
NGC 4254 6.4-8.6 456 short cloud lifetime tco = 3.8535 Myr) measured in the second
NGC 4303 3.1-43 7 bin of NGC 3627 (as well as a shag = 0.855/ Myr) is due to the
NGC 4321 71-91 8,9 fact that two very bright regions both in Hand in CO dominate this
NGC 5194 4.2-6.5 810,11 bin. This likely traces a recent burst of star formation and biases

the average duration of the different phases towards low values.
By contrast, the londco (lower limit of 42.1 Myr) measured in

the innermost bin of NGC 4535, also covering the end of the bar,
indicates a low SFR over the recent time intervalnterpreted in

the context of bursty star formation, this re ects the same physical
mechanism as in NGC 3627, but observed at a different moment
, in time. While a starburst has recently taken place at the tip of the
bar in NGC 3627, gas is currently accumulating at the tip of the
bar in NGC 4535. Both of these extremes bias the measured cloud
lifetimes.

ux-weighted cloud-lifetime, therefore strongly biasing the results
towards this particular gas-dominated environment and increasing
the apparent cloud lifetime, especially in the second radial bin.
If left unmasked, the average cloud lifetime for the full galaxy
increases slightly fromco = 24.0532 Myr to tco = 251853 Myr

and becomes unconstrained in the bin including the ‘headlight
cloud, with a lower limit of 25.1 Myr (in the top left-hand panel of
Fig. 5, compare the grey symbol to the black symbol at the same
galactocentric radius). We have veri ed that other galaxies are not
dominated by a single cloud, meaning that the headlight cloud in
NGC 628 represents an exception due to its extreme mass. In a5 4 Galactic dynamics versus internal dynamics

less extreme way, the low value % measured at the co-rotation

radius in NGC 4321 likely results from a similar effect, butat a later We now investigate the variation of the measured molecular cloud
stage of the star formation cycle. Some of the brightestpéaks lifetimes in regions that are not affected by galaxy morphology as
(including the brightest peak of our map) are located at this co- described in Section 5.3 (i.e. the black data points in EjgOur
rotation radius, indicating an accumulation of recent massive star observations show good agreement with the analytical predictions
formation events. This violates our requirement of an approximately from Jeffreson & Kruijssen2018 in some of the radial bins, but

constant SFR and biases the meastiggdowards a low value. diverge from these predictions in others, especially in the outskirts
of galaxies (e.g. NGC 4303 and NGC 4535) and in galaxies with

low global gas surface densities (e.g. NGC 3351 and NGC 5068),
5.3.2 InRuence of the bar where tco is in better agreement with the cloud free-fall time

or the cloud crossing time. We have looked for environmental
Bars are known to drive large local variations of the molecular factors that may govern this dichotomy between local or global
gas depletion time due to gas transport and bursty star formation.dym\miCS correlating with the cloud lifetime, and nd that the
Speci cally, they generate accumulations of material at the bar ends, kpc-scale galactic gas surface density might play a key role. By
where massive clouds and bursty star formation are commonly dividing the sample of measurements between ‘low’ and ‘high’
observed (e.g. Beuther et @017, they induce strong radial  regimes of the area-weighted mean molecular gas surface density

220z Ren 0z uo 1sanb Aq 0THT89S/2.82/2/S6v/a1on1e/seiuw/wod dnooiwapese//:sdny woJj papeojumod

transport and suppress star formation_ (e.g. Khoperskov 2048 in each radial bin (see Fig1), we nd that the transition between
Sormani & BarpeﬁOlS), and they drive nuc_lea_r str?lrburSt_S _(e.g. cloud lifetimes being governed by galactic dynamics versus cloud
Peeples & Martin2006. A small number of bins in Figs exhibit lifetimes being set by cloud internal dynamics seems to occur at

very high or very low values of the molecular cloud lifetime (e.9. the - 3 molecular gas surface density averaged across the galactocentric
second bin of NGC 3627 or the inner bin of NGC 4535), which is  agial rings (i.e. measured onkpc scales) of Horing  8M pcS2
plausibly caused by the presence of a bar in these galaxies. B Fig.  (see Appendix C for details), with galactic dynamics dominating at

we highlight in light blue the data points corresponding to the bins high surface densities and internal dynamics dominating at low
including the bar or the end of the bar for the four barred galaxies gensitied?

in our sample (these are NGC 3627, NGC 4303, NGC 4321, and

NGC 4535, but excludes NGC 3351, for which we do not cover

the bar; see also Fig1). For NGC 3627, NGC 4303, and NGC  170ne might instead expect a division based on the cloud surface density
4321, the inner bin covers the bar of the galaxy, whereas the seconctontrast with respect to the kpc-scale surface density used here, such that
bin covers the tip of the bar. For NGC 4321 we note an elevation galactic dynamics become more important at low density contrasts. This
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Figure 6. Comparison of the measured molecular cloud lifetintgg)(with the predicted cloud lifetimes from galactic dynamicgg, from Jeffreson &
Kruijssen2018 and internal dynamics (the cloud crossing tinyg, and the cloud free-fall timet) for all radial bins with low kpc-scale gas surface
densities ( Hy,ring < 8M p(,sz left-hand panel) and those with high kpc-scale gas surface densitiggi{g > 8 M pc52 right-hand panel). Shown are
the normalized cumulative distributions of the difference in logarithmic space betygemd each of the predicted dynamical time-scales (see the legend)
de ned as log {co/tayn). These distributions do not include the radial bins affected by galactic morphology (light blue data point$)nlRigach panel, the
horizontal dotted line indicates the median of the distribution and the vertical dotted line indicates perfect agreementdsbmeki, . Better agreement
betweenico and any of the three time-scales considered here manifests itself as steeper lines crossing more closely to the intersection of both dotte
These panels show that cloud lifetimes in regions with low surface densities correlate best with the time-scale for internal dynamical pratesssts@gne

of 0.06-0.09 dex, as opposed to 0.28 dex for galactic dynamics), whereas those in regions with high surface densities correlate best withl¢htime-s

nes.
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galactic dynamical processes (median offset of 0.03 dex, as opposed to 0.13-0.28 dex for internal dynamics). See the text and Appendix C for details. %
(o)

=

The different dynamical regimes are illustrated more quantita- 0.26 dex, respectively). These results do not change signi cantly =
tively in Fig. 6, where we comparé;o with both the analytical for small changes of the critical gas surface density at which the ;
prediction based on galactic dynamical processes from Jeffreson &sample is divided into bins of low or high surface density. We Q
Kruijssen @018 and the internal dynamical time-scales of the test the robustness of these results with respect to the choice of3
clouds, i.e. the cloud free-fall time and the cloud crossing time. the gas surface density threshold in F&jl, and con rm that the §
In this comparison, we distinguish between the bins where the kpc- transition between these two regimes occurs between 7-9dvF. N
scale molecular gas surface density is low;{ing < 8 M pc82 In addition, we have veri ed that the result is robust against the =
left-hand panel) or high (j1,ing > 8M pc>2, right-hand panel). removal of outliers in the data. This is not surprising, given that the £
At low kpc-scale molecular gas surface densities, there is a bettercentral parts of the cumulative distributions are relatively steep. §
agreement betweedno and the internal dynamical time-scalég ( The existence of two regim&sregulating the molecular cloud ™

andtgs, showing median offsets of 0.09 and 0.06 dex, with standard lifetime at low and high density can be understood by considering
deviations of 0.25 and 0.20 dex, respectively) than betwiegn the fraction of the gas reservoir probed by CO. We assume that
and 4y (median offset of 0.28dex, with a standard deviation star formation takes place in compact overdensities, which can be
of 0.34dex). Conversely, at high gas surface densities, there ismore or less uniquely traced by CO in environments of different

good agreement betweégo and gy (median offset of 0.03 dex,

with a standard deviation of 0.27 dex), whereas the comparison " ) ) ) )

of teo and the internal dynamical time-scales shows a systematic ~ Of course, these two regimes of internal and galactic dynamics may be
offset, albeit with a similar spread (fd, and ty, the median subdivided further. This likely requires adding physical dependences beyond

offsets are 0.13 and 0.28 dex, with standard deviations of 0.34 an dthe correlation with gas surface density highlighted here. For instance, the
internal dynamical processes can be separated into the gravitational free-fall

or the crossing time, depending on whether or not a cloud is gravitationally

bound. Likewise, the galactic dynamical processes can be separated into the
is consistent with our suggestion of a critical large-scale surface density, several terms of equation (9), with e.g. shear outperforming other processes
because the cloud surface density contrast decreases with large-scale ga®wards high Toomr€ and shallow rotation curves (Jeffreson & Kruijssen
surface density (see equation 9 of Kruijs@8i5. 2018.
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gas surface density. At high molecular gas surface densities, CO In the regions where our measurements are well-reproduced
is visible almost everywhere in the galaxy, including the space by the analytical theory of Jeffreson & KruijsseR0(8, which
in between the compact overdensities in which star formation takes happens at small-to-intermediate galactocentric radii for most of
place, and may extend beyond the cloud tidal radii. As a result, eventhe galaxies in our sample (NGC 628, NGC 3627, NGC 4254,
after ltering the diffuse emission on large scales, the remaining NGC 4303, NGC 4321, NGC 4535, and NGC 5194), the mid-
reservoir of CO-emitting molecular gas is spatially extended and plane free-fall time ¢ 4 is generally the shortest of the time-scales
is more likely to be affected by large-scale galactic dynamical included in gy When comparing our measured cloud lifetimes
processes. At low molecular gas surface densities, CO traces onlywith the other individual characteristic time-scales in equation (9),
the densest parts of the clouds, i.e. the overdensities that participateve can rule out cloud—cloud collisions and spiral arm passages as
in star formation, and most of the gas reservoir in between is important mechanisms limiting cloud lifetimes, since they typically
likely to be atomic (e.g. Schruba et &011). The collapse of the act on much longer characteristic time-scaleslQ0 Myr; see also
CO-emitting part of a cloud is therefore likely decoupled from Jeffreson & Kruijsser018. This suggests that the gravitational
the galactic dynamics and represents a local process. As a resultcollapse of the ISM mainly regulates the cloud lifetime in the
the CO-bright cloud lifetimes in low-surface density environments molecular-dominated discs of star-forming galaxies, and that clouds
are not expected to be set by the external galactic dynamics, butare not long-lived: they collapse, form stars, and get disrupted by
rather by internal dynamics such as the (CO-)cloud free-fall or feedback.
crossing time. This regime of ‘island GMCs’ evolving on an internal
dynamical time manifests itself e.g. in the outskirts of NGC 4303
and NGC 4535, as well as overall in the low molecular gas surface
density galaxies NGC 3351 and NGC 5068, where the measuredWe now brie y validate our measurements by verifying that all
tco is consistent with the cloud free-fall time or the cloud crossing requirements listed in Kruijssen et alQ18 have been met.
time. In addition, we carry out a comparison to other cloud lifetime
We note that the environments with high gas surface densities measurements from the literature. The section is concluded with
exhibit a similar spread of loddo/tayn) for galactic dynamics a discussion of the physical implications of our results for the GMC
(0.27dex) and internal dynamics (0.26-0.34 dex). However, the lifecycle in galaxies.
medians differ, such thatg ga  1.3te  1.9%. Therefore,
the observed cloud lifetimes are equally well described as matching 6.1 Accuracy of the results
the galactic dynamical time-scale, as being equal to 1.9 times
the internal free-fall time or 1.3 times the cloud crossing time.

This is not unexpected, because the GMC internal dynamical time ’ : _
becomes proportional to the galactic dynamical time in the regime sample of disc galaxies. To validate the accuracy of these values,

where galactic dynamics set the time-scale for cloud evolution W& Verify here that we ful | the requirements listed in section 4.4
(this is referred to as the ‘Toomre regime’ by Krumholz, Dekel & ©f Kruijssen et al. 2018. The following criteria guarantee that

McKee 2012. Even though the time-scales are proportional to the three derived parametegss tn, and  are measured with an

each other in this regime, the fundamental dependence is on@ccuracy of atleast 30 percent (but often better):

galactic dynamics, to which the internal dynamics of the clouds (i) The durations of the gas and young stellar phases differ by
equilibrate. less than an order of magnitude, wjtbgo(tsiaftgad|  0.53 for all

The analytical predictions from Jeffreson & Kruijsse2018 galaxies (Table8 and4).
are based on a simple analytical model, which limits the direct  (ji) In all cases, we verify that lap, min Which implies that the
comparison with our measurement. In particular, the model does region separation length is suf ciently resolved by our observations
not dlstlngwsh between the different gas phases, but describes thQO obtain areliable measurement@f Quantitative|y, we have
lifetime of the entire gas concentration, irrespective of its phase. 1.7, minfor all galaxies (Table8 and4)
As a result, it is not surprising that the analytical predictions (iii) We choose the galactocentric bins to have a minimum
overestimate the lifetime of the CO clouds in regions of |OW H of 50 identi ed emission peaks of each type in each bin and a
density, where a large part of a gas cloud is atomic and not CO- minimum width of 1 kpc (which is needed to ful | the assumption
emlttlng Several studies have shown that the atomiC'tO'mqlecular of rand0m|y distributed regions on a scale of a few t|m¢sA
transition occurs at atomic gas surface densitigs 10M pc°? fortiori, we respect the conditioNmin ~ Min (Npeak, star Npeak, ga)
at near-solar metallicity (e.g. Wong & BIit2002 Leroy et al. 35 for each galactocentric bin (and each galaxy) necessary to
2008 Schruba et al201% Krumholz 2014 Schruba, Bialy &  ensure relative uncertainties of less than 50 per cent on the derived
Sternber@2018), which is close to the critical molecular gas surface quantities. For 50 peaks per tracer, we obtain relative uncertainties
density of 1,ing = 8M pc>? below which our cloud lifetimes  of 30 percent (see g. 25 of Kruijssen et 2018.
correlate more strongly with the cloud’s internal dynamical time- (i) Focusing on an SFR or a gas peak should never lead to a
scales than with the galactic dynamical time-scale from Jeffreson & de cit of this tracer relative to a galactic average. This condition is

6 DISCUSSION

In Sections 4.2 and 4.3, we have presented the results from applying
our statistical analysis method (using thE8SENBERGCOde) to our

Kruijssen @01§. This also explains why our results show thg§ ~ not ful lled before we Iter out diffuse emission. This applies in
often decreases (or stays constant) with increasing galactocentricparticular when focusing on H peaks for most galaxies, because
radius (see Figh), whereas the analytically predicteg typically the H maps have larger diffuse emission reservoirs than the CO

gradually increases towards the outskirts of the galaxies (scaling maps, which is also visible directly in Fid. After the ltering of

with  %). In the outskirts of galaxies, the gas reservoir often the diffuse emission (Section 3.4), this criterion is satis ed.
becomes atomic gas-dominated (e.g. Schruba @0all), causing (v) The global star formation histories (SFHs) of the galaxies
the CO lifetime measurements to only trace the nal phase of cloud should be relatively constant over a time intervgl.e. 15-35 Myr
collapse. As a result, the analytical theory provides an upper limit for our measurements), so that the evolutionary timelines (including
to the true cloud lifetimes in this atomic-dominated I’egime. the Co_bnght phase) are homogeneous|y Samp|ed. Unfortunate|y,
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the spatially resolved SFHs of the galaxies in our sample are not [ ARARRRRRS [ARARRRARS ARARRRARS ARRARRARS T
known. NGC 3627 is interacting with the neighbouring galaxy NGC  This study e
3628 (e.g. Rotd978 Haynes, Giovanelli & Robertt979, but all 100 Meidt et al. 2015
other galaxies in our sample are not expected to have signi cant -
variations of their SFR in the disc during the last50 Myr. We
note in particular that this is the case for NGC 5194 (Eufrasio et al.
2017 Tress et al2019, despite its relatively recent interaction
with NGC 5195, 350-500 Myr ago (Salo & Laurikaine®00Q
Mentuch Cooper et a012 Eufrasio et al2017). The condition
that the SFR averaged over age intervals with a widtlg.9or tgas
should not vary by more than 0.2 dex as function of agé for is
therefore highly likely to be satis ed on galactic scales. This ensures
that any bias of the measurggs due to possible SFR variations is . e
less than 50 per cent. Note that this condition is likely not ful lled

for at least some of the bins covering bars or the tips of bars. The
stochasticity and synchronized, bursty nature of the star formation

events in these regions therefore leads to large uncertainties or biases 10
on the cloud lifetime. In these regions, the measuggdecomes 0 1 2 3 4 5 6
dependent on the precise moment of observation (see Section 5.3). Galactocentric radius [kpc]

teo [Myr]

The ful Iment of the above criteria guarantees the accuracy of
the constraints obtained fdgss and . Additional requirements Figure 7. Comparison of our GMC lifetime measurements in NGC 5194
apply to ensure the accuracy ®f. While we have veri ed that (black) to those from Meidt et al2015 (grey) as a function of galactocentric
these are satis ed, we defer a detailed discussion to the Companionradius. The horizontal black line represents the average GMC lifetime across
paper focusing on the feedback time-scale (M. Chevance et al. in the entire galaxy, with the uncertainties indicated by the grey-shaded area.
preparation).

dny wouy papeojumoq

No*oIWapeoR//:S

a few tens of parsec), which has so far obstructed systematics
measurements of the molecular cloud lifetime outside of the Local %
Group. While the methodology used in this paper does not differ fun-
Previous studies of individual galaxies have led to a variety of damentally in terms of its broader philosophy, a key change is that
measured molecular cloud lifetimes, using different techniques to it has tried to eliminate the subjectivity of GMC classi cation and
infer these. Cloud lifetimes with similarly short values as in this therefore does not require to resolve individual regions, increasing
study (10-30Myr) have been measured by counting clouds or its reproducibility and applicability. Finally, some of these studies
classifying clouds based on their stellar content (e.g. ElImegreen primarily investigated the effects of a single dynamical mechanism
200Q Hartmann et aR001; Engargiola et aR003 Kawamura et al. (e.g. spiral arm perturbations) without considering the variety of
2009 Meidt et al.2015 Corbelli et al.2017). Similar values have possible processes affecting clouds.

been obtained by using the spiral arm pattern speed and local circular By using the uni ed framework provided by Kruijssen et al.
velocity to convert the offsets betweeniHegions and molecular (2018, it is now possible to build on the broad foundation laid
cloudsinto evolutionary time-scales (Egusa e2609. By contrast, by previous studies and probe the variation of the molecular cloud
much longer values of over 100 Myr have been suggested by thelifetime as a function of environment, both between and within
presence of molecular clouds in the inter-arm regions of nearby galaxies. In this paper, we present homogeneous measurements

6.2 Comparison with previous work

1e/seluw/!

19

Bq 0Tv1895/2282/2/E6V/°

spiral galaxies (Scoville & Hersh979 Scoville & Wilson 2004 the molecular cloud lifetime for nine different galaxies, nding that §
Koda et al.2009, while a much shorter value of1 Myr has been they are short, with values between 10-30 Myr for galaxy-averaged §
measured in the Central Molecular Zone (i.e. the centi00 pc cloud lifetimes and typically a factor of2 variation within galaxies N
of the Milky Way), by following clouds along a known gas orbit  (as presented in Figh). This is consistent with the lifetimes of =
(Kruijssen et al.2015 Henshaw et al2016 Barnes et al2017 molecular clouds measured in NGC 300 @i% Myr; Kruijssen 2
Jeffreson et al2018. et al.2019 and M33 (167 + 2.1 Myr; Hygate et al20193 using 5

These previous studies have made major progress in tacklingthe same statistical formalism. We do not nd any dependence of the ™
the fundamental problem of measuring the evolutionary timeline measured evolutionary timelines on the strength or the number of
of cloud-scale star formation and feedback. At the same time, they spiral arms in the galaxies of our sample. This suggests that, while
have faced several immediate challenges. First, by their pioneeringspiral arms may instigate molecular cloud formation, the subsequent
nature, they targeted single galaxies. Taken together, these studiegvolution of the clouds is likely governed by the processes identi ed
therefore lack the homogeneity of de nitions needed to make in this work (i.e. dynamics and stellar feedback) irrespectively
direct comparisons between galaxies and determine whether theof the presence of spiral arms. As a result, we suggest that the
differences between galaxies are physical in nature or result from offsets between molecular clouds and kegions perpendicular to
differences in experiment design. Related to this, previous works spiral arms that have been used to infer evolutionary time-scales
used different weighing schemes for quantifying the average cloud (e.g. Egusa et a2009 Meidt et al. 2015 are driven primarily
lifecycle, e.g. using a number-weighted average or a ux-weighted by cloud evolution and feedback rather than by dynamical drift
average (as is done in this paper). Secondly, several of these studiealone.
rely on de ning and classifying GMCs and IHregions, which In Fig. 7, we compare the GMC lifetimes measured in this
is necessarily subjective. Reliable GMC classi cations have often study with the cloud lifetimes inferred by Meidt et aRQ15 in
required resolving individual clouds or star-forming regions (of NGC 5194 (M51). Meidt et al.2015 use the variation of the
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here. The gure shows that the pixel-based approach is in order-of-
s ] magnitude agreement with our measurements, but systematically
akb 3 underestimates the GMC lifetime by a factor of on average.

C ] The order-of-magnitude agreement is encouraging, even if the
systematic bias and the presence of two strong outliers (NGC
3351 and NGC 5068) at the bottom of the diagram caution

)
—l
+

o

)

c

£

S | 1

0 3F . against using pixel statistics as a quantitative tracer of the cloud
~ 1 lifetime.

g x : The difference between our GMC lifetimes and the fractions of
] 2 E —+— E CO-bright pixels can be understood as the result of differences in
+I F — 1 ] methodology. First, there is a difference in how either approach
e ] deals with blending between regions. The analysis of this paper
= | ] self-consistently accounts for blending effects towards coarser reso-

g 1 e E lutions, and uses these effects to measure the separation scales of th
Bl ] units undergoing evolutionary cycling. Conversely, the number ratio
~._8 —— ] between CO-bright and H-bright pixels by de nition approaches
= 0K L T T Levuiai, Lovuiian, ] unity towards coarser resolutions, implyitgb/ty 1 without

0 1 2 3 4 5 a physical similarity between the underlying time-scales. Because
teo/ty (this work) th < tco for all galaxies, this leads to a systematic bias. Secondly,

using the number of pixels bright in either tracer as a proxy for the
Figure 8. Comparison of our measured GMC lifetimes in units of the H area). This particularly affects NGC 3351 and NGC 5068, where
emission t|me-§cale<(aX|s) to the est|m_ates based on pixel stat|st'|cs from the visible extent of the CO clouds is typically smaller than that
table 5 of Schinnerer et al2Q19 (y-axis) for the eight full galaxies in . . . . .
common between both studies. The diagonal line shows the 1:1 relation. of the H" regions. Th'? leads t.o .an underestlmqtlon of the time-

scales inferred from pixel statistics. The analysis presented here

avoids this by accounting for differences in region size between
GMC number density as a function of the azimuthal coordinates to both tracer maps (see Section 3 and Kruijssen e2@l8. In
estimate the cloud lifetimes as a fraction of the inter-arm traveltime. summary, the quantitative differences between the results of both
We observe a broad agreement between the range of lifetimesapproaches are a natural result of differences in methodology. This
obtained by both methods, although the exact values differ from comparison demonstrates that pixel statistics are a good qualitative
bin to bin. The discrepancy is the largest in the second radial bin probe of the GMC lifecycle, but do not perform as well when
(1.8-29kpc) and may exist for two different reasons. First, the used as a quantitative metric of the GMC lifetime. Together, the
galactocentric bins considered by Meidt et 2015 are relatively pixel statistics presented in Schinnerer et 2019 and the results
small (width of 0.3kpc) and therefore include a small number of presented here constitute critical and complementary empirical
clouds (between 4 and 23). This affects how well the different observables that simulations of galactic-scale star formation will
phases of the evolutionary cycle from clouds to young stellar need to reproduce (see e.g. Fujimoto e2all9.
regions are sampled in a given bin, making the results sensitive
to stochasticity. Secondly, related to the previous point, the method
assumes a constant rate of change in the cloud population with time
for each individual bin. While this type of statistical equiliborium  The results presented in Section 4 reveal that the de-correlation
may apply across the full cloud population, it is less likely to apply between molecular gas and young stellar regions1di0 pc scales
to smaller sub-populations, either due to stochasticity as in the is ubiquitous across our galaxy sample. The fact that GMCs and
previous point, or due to systematic changes in the local conditions. H 1l regions rarely coexist on these small scales indicates the rapid
When using statistical inference to measure the cloud lifetime, these evolutionary cycling between GMCs, star formation, and feedback.
two reasons imply that the dispersion within a bin (and therefore This has previously been shown in two very nearby<( 2 Mpc)
the uncertainties on the measurement) scale directly with the size ofgalaxies using the same method (e.g. NGC 300, Kruijssen et al.
the (sub-)population under consideration. This plausibly explains 2019 M33, Hygate et al20193 and we can now generalize this
why the cloud lifetimes and their uncertainties differ between both result to a much larger sample of galaxies.
methods. The signi cant variation of the molecular cloud lifetime mea-

Finally, Schinnerer et al2019 present estimates for the duration  sured homogeneously across a sample of nine galaxies demonstrate

of the CO-bright phase for eight of the galaxies considered here that the cycling between gas and stars is not quantitatively universal,
(all except NGC 4303) using pixel statistics. Speci cally, that but exhibits a clear environmental dependence. In environments
work presents the ratio between the number of CO-bright pixels with high kpc-scale molecular gas surface densitieg, (ing >
and the number of H-bright pixels (above a chosen ux density 8M pc°2), our measurements correlate most strongly with the
threshold) and discusses how this could be interpreted as the ratiopredicted time-scales based on galactic dynamical processes from
between the visibility time-scales of both tracers. The relative Jeffreson & KruijssenZ018. This shows the importance of galactic
simplicity of pixel statistics has the great advantage that itis highly dynamics in setting the cloud lifetime, and hence its role in
reproducible, but it also means that it may not be straightforward to regulating the star formation process. In most cases, this predicted
translate them directly into time-scales. For this reason, Schinnererdynamical time-scale 4, is dominated by the time-scale for the
et al. 019 highlight several of the caveats associated with this gravitational free-fall of the mid-plane ISMg(y) and for dispersal
temporal interpretation. Fig8 quantitatively tests this hypothesis by shear { ). In environments with low kpc-scale molecular gas

6.3 Implications for the GMC lifecycle in galaxies
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lifetimes of regions assumes that all regions have the same size (or =
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surface densities (4,,1ing < 8 M p§2), GMCs become decoupled Molecular clouds experience a long ‘inert’ or ‘isolated’ phase,
from the large-scale galactic dynamics and the molecular cloud life- taking 75-90 per cent of their total lifetime, during which they show
time is consistent with being set by the cloud’s internal dynamical no signs of massive star formation. When massive stars do emerge,
time (ty or ter). towards the end of the cloud lifecycle, the parent cloud is dispersed

The short duration of the feedback phase measured in Section 4.3within t, = 1-5Myr, strongly suggesting that cloud dispersal is
(tn = 1-5Myr) lends further support to a highly dynamic view of ~driven by stellar feedback. The short duration of this ‘feedback
the ISM. For several galaxies, the feedback time-scale is shortertime-scale’, which represents the time between the emergence of
than the typical minimum time of 4 Myr for supernovae to explode the rst ionizing photons due to massive star formation and the
(e.g. Leitherer et al2014), indicating that early (stellar) feedback eventual destruction or dispersal of the parent molecular cloud,
mechanisms are responsible for dispersing the parent molecularindicates that early (stellar) feedback such as photoionization or
cloud within a short time-scale. This means that photoionization Stellar winds plays a major role in this process, acting before the rst
and stellar winds are likely to play an essential role in the rapid supernovae explode. We will present a detailed investigation of the
destruction of the molecular cloud after the onset of massive relative importance of different feedback mechanisms (supernovae,
star formation. Without a quantitative comparison to theoretical photoionization, stellar winds, and radiation pressure) in GMC
predictions, it is not possible to determine whether the parent dispersal in a companion paper, by comparing the feedback time-
GMC is destroyed by a phase transition or by kinetic dispersal, i.e. scales measured here to theoretical predictions (M. Chevance et al
whether the remaining molecular gas is photodissociated or merelyin preparation).
separated from the young stellar population, potentially broken up ~ The above quantities are consistent with the results obtained o
in several smaller diffuse clouds. We are currently undertaking by applying this method to NGC 300 (Kruijssen et aD19
such an analysis for the galaxy sample presented here (Chevanc@nd M33 (Hygate et al20193, but we extend these to a more
et al. in preparation), where this question will be addressed in more representative sample of star-forming main sequence galaxies. Ing
detail. addition, by using a single analysis method to measure the molecular\
cloud lifetime across a sample of galaxies, we are now able to 0
demonstrate how it varies with the galactic environment, both
between galaxies and within them. We distinguish two regimes, =
in which the GMC lifetime is set by different physical mechanisms.
We present a systematic measurement of the characteristic time-n environments with high kpc-scale molecular gas surface densitiesS
scales describing the lifecycle of molecular clouds, star formation, ( H,ing 8M pc>?), the cloud lifetime is regulated by galactic
and feedback, for a sample of nine nearby star-forming disc galaxies,dynamics, mostly by a combination of the gravitational free-fall of
using cloud-scale ( 100 pc) resolution imaging of CO and H the mid-plane ISM and shear. Spiral arm crossings and cloud—cloud
obtained as part of the PHANGS collaboration. We employ the collisions take place on considerably longer 100 Myr) time-
multiscale, multiwavelength statistical method presented in Krui- scales and are too rare to systematically drive cloud evolution acrossa
jssen & Longmore 2014 and Kruijssen et al.2018 to measure the cloud population. In environments with low kpc-scale molecular
the molecular cloud lifetime and the feedback time-scale, which gas surface densities (i, ing 8M pc>2), GMCs decouple from
are critical for constraining the physical processes regulating star the dynamics of the host galaxy, with CO-devoid regions separating
formation at the cloud scale. These quantities could previously be them from other GMCs, and the cloud lifetime correlates with the
obtained only for a handful of single galaxies, mostly restricted to cloud crossing and free-fall times, showing that cloud evolution is
the Local Group, and the heterogeneity of methods used did notregulated by internal dynamics. The division between these two ®
enable direct comparisons between different studies. As a result, itregimes in galactic molecular gas surface density coincides with &
was unclear if the variety of cloud lifetimes in the literature (ranging the atomic-to-molecular gas transition occurring near the above o
between 1 and 100 Myr) is caused by differences in experiment density limit (Wong & Blitz 2002 Leroy et al.2008 Krumholz
design or re ects a variety of physical conditions and processes. By 2014 Schruba et al2018. In addition to these general trends,
applying a rigorous, statistical analysis method homogeneously to awe nd that GMC lifetimes can be elevated near the co-rotation
sample of nine galaxies, we are now able to determine the quantitiesradius.
describing the cloud lifecycle systematically across a wide range of =~ The quantitative variation of the evolutionary timeline describing =
galactic environments. the cloud lifecycle reveals that the processes that regulate cloud-2

Across our sample of nine star-forming disc galaxies, our analysis scale star formation and feedback in galaxies are enwronmentallyo
method reveals a universal de-correlation of CO andétnission dependent. Therefore, to determine the relevant environmental ™
on the cloud scale (100pc), indicating a rapid evolutionary quantities (e.g. galactic dynamics, disc structure, ISM pressure)
lifecycle in which star formation is fast and inef cient: molecular affecting the cycle of cloud evolution, star formation, and feed-
clouds live for a (cloud-scale or galactic, see below) dynamical back, it is necessary to extend the analysis performed in this
time, form stars, and get disrupted by feedback. Our results showwork to a larger number of galaxies, covering a broad range of
that star-forming disc galaxies can be described as ensemblessnvironments and morphology. The systematic application of this
of independent building blocks, separated by 100-300 pc, method to a large fraction of all massive star-forming disc galaxies
undergoing a rapid evolutionary cycle from molecular clouds within 17 Mpc will soon be possible with the on-going PHANGS-
to young stellar regions. We measure relatively short molecular ALMA Large Programme and will be presented in Kim et al. (in
cloud lifetimes oftco = 10-30 Myr, with statistically signi cant preparation). This will allow us to quantitatively assess how the
variations, both between and within galaxies. The fact that these ef ciency and lifecycle of star-formation and feedback depends on
cloud lifetimes are much shorter than the molecular gas depletion the galactic environment. We expect that this work will contribute
time (2 Gyr) implies that the integrated star formation ef ciency to characterizing the multiscale physics driving these lifecycles
per star formation event is low; we obtain values in the range of and move away from a quasi-static picture of star formation in

st = 4-10 percent. galaxies, instead describing it in terms of the mass ows generated
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by cloud-scale accretion and stellar feedback. This will represent 79006-P (MINECO/FEDER) and PGC2018-094671-B-100
key empirical input for a predictive theory of how galaxies grow (MCIU/AEI/FEDER).

and form stars, as well as for sub-grid models for star formationand  This work was carried out as part of the PHANGS col-
feedback in galaxy simulations. laboration. This paper makes use of the following ALMA
data: ADS/JAO.ALMA #2012.1.00650.S, ADS/JAO.ALMA
#2015.1.00925.S, ADS/JAO.ALMA #2015.1.00956.S. ALMA is
a partnership of ESO (representing its member states), NSF (USA)
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We thank an anonymous referee for a helpful report, as well (Taiwan), and KASI (Republic of Korea), in cooperation with the
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Jacob Ward, and Brad Whitmore for helpful discussions and/or Observatory is a facility of the National Science Foundation
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APPENDIX A: FRACTIONS OF COMPACT AND
DIFFUSE EMISSION

In order to obtain robust results from our statistical analysis with
the HEISENBERG code, we need to remove the biasing impact
of diffuse emission. We do this by separating the compact H
regions and GMCs from the large-scale diffuse emission in both
tracers. The method for doing this has been presented, tested, an
validated by Hygate et al2019h and a Itering procedure based
on ltering in Fourier space has been implemente@SENBERG

As recommended in Hygate et a&2Q19h, we use a Gaussian lter

of FWHM 10x to mask the low spatial frequencies in Fourier
space (i.e. large-scale emission) and Iter out the diffuse emission
from the compact regions of interest. The Gaussian shape of the Iter
used limits artefacts compared to a more selective step function.
However, contrary to a step function, a Gaussian function extends
to in nitely high spatial frequencies, implying that some compact
emission is spuriously Itered out. To compensate for this effect,
we apply two correction factors de ned by Hygate et &0190

to the measured fraction of compact emission. The rst correction
factor,qcon, cOmpensates for ux loss from the individual compact
regions. The second correction factiyerap COMpensates for the

ux loss due to overlap between regions. Prescriptionsjfgy and
Qoverlap are calibrated in Hygate et al2@190) and Hygate et al.
(20193, respectively. We then determine the fraction of emission
that belongs to compact structures in the khap €4 ) and the CO
map (co) as:

1 F
fg=—+— —H (A1)
QeonH QOverIapH FH
and
1 F
fco= <o (A2)

- - ,
Oeon COQoverIapCO FCO

whereFy (respectivelyFco) is the total ux in the original H
(respectively CO) map arfe, (respectivelyF o) is the total ux
in the Itered H (respectively CO) map. After applying these
corrections, we obtain the fractions of compact ux as listed in
TableAl. The diffuse emission fractions follow as the complement
of the compact emission fractions, i.e. a8 f; and 1S fco.

As recommended by Hygate et a20(9h), we ensure thadicon

0.9, so that the correction to be applied to the compact fraction
is relatively small. For each galaxy, this is done by setting the
FWHM of the Gaussian Iter to the smallest multiple ofat which
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Table Al. Fractions of emission in the Hand the CO maps that belong to compact structdresgndfco,
respectively) for each of the nine galaxies in our sample. The diffuse emission fractions folldvfas and
1S fco. We also list the associated correction factors. Thesei@ren anddeon, co applied to correct for

any oversubtraction of diffuse emission caused by us

ing a Gaussian lter in Fourier spagguearsln and

Qoverlap, co applied to correct for any oversubtraction of diffuse emission caused by overlap between regions.
See Section 3.4 and Hygate et 20199, Hygate et al. 20191 for more details.

GaIaXy fH fCO Ccon, H Ocon, cO Coverlap, H Coverlap, CO
NGC0628 06950  082g06  08%go;  08%ao; 074505 0525008
NGC3351  08L5o  083gos  0.8%gor  0.9055er  07%Gg5 056855,
NGC3627  04go  08Lggs  09%Ge;  09KGor 070555 04%g0s
NGC4254  0695p,  O0.74gos  0.9%Go  0.9KGor  0.670p;  048%g58
NGC4303 0685505 082801 0.89%0o; 0905505  0.6205; 0465508
NGC4321  O445q1  O79%q0e 091550 095Gy 06%G5 04955
NGC4535  0935gs 0981 08%gor  0905gg; 06855 044500
NGC5068 064550 1350, 09205 0955 074053 076550
NGC5194 087551 105o5 090555 0.9%GGr 07105 045555

this condition is satis ed. This results in cut-off wavelengths for
the Gaussian lters in the range 10-%2 , as listed in Tables.
These values ensure an optimum between maximizing the ltering
of the diffuse emission, and minimizing the spurious Itering of the
compact structures.

For comparison, we note that Pety et a20{3 nd that
50 + 10 percent of the CO(1-0) emission in NGC 5194 is
distributed on scales larger than 1.3kpc, which is close to the
size of the Gaussian Iter used in our analysis for this galaxy
( 1.7kpc). This estimate is obtained by comparing the amount
of ux recovered by the Plateau de Bure interferometer to the total
ux measured by the IRAM-30m single-dish telescope. This is
roughly equivalentto ltering the emission on large scales in Fourier

space, without applying the correction factors mentioned above.
Before taking into account the correction factogs, = 0.905091

andoveriap= 0.45% 505, we measure a fraction of diffuse emission of

56+ 2 percentin NGC 5194, in agreement with the above estimate
by Pety et al. 2013. Caldi-Primo et al. 2015 found (lower)
diffuse fractions in the range 8—48 per cent for two other galaxies,
which is consistent with our results listed in Tabdd. After
including the correction factors, we obtain a true diffuse fraction
for NGC 5194 in a range (representing the dncertainty interval)

of 0-9 percent.

APPENDIX B: RADIAL PROFILES

Here we present the (galactocentric) radial pro les of all quantities
necessary to reproduce our analysis of the data and the compariso
with analytical models in Fig5. The position and width of the
radial bins as de ned in Section 5.1 are outlined in FR/,

also highlighting the regions affected by bars (light blue) and the

masked central and outer regions (grey). For each of these bins,

the reference time-scalé.), the SFR, and the gas conversion
factor ( co) used as input in theelISENBERGcOde are presented in
Fig. B2, in addition to the values used when analysing each galaxy
in its entirety. For each birt,es and o are calculated using the
metallicity dependence from Haydon et &0(8 and Bolatto et al.
(2013, respectively. The galaxy-scale values are based on the CO
ux-weighted average metallicity. Note that the galaxy-wide SFR
by de nition corresponds to the sum of the individual bins. Tekle
summarizes the measured cloud lifetimigg), for each galaxy and
each individual radial bin.

Fig. B3 shows the radial pro les of properties describing the
galaxies, i.e. the molecular gas surface density, the stellar
surface density qars the SFR surface densityseg, the circular
velocity, the ToomreQ stability parameter, and the gas phase
metallicity [expressed as 12 log(O/ H)]. We calculate , using
the CO ux-weighted averageco from Fig. B2. The stellar mass
surface density proles are derived from S4G/3ué imaging
(Querejeta et al. in preparation), in a similar way as presented
in Meidt et al. 012 2014, Querejeta et al.2014. The SFR
surface density pro les are obtained as described in Section 2.4.
The rotation curves are derived by tting a model of projected
circulation motion to the observed CO velocity elds, as described
in detail by Lang et al.Z019. Where the data quality is not good
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tted rotation curve as a function of the galactocentric radRign

the form Vot = Vo(2/ ) arctanR/r), whereV, andr; have been
tted by Lang et al. 019. ToomreQ follows from the above
input variables in combination with the second moment of the CO
maps (A. K. Leroy et al. in preparation) to describe the gas velocity 5
dispersion. We note that, strictly speaking, the second moment is an
overestimate of 4asdue to the fact that beam smearing may blend
lines of sight with different rst moments (i.e. absolute velocities).
However, as we are mostly focusing on the at part of the galaxy 2
rotation curves (FigB3), the potential effects of beam smearing 2
are limited. Finally, the metallicities are obtained as discussed in
Section 3.5. Beyond the quantities shown here, the comparison toR3

o

q

—

o
S5

heoretical models in Section 5.2 uses the stellar velocity dispersion,

which is determined according to equation (22) in the Methods
section of Kruijssen et al2019, and the spiral arm pattern speeds
from the references listed in Tatie
Fig.B4 shows the radial pro les of the CO ux-weighted average

properties of the cloud population, i.e. the radius, velocity dispersion

emc, mass, surface densityguc, volume density y,, and virial
parameter ;. The GMC radii and masses are derived using the
output fromHEISENBERGas described and motivated in Section 5.2.
The GMC velocity dispersions are taken from therRoPSGMC
catalogues of these galaxies. More details about the application of
cPropsand the properties of the cloud population in this sample
of galaxies can be found in Rosolowsky et al. (in preparation).
The surface densities, volume densities, and virial parameters are
derived from the rst three quantities.

MNRAS 493,2872-2909 (2020)
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Figure B1. De nition of the bins in galactocentric radius for each galaxy, outlined by black ellipses. The grey-shaded centres were identi ed by eye and have
been excluded from the analysis. The same applies to the regions outside the outer ellipse, de ned as the outer radius at which an emission pdak is ideﬁt

in either of the two maps. The bins containing a bar or the end of a bar are coloured in light blue. The background images show the CO(2-1) intensity maps
[CO(1-0) for NGC 5194]. =

220z RelN 0z uo1sanb Aq o
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Figure B2. Radial pro les of the input quantities of our analysis, itg., rer, @bsolute SFR andco. The black data points show the values for the entire
galaxy (which are averages fyr | ref and co, and the total for the SFR), whereas the grey data points show the same for each individual bin of galactocentric
radius. For each data point, the horizontal bar represents the range of radii within which these quantities are measured and the verticaltbdhecpresen
uncertainties.
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Figure B2 —continued

Table B1. Measured molecular cloud lifetimes for each galaxy in its entirety, as well as in each individual radial bin.

NGC 0628 Radial interval (kpc)
temc (Myr)

NGC 3351 Radial interval (kpc)
temc (Myr)

NGC 3627 Radial interval (kpc)
temc (Myr)

NGC 4254 Radial interval (kpc)
temc (Myr)

NGC 4303 Radial interval (kpc)
temc (Myr)

NGC 4321 Radial interval (kpc)
temc (Myr)

NGC 4535 Radial interval (kpc)
temc (Myr)

NGC 5068 Radial interval (kpc)
temc (Myr)

NGC 5194 Radial interval (kpc)
temc (Myr)

entire
24.053%
entire
20.6533
entire
18,9533
entire
209533
entire
16.9535
entire
19.1853
entire
26.455¢
entire
9.6573
entire
305552

0.77-258 258-3.79 3.79-5.00 5.00-7.63 - -
200535 164835 147535 2495F - -
2.34-350 3.50-4.67 4.67-6.14 - - -
263555 16435 15383 = - -

0.69-2.66 2.66-3.68 3.68-4.70 4.70-5.73 5.73-8.78 -
200553 38533 4328375 457&rre 28783

0.53-260 2.60-425 425606 6.06-7.86 7.86-9.67 9.67-13.77
176537° 14833 10130 1054833 17335 215443
1.16-3.10 3.10-4.39 4.39-5.68 5.68-6.97  6.97-9.50 -
7.9538 1785337 1565338 2165295 113t31 -
0.95-4.18 4.18-571 571-7.24  7.24-8.77 8.77-10.31 10.31-13.54
31237 160535 162835 202835 11755 203y
3.02-5.09 5.09-7.06 7.06-10.98 - - -
613335, 259837 167837 - - -
0.00-1.62  1.62-2.70  2.70-5.18 - - -
172858 7758 BTN - - -
0.51-1.77 1.77-2.93  2.93-4.09 4.09-5.35 - -
201433° 59703 17.043%%  37.3:3%° - -
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Figure B3. Radial pro les of properties describing the galaxies in our sample. From left to right, the top row shows the molecular gas surface density (u@ng
the conversion factor from Tab[®, the stellar mass surface density and the SFR surface density (calculated as described in Section 2.4). The bottomgow

shows the rotation curve (Lang et 2D19, the Toomre Q parameter, and the gas-phase metallicity gradient (see Section 3.5 Pilyugial).al. %
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Figure B4. Radial pro les of the CO ux-weighted average properties of the molecular cloud population of each galaxy. From left to right, the top row shows
the CO ux-weighted average cloud radius, velocity dispersion, and luminous mass as a function of galactocentric radius. The bottom row shows the CO
ux-weighted average molecular gas surface density of clouds, gheurhber density, and the virial parameter. The quantities in the top row are derived from

the output ofHEISENBERG(for the GMC radius and mass) and therRoPSGMC catalogue (E. Rosolowsky et al. in preparation; for the velocity dispersion).

The quantities in the bottom row are derived from those in the top row.
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APPENDIX C: GAS SURFACE DENSITY
THRESHOLD SEPARATING GALACTIC AND
CLOUD-SCALE DYNAMICS

In Section 5.4, we investigate whether cloud lifetimes are set by
internal dynamics (i.e. the cloud crossing time or free-fall time) or
galactic dynamics (i.e. the combination of mechanisms considered
by Jeffreson & Kruijssei2018 see Section 5.2). By characterizing
the properties of the radial bins in Figwhere the measured cloud
lifetimes better agree with the red (internal) and blue (galactic)
lines, we nd that both situations can occur and seem to occupy

different ranges of the large-scale molecular gas surface density (i.e.
averaged on kpc scales, across the entire radial bin). At low surface

densities, cloud lifetimes follow the cloud crossing time or free-
fall time, whereas at high surface densities, they match the galactic
dynamical time-scale. Fid quanti es this statement by dividing
the sample of radial bins in which the cloud lifetime is measured
at a surface density of y,ing = 8M pc>? and considering the
difference between the measured cloud lifetime and the galactic
and internal dynamical time-scales. To arrive at this critical surface

density threshold separating both regimes, we have systematically

varied the density threshold at which the sample of radial bins is
divided into low and high densities.

Fig. C1 ShOW_S how the Choice. of the surface density threshold eyiation of the ratios are indicated by the large, bright symbols, respectively.
affects the median absolute logarithmic offset between the measuredat surface densities lower than this surface density threshold, we note a

cloud lifetime (co) and the predicted internat,( and ty) and

Low density (< threshold) High density (> threshold)

0.8

o
o

1N
’S

[Median(10g(teo/te,y)|

o
N

0.0

0.8

0.6

0.4

0.2

Standard deviation(log(tco/tan))

0.0

5 10 15
Density threshold [M,, pc?]

5 10 15
Density threshold [M,, pc?]

0

Figure C1. Median absolute logarithmic offset between the measured cloud
lifetime (tco) and the predicted internatc{ and t) and galactic (gal)
dynamical times (top panels), as well as the standard deviation of this offset
(bottom panels), for clouds in environments of low (left-hand panels) and

high (right-hand panels) kpc-scale molecular gas surface densities, as a,

function of the density threshold used to divide the sample into ‘low’ and
‘high’ gas surface densities. See F&for reference. A perfect correlation
corresponds to a median and scatter of zero. We nd that the cloud lifetime
in high density regions (respectively low density regions) correlates best
with  ga (respectivelyter andti) when dividing the regions at a density
threshold of 1, ing = 8M pc>2, indicated by the vertical dotted line.
Fig.6 comparesco, gal ter, andts for the two ‘low’ and ‘high’ gas surface
density regimes separated by this density threshold.
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Figure C2. Ratio of the measured cloud lifetintec over the dynamical
time ( ga in pale blue dotsf in pale orange triangledy in pale red
dots) as a function of the galactic gas surface densijiy,ing. On either
side of n,ring = 8M pc>2 (vertical dotted line), the median and standard

larger dispersion ofco/ gai compared tdcoltcioud, as Well as a median

of tco/ ga 0.5, whereadco/ter tco/ts 1. By contrast, at surface
densities higher than this threshold, the dispersions of the ratios are all
similar, with absolute values ¢éo/ ga  1,tco/ter 1.9, andcolter 1.3.

See Section 5.4 for a detailed discussion and physical interpretation of these
results.

galactic ( 4a) dynamical times, as well as the standard deviation
of this offset. While the cloud lifetimes in low-density regions
are relatively insensitive to the choice of threshold and generally
correlate well witht,, andty (left-hand panels), the high-density
regions only correlate well with the galactic dynamical time-scale
if a sufciently high threshold density is used to de ne ‘high
density’ environments (i.e. 4, > 8M pc>?). The corresponding
scatter exhibits asteep decreasefgr  7M pc? (bottom right-
hand panel), which is also where the median offset betviggn
andty starts to drop (top left-hand panel). For threshold values
higher than 9 M pc°?, the prediction due to galactic dynamics
develops an offset from the observed cloud lifetimes (top right-hand
panel). Finally, the cloud lifetimes in low-density environments start
matching the prediction for galactic dynamics to within 0.2 dex
when adopting threshold densities of;, > 12M pc>2 (top left-
hand panel). In the light of these observations, we adopt a threshold
value of 1, = 8M pc°2.

An alternative to Fig6 for visualizing the two regimes is shown
in Fig. C2, where we demonstrate how the ratie/ ga tco/ter and
tcofts depend on the kpc-scale gas surface density for all of our
measurements. At surface densities ing < 8M pc2, the gure
shows thatco is systematically offset fromg by a factor of 0.5,
and that the ratio between the two quantities shows considerable
scatter. By contrast, the medidpo/t. and tco/ty are close to
unity in this regime, with modest scatter. This implies that internal
dynamics set the GMC lifetime at low gas surface densities. At
surface densities p,ring > 8M pc2, the ratiotco/ gar is unity,
whereagcolte andtco/ty are now systematically offset from unity,
by a factor of 1.3 and 1.9, respectively. The similar scatter of all
ratios at high kpc-scale gas surface densities means that the cloud
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