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Zusammenfassung

Riesenmolekülwolken (GMCs) bilden Sterne unter den von ihrer Wirtsgalaxie vorgegebe-
nen Anfangsbedingungen, die Energie und Materie in ihre Umgebung zurückführen und
so zur Galaxienentwicklung beitragen. Die detaillierten Eigenschaften dieser Prozesse
zwischen molekularem Gas und jungen Sternen sind jedoch nach wie vor schwer fassbar,
vor allem aufgrund fehlender Beobachtungsdaten. Unter Ausnutzung der CO- und H↵-
Beobachtungen von PHANGS haben wir systematisch die Zeitachse der Entwicklung von
GMCs zu exponierten Hi i-Regionen in 54 Galaxien gemessen, der bisher größten und statis-
tisch vollständigsten Stichprobe. Es wurden starke Korrelationen zwischen den Zeitskalen
der GMC-Evolution und den Eigenschaften der Wirtsgalaxie festgestellt, die den Zusammen-
hang zwischen der Dynamik im galaktischen Maßstab und dem kleinräumigen Lebenszyklus
der GMCs aufzeigen. Darüber hinaus haben wir in den 5 nächstgelegenen Galaxien meiner
Stichprobe (D < 3, 5Mpc) festgestellt, dass die erste Hälfte der eingebetteten Sternentste-
hung, die in Spitzer 24µm nachgewiesen wurde, in H↵ unsichtbar ist. Schließlich haben wir
anhand neuartiger JWST-Beobachtungen von NGC628 mit einer im Vergleich zu Spitzer
10-fach besseren Auflösung gezeigt, dass die eingebettete Phase der Sternentstehung in
einer größeren Entfernung (D=9,8Mpc) charakterisiert werden kann. Damit haben wir
den Weg für die systematische Bestimmung der frühen Phasen der Sternentstehung in der
gesamten nahen Galaxienpopulation (bis zu 20Mpc) mit PHANGS-JWST bereitet.

Abstract

Giant molecular clouds (GMCs) form stars with initial conditions set by their local host
galaxy environment, which feedback energy and matter into their surroundings, contribut-
ing to galaxy evolution. However, the detailed characteristics of these processes between
molecular gas and young stars remain elusive, primarily due to a lack of observational
constraints. By capitalizing on CO and H↵ observations from PHANGS, we have system-
atically measured the evolutionary timeline from GMCs to exposed Hi i regions, across 54
galaxies, the largest and most statistically complete sample to-date. Strong correlations
between GMC evolutionary time-scales and the host galaxy properties have been identi-
fied, revealing the connection between galactic-scale dynamics and the small-scale GMC
lifecycle. Furthermore, in the 5 nearest galaxies of my sample (D < 3.5Mpc), we have
established that the initial half of the embedded star formation detected in Spitzer 24µm
is invisible in H↵. Finally, using novel JWST observations of NGC628 with 10 times better
resolution compared to Spitzer, we have further demonstrated that the embedded phase of
star formation can be characterized at a greater distance (D=9.8Mpc), pioneering the way
for the systematic determination of the early phases of star formation across the nearby
galaxy population (up to 20Mpc) with PHANGS-JWST.
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Chapter 1

Introduction and background

Galaxies are shaped by the complex interplay between star formation and feedback. Gas
flows into galaxies and becomes molecular gas, which later collapses and produces stars.
These newly formed stars, in the form of feedback, inject energy, metals, and matter into
their surroundings, creating Hi i regions and ultimately revealing the young stars from
their parental clouds. Together, these processes are the engine that turns gas into stars
and shapes galaxies. One of the major unresolved questions in the field is the detailed
characterisation of the physical processes regulating the cycle of matter between molecular
gas and young stars and how they differ in various environments.

There are several physical mechanisms that are related to GMC evolution, such as
galactic shear and spiral arm passage on a galactic-scale or internal GMC collapse time-scale
and stellar feedback on a smaller scale, which all act on different time-scales ranging from
. 1Myr to ⇠ 100Myr (Jeffreson and Kruijssen, 2018; Chevance et al., 2020a, 2022a; Sun et
al., 2022). Therefore, one way of answering the aforementioned question is determining the
characteristic timescales of the successive phases of star-forming processes, which requires
a multi-wavelength, high-resolution, and systematic approach. The work presented in the
following chapters aims to achieve this by capitalising the PHANGS1 survey data (Leroy
et al., 2021). With this, we quantify the environmental dependence of the evolutionary
timeline of giant molecular clouds (GMCs), which are large complexes (⇠ 100 pc) of cold
gas (Tgas ⇡ 10�50K) that are massive (104�10

7M�) and dense (n(H2) ⇡ 10
2�10

5
cm

�3),
providing sites for ongoing star formation (Solomon et al., 1987; Blitz, 1993; McKee and
Ostriker, 2007; Bigiel et al., 2008; Leroy et al., 2008; Kennicutt and Evans, 2012; Rosolowsky
et al., 2021).

This introduction is organised as follows. Section 1.1 is devoted to an overview of
the observed relation between star formation and molecular gas from a galactic-scale to
GMC-scale. Section 1.2 focuses on the observed properties of GMCs. Finally, the current
understanding of the life and times of GMCs is introduced in Section 1.3.

1
The Physics at High Angular resolution in Nearby GalaxieS project: http://phangs.org
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2 Chapter 1

1.1 Star formation and gas in galaxies

In extragalactic astronomy, one of the most used scaling relations is the correlation between
gas (including both atomic and molecular) and star formation rate (SFR) surface densities
(⌃gas and ⌃SFR, respectively). This association is tight when observed on a scale of a galaxy
and often referred to as the “star formation relation”. Schmidt (1959) has first proposed
the theoretical model of star formation, demonstrating a connection between the amount of
newly formed stars and the mass of interstellar gas. Using observations of various galaxies,
including normal spiral galaxies (Kennicutt, 1989, 1998; Wong and Blitz, 2002; Heyer et al.,
2004; Kennicutt et al., 2007; Schuster et al., 2007; Bigiel et al., 2008; Kennicutt and Evans,
2012), low surface brightness galaxies (Wyder et al., 2009), dwarf galaxies (Leroy et al.,
2005; Verley et al., 2010), starbursting high-redshift galaxies (Bouché et al., 2007; Daddi
et al., 2010; Genzel et al., 2010), this correlation has been observed to obey the form

⌃SFR / ⌃
n

gas. (1.1.1)

The index n ⇡ 1.4�3.0 when the total gas (both atomic and molecular) density is used
for estimating ⌃gas, whereas n ⇡ 1.0�1.4 when only the molecular gas component is
considered.

At first glance, the star formation relation seems to be easily interpreted reflecting
the fact that gas is the most critical factor for driving star formation. However, the link
between this empirical relation on a global scale to that on a scale of fundamental units of
star formation, such as molecular clouds and young stellar populations, remains obscure.
For example, the time it takes for galaxies to deplete their gas into stars while forming
stars at the current rate (depletion time-scale, tdep = ⌃gas/⌃SFR) is 2�10Gyr for total
gas (Kennicutt, 1989, 1998; Bigiel et al., 2008) and 1�3Gyr for denser molecular gas
(Kennicutt, 1989, 1998; Wong and Blitz, 2002; Bigiel et al., 2008; Leroy et al., 2008, 2013;
Utomo et al., 2017; Muraoka et al., 2019; Ellison et al., 2021). These observed gas depletion
time-scales are one or two orders of magnitude longer than any processes that are relevant
for star formation activity (Jeffreson and Kruijssen, 2018; Sun et al., 2022), such as internal
physical processes (GMC free-fall and turbulence crossing time; 5�20Myr) and dynamical
processes (orbital, shearing and, cloud-cloud collision times; ⇠100 Myr).

Following a theoretical description by Krumholz and McKee (2005), star formation law
may also be expressed as

⌃SFR =
✏SF
tGMC

⌃gas, (1.1.2)

where ✏SF is the mass fraction of gas converted into stars (star formation efficiency) and
tGMC represents the timescale of this transition, i.e. the lifetime of GMCs. This Equa-
tion Equation (1.1.2) can be rearranged to express tdep as tGMC/✏SF, indicating that ✏SF
and tGMC are degenerate quantities when obtaining tdep. Therefore, the large values for tdep
in galaxies as discussed above, exceeding the GMC dynamical time-scale by several orders
of magnitude, can either be explained 1) if star formation proceeds slowly and efficiently
within GMCs, converting most of the gas into stars over many dynamical time-scales, re-
sulting in long tGMC and high ✏SF or 2) if star formation is fast and inefficient, converting
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only a small fraction of gas into stars before GMCs are dispersed within a dynamical
time-scale, resulting in short tGMC and low ✏SF (Kruijssen and Longmore, 2014; Kruijssen
et al., 2019). In the first case, one should expect to see significant spatial overlap between
molecular clouds and young stellar populations, whereas in the second case, they should
show spatially distinct distributions.

During recent decades, various high-resolution observations resolving galaxies into in-
dependent units of star-forming regions have reported that the tight correlation observed
between gas and young stars on a global scale breaks down on a cloud scale (Engargiola
et al., 2003; Blitz et al., 2007; Bigiel et al., 2008; Kawamura et al., 2009; Onodera et al.,
2010; Schruba et al., 2010; Miura et al., 2012; Meidt et al., 2015; Corbelli et al., 2017;
Kruijssen et al., 2019; Schinnerer et al., 2019; Chevance et al., 2020a,b; Pan et al., 2022).
The breakdown of the relationship illustrates that gas and young stars are spatially sep-
arated, most likely due to stellar feedback rapidly reshaping the interstellar medium via
kinetic dislocation of parental clouds from the newly formed stars or photodissociation
molecular gas (or its tracer molecule; Schruba et al., 2010; Kruijssen et al., 2019). This
points toward a view where GMCs are short-lived, contradicting the traditional view where
GMCs are considered to represent a quasi-equilibrium structure that survives over many
dynamical time-scales (⇠100Myr; Scoville and Hersh, 1979; Koda et al., 2009). With
an aim to understand why the time-scale for depleting molecular gas via star formation
in galaxies is much longer compared to the internal dynamical time-scales (e.g. free-fall)
of GMCs, this thesis performs systematic measurements of the GMC lifetime and star
formation efficiency in the local universe.

1.2 Giant molecular clouds

1.2.1 Observations of giant molecular clouds

Star formation occurs dominantly in GMCs, which are reservoirs of cold, dense, interstellar
medium in a molecular gas phase (H2). Molecular gas forms on the surfaces of dust grains
and are destroyed by resonant absorption of Lyman- and Werner-band photons in far
ultraviolet (van Dishoeck and Black, 1986; Black and van Dishoeck, 1987; Sternberg, 1988;
Krumholz et al., 2008, 2009; Wolfire et al., 2010; Dobbs et al., 2014). The reason why
stars form in molecular gas is related to the fact that the molecular gas fraction drastically
increase in high densities, typically at surface densities of 1�100M�pc

�2, as molecular gas
becomes shielded from ultraviolet radiation allowing the gas to cool (⇠ 10�50K), condense
and eventually form stars.

One might assume that the most precise way of observing molecular gas and GMCs
would be to directly use emission lines from H2. Unfortunately, the cold H2 at temperatures
of a few 10s of K is invisible in emission not only because of its diatomic molecule lacking
in dipole moment (thus no corresponding dipolar rotational transition) but also because
of its low mass (Kennicutt and Evans, 2012; Bolatto et al., 2013). For H2, rotational
excitation states require the lowest energies. However, even the temperature required to
excite molecular gas to this lowest energy is too high (T & 100K) that almost no molecules
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in the cold and dense interstellar medium will be able to occupy it. Even if these lines can
be used, the emission originates from surfaces of clouds probing only 1 to 30% of the gas
(Roussel et al., 2007).

Since using emission lines of Hydrogen molecules is not a viable option, indirect tracers
of molecular gas, such as black body radiation from dust grains and emission lines from
other heavier molecules, have been widely used. The most popular indirect tracer is CO,
which is a combination of the two most abundant elements in the universe after Hydrogen
and Helium. The formation of CO is prevalent in conditions where molecular gas is
dominant. CO also has low excitation energy, making it to be readily excited even in cold
molecular clouds. Furthermore, the emission is strong and lies at a wavelength (2.6mm
for J = 1 ! 0) that can easily pass through the atmosphere of Earth. However, CO also
has its own shortcomings. In particular, at a low-metallicity regime, there is less dust and
therefore a higher column density is required to shield CO from photodissociating. On
the other hand, H2 is harder to destroy compared to CO and therefore the change in the
column density required to protect H2 is much smaller than that of CO (Wolfire et al., 2010;
Madden et al., 2020; Wolfire et al., 2022). Thus, in such low-metallicity environments, CO
emission traces only the densest core region of molecular clouds while H2 is still located at
the envelope of CO emitting region. This H2 not being traced with CO is referred to as
CO-dark molecular gas (Bolatto et al., 2013).

In the Milky Way, Wilson et al. (1970) have reported the first detection of intense CO
emission in the interstellar medium by looking at the Orion nebula with 36-foot NRAO
antenna at Kitt Peak. Mapping of CO emission in nearby star-forming regions along the
Galactic Plane has discovered that this emission arises from giant molecular complexes
extending of about ⇠ 100pc (Lada, 1976; Kutner et al., 1977; Blitz and Thaddeus, 1980)
and constitute quite a significant mass fraction in the interstellar medium, especially in the
inner Galaxy where molecular gas mass is found to dominate over atomic gas mass (Burton
et al., 1975; Scoville and Solomon, 1975; Stecker et al., 1975; Gordon and Burton, 1976;
Burton and Gordon, 1978; Sanders et al., 1984). Molecular gas was found to be prevalent
in the inner region with clumpy distributions, showing more similarities with Hi i regions in
terms of morphological features compared to relatively diffuse atomic gas (Solomon et al.,
1972; Wilson et al., 1974; Scoville and Solomon, 1975).

In the extragalactic observations, the first CO emission was detected in several galaxies,
which was found to be especially strong in the central regions of galaxies with nuclear
activity (e.g., M82 and NGC253; Rickard et al., 1975; Solomon and de Zafra, 1975).
During the last 40 years, the number of galaxies with CO observations has drastically
increased thanks to the development of facilities providing improved sensitivity. These
observations either have surveyed integrated CO emission in galaxies (e.g., the FCRAO
Extragalactic CO Survey, Young et al., 1995; AMIGA, Lisenfeld et al., 2011; COLD GASS,
Saintonge et al., 2011; ALLSMOG, Bothwell et al., 2014; xCOLD GASS, Saintonge et al.,
2017; and JINGLE, Saintonge et al., 2018) or resolved CO emission down to structures of
a kpc-scale, which is not sufficient to distinguish individual regions within galaxies (e.g.,
BIMA SONG, Helfer et al., 2003; the Nobeyama CO Atlas, Kuno et al., 2007; HERACLES,
Leroy et al., 2009; the JCMT NGLS, Wilson et al., 2012; CARMA STING, Rahman et al.,
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2012; ATLAS-3D CO, Alatalo et al., 2013; CARMA EDGE, Bolatto et al., 2017; NRO
COMING, Sorai et al., 2019; and ALMAQUEST, Lin et al., 2019). It was only after the
commissioning of powerful interferometric facilities such as the Atacama Large Millimeter
Array (ALMA) that we were able to obtain high-resolution CO images of galaxies located
outside the Local Group, resolving GMCs (e.g., NUGA, Combes et al., 2009; PHANGS,
Leroy et al., 2021; WISDOM, Davis et al., 2022; and many individual programs, e.g., Faesi
et al., 2018; Imara and Faesi, 2019; Miura et al., 2021).

These high-resolution CO observations at scales of ⇠ 100pc have established demo-
graphic studies of GMCs, providing a wealth of insights on physical processes that reg-
ulate the cycle of matter from gas to stars and build galaxies. For example, molecular
clouds exhibit masses ranging from ⇠ 10

4 to 10
7M� (e.g, Rosolowsky et al., 2021), where

their mass distribution, above a certain cutoff mass (⇠ 10
5�10

6M�), follows a power-law
dN/dM = M�� , indicating that there are few very massive ones and many low mass clouds.
In the Milky Way observations, � is measured to be between 1.5 to 1.8 (Solomon et al.,
1987; Kramer et al., 1998; Heyer et al., 2001; Roman-Duval et al., 2010). Extragalactic mea-
surements suggest a steeper value (� ⇡ 1.6�3.4) compared to the Milky Way observations,
possibly due to a lack of completeness, missing out on small and faint clouds (Rosolowsky,
2005; Fukui et al., 2008; Wong et al., 2011; Gratier et al., 2012; Rosolowsky et al., 2021).
Solomon et al. (1987) and Roman-Duval et al. (2010) have found that the average molecu-
lar gas surface density of GMCs in the Milky Way is ⌃GMC ⇡ 150

+95

�70
M�pc

�2, where the
errors indicate 1� interval. Measured averages of ⌃GMC in extragalactic observations vary
significantly ranging from 50M�pc

�2 for GMCs in the Magellanic Clouds (Fukui et al.,
2008; Hughes et al., 2010; Schruba et al., 2019) and up to ⇠ 100�200M�pc

�2 in nearby
molecular gas-rich spiral galaxies (Colombo et al., 2014b; Sun et al., 2020b; Rosolowsky
et al., 2021; Sun et al., 2022). Starbursting galaxies often show even higher ⌃GMC of
⇠ 1000M�pc

�2 (Leroy et al., 2015; Pereira-Santaella et al., 2016; Miura et al., 2018).
CO observations also provide information on the velocity dispersion of molecular clouds

along the line of sight (�v). This �v, along with sizes (RGMC) and masses (MGMC) of GMCs
are often used to gauge the balance between the kinetic energy (Ek) and gravitational
binding energy (Ug), so called the virial parameter (↵vir; Bertoldi and McKee, 1992).
Simplistically, the virial parameter is expressed as

↵vir = 2Ek/Ug = 5�2

vRGMC/GMGMC. (1.2.1)

A cloud is defined to be bound if ↵vir < 2 and unbound if ↵vir > 2. Using an archival
CO survey data, Evans et al. (2021) have shown that the virial parameter decreases with
increasing mass of the structures, finding that, in terms of mass fractions, 19% of structures
in the Milky Way are bound and 35% for other galaxies (see also a compilation by Chevance
et al., 2020b). However, we caution in the interpretation of the GMC boundness due to
the oversimplifications in obtaining ↵vir. Other factors such as surface pressure from the
surrounding medium, magnetic fields, tidal effects, and external gravitational potential are
likely to play a major role (e.g., Dib et al., 2007; Mao et al., 2020; Kim et al., 2021b). How
the GMC properties described above vary in different environments is discussed in more
detail in Section 1.2.3.
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1.2.2 Observations of star formation in giant molecular clouds

To estimate how quickly GMCs are converting their gas into stars, the star formation
efficiency per free-fall time, ✏↵ , is widely used (Krumholz and McKee, 2005). This is
defined as

✏↵ = ⌃SFR/(⌃gas/t↵), (1.2.2)

where t↵ is the free-fall time and corresponds to the time it takes for an object experiencing
no significant force other than gravity to collapse to a singularity. Cloud-scale observations
of star formation activities can be performed using various direct and indirect indicators,
such as the number of young stellar objects, H↵, ultraviolet, and mid-infrared emission
(e.g., Kennicutt and Evans, 2012). The most direct way to measure SFR is to count the
number of young stellar objects. This method has been used to estimate star formation
efficiencies in individual, spatially resolved GMCs at a resolution of < 10 pc (residing in
the Milky Way system), which is found to be on average of ✏↵ ⇡ 0.01�0.03 (Evans et al.,
2009; Heiderman et al., 2010; Evans et al., 2014; Lee et al., 2016; Vutisalchavakul et al.,
2016; Ochsendorf et al., 2017; Pokhrel et al., 2021).

The star counting method, however, is not applicable for molecular clouds located
further than the Magellanic clouds. Therefore, studies of nearby galaxies have relied on
other tracers (e.g., ultraviolet, H↵, and mid-infrared emission). The ultraviolet emission,
revolutionised by the launch of the Galaxy Evolution Explorer mission (GALEX; Martin et
al., 2005), has been widely utilised as a tracer for SFR. It directly captures the photospheric
emission from O- through late-type B-stars with masses above ⇠3M� and thus is sensitive
to stars formed over the past of 10 � 100Myr (Hao et al., 2011). H↵ emission arises
from the recombination of Hydrogen in Hi i regions, which have been ionised by ionising
photons ejected from relatively massive stars with their mass spectrum ranging from O-
through early-type B-stars (masses above ⇠20M�). This emission, therefore, traces the
most current star formation activity within a few million years (Kennicutt and Evans,
2012; Haydon et al., 2020). Dust is also an important component in estimating SFR as it
absorbs a significant fraction of stellar light and re-emits in mid-infrared (Calzetti et al.,
2007; Kennicutt and Evans, 2012). Especially in the early star-forming phases where young
massive stars are still deeply embedded in the densest, dust-enshrouded cores of molecular
clouds, H↵ and UV emission is attenuated from the extinction provided by surrounding
gas and dust. This attenuated stellar light can be accounted for using mid-infrared (e.g.
Spitzer at 24µm and JWST at 21µm), capturing the on-going star formation.

These SFR indicators have been extensively utilised to estimate star formation activities
in various galaxies. Leroy et al. (2019) have presented an atlas of ultraviolet and infrared
images of local galaxies at a ⇠kpc resolution with distances less than 50 Mpc using GALEX
and Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010). At infrared wave-
length, the seminal work by (Kennicutt et al., 2003) have provided infrared observations
of nearby galaxies using Spitzer (The SIRTF Nearby Galaxy Survey), as well as in H↵
emission from ground-based telescopes. JWST is transforming this view in the infrared
making huge improvements on the sensitivity and resolution (e.g., PHANGS-JWST, Lee
et al., 2022b), enabling the detection of embedded young stellar populations across the



Introduction and background 7

disks of galaxies at < 100pc scales. Optical integral field spectroscopy from the Multi
Unit Spectroscopic Explorer (MUSE) aboard the Very Large Telescope (VLT) has obtained
spectral maps, including H↵ emission, of ⇠ 30 galaxies, breaking galaxies into individual
Hi i regions and capturing physical properties of the ionised gas (e.g., MAGNUM, Mingozzi
et al., 2019; MUSE Atlas of Disks, den Brok et al., 2020; PHANGS-MUSE, Emsellem
et al., 2022). The Hubble Space Telescope (HST) has also greatly expanded the number
of galaxies with measurements of H↵ emission in broadband and narrowband photometry,
allowing the identification and characterisation of individual star clusters and associations
(e.g., LEGUS, Calzetti et al., 2015; PHANGS-HST, Lee et al., 2022a). Using combinations
of SFR tracers, commonly ultraviolet together with mid-infrared or optical H↵ together
with mid-infrared, studies in nearby galaxies at scales of 100 pc find ✏↵ to range from 0.003
to 0.03, with an average of ⇠ 0.01 (Leroy et al., 2017; Utomo et al., 2018; Schruba et al.,
2019; Sun et al., submitted). These values show a good agreement with those measured in
Milky Way clouds discussed above.

1.2.3 Influence of large-scale environment on the properties of giant

molecular clouds

The formation and evolution of GMCs are closely linked with their host galaxies through
multiple interrelated physical processes, including the gas distribution, gravitational poten-
tial, radiation field, and feedback-driven flows within the host galaxy (Dobbs et al., 2014;
Chevance et al., 2022b). In turn, the internal structure and dynamics of molecular clouds
establish the initial conditions for star formation, which have an impact on the matter and
radiation distribution within the galaxy via stellar feedback processes (McKee and Ostriker,
2007; Klessen and Glover, 2016). We thus expect strong correlations to exist between
molecular clouds and host galaxy properties due to these complex interactions. Under-
standing these correlations can provide key insights into the physics of cloud evolution, star
formation and ultimately galaxy evolution.

Observations of molecular clouds in our Galaxy and nearby galaxies have revealed sev-
eral trends supporting the connection between the properties of GMCs and their large-scale
environment. Sun et al. (2020a) have analysed CO emission in ⇠ 100, 000 GMC-sized
regions across 70 PHANGS-ALMA galaxies, revealing a broad spectrum of molecular gas
properties. Molecular gas surface densities span a range of 3.4 dex, velocity dispersions of
1.7 dex, and turbulent pressures of 6.5 dex. The observed variations in the GMC internal
turbulent pressure correlate strongly with the pressure required to hold up the disk (dy-
namical equilibrium pressure), implying a link between cloud-scale cold gas and overall
disk structure (Sun et al., 2020b). Molecular clouds near the centre of a galaxy appear to
be denser, more massive, and more turbulent, compared to those farther away (e.g., Oka
et al., 2001; Colombo et al., 2014b; Freeman et al., 2017; Hirota et al., 2018; Miura et al.,
2018; Brunetti et al., 2021). Furthermore, using a statistically representative sample, Sun
et al. (2022) have shown that GMC properties correlate widely with their local kpc-scale
measures of disk structures (e.g., stellar density, SFR surface density, molecular gas surface
density, and galaxy rotation), again supporting the previous findings that cold interstellar
medium at ⇠100 pc scales reflects the disks it lives in.
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Galaxy-to-galaxy variations have also been identified, where clouds in more massive and
actively star-forming galaxies exhibit increased sizes, masses, surface densities, and velocity
dispersions (Hughes et al., 2013; Leroy et al., 2015, 2016; Schruba et al., 2019; Sun et al.,
2020a). Galaxy morphology also matters and the location of the clouds within the galaxy
as molecular gas in the centres of barred galaxies shows significantly higher molecular gas
surface densities (& 100M�pc

�2) and velocity dispersions (& 10 km s
�1), compared to

those in galaxy discs and in the centres of unbarred galaxies (Colombo et al., 2014a; Egusa
et al., 2018; Sun et al., 2020a). Davis et al. (2022) have shown that spiral galaxies show a
clumpier distribution of CO emission compared to a smoother CO morphology observed in
early-type galaxies.

1.3 Time-scales for the evolution of giant molecular clouds

Measuring the evolutionary timeline of GMCs in various galactic surroundings enables us
to understand how star formation is controlled in different physical circumstances. In this
section, we discuss characteristic time-scales of molecular cloud evolution from a theory
perspective and those estimated using cloud-scale observations.

1.3.1 GMC lifetime estimates from theory

For a self-gravitating cloud, the free-fall time (t↵ ; see also Section Section 1.2.2) serves as
the natural benchmark for time, which equals to

t↵ =

r
3⇡

32G⇢
=

s
⇡2R3

GMC

8GMGMC

, (1.3.1)

where G is the gravitational constant, ⇢ the density of the gas. Using a statistically
representative sample of CO observations from PHANGS-ALMA, Sun et al. (2022) have
found t↵ to be on average of ⇠7Myr, when weighted by the molecular gas mass (see also
Schruba et al., 2019; Rosolowsky et al., 2021).

This free-fall time should be considered as the lower limit on the GMC lifetime as it only
considers the influence of gravity while ignoring other important factors. These include an
asymmetric geometry of the clouds (e.g., Toalá et al., 2012), magnetic fields (e.g., Heitsch
et al., 2001; Federrath and Klessen, 2012; Kim et al., 2021b), turbulence (e.g., Krumholz
and McKee, 2005; Padoan and Nordlund, 2011), and accretion of low-density material (e.g.,
Rieder et al., 2022; Jeffreson et al., 2023), which can provide supports against the collapse
thus making the free-fall time longer.

Furthermore, measurements of virial parameters of GMCs suggest that they are mostly
gravitationally unbound or only marginally bound (see Section 1.2.1; also Evans et al.,
2021). This indicates that GMCs evolution takes place on turbulence crossing time rather
than on free-fall time. Turbulence crossing time (tcr) represents the time for a turbulent
flow to cross molecular clouds and is expressed as

tcr = RGMC/�v. (1.3.2)
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By this definition, the crossing time is linked to the free-fall time and the virial parameter
through the equation t↵/tcr = 0.5↵0.5

vir
. As a result, the crossing time of a virialized

molecular cloud (↵vir ⇡ 1) is approximately twice the free-fall time. In nearby galaxies, tcr
is measured to be on average of ⇠13Myr when weighted by GMC masses (Schruba et al.,
2019; Rosolowsky et al., 2021; Sun et al., 2022).

Various theoretical studies have shown that the influence of large-scale dynamical
processes on the GMC evolution cannot be ignored (Dobbs et al., 2014; Jeffreson and
Kruijssen, 2018; Meidt et al., 2018, 2020). These galactic dynamical processes include
orbital motion around the galactic centre, shear induced by galactic differential rotation,
and cloud-cloud collisions. Chevance et al. (2020a) suggests that these large-scale dynamics
matter in environments with high molecular gas surface densities (⌃H2 > 8M�pc

�2),
whereas at lower density environment GMCs appear to be governed by internal processes
(gravitational free-fall collapse and turbulence). Sun et al. (2022) measures the characteristic
time-scales for these dynamical processes to be an order of magnitude longer than t↵ and
tcr, implying that the impact of galactic-scale dynamics on individual molecular clouds is
probably minor.

Numerical radiation hydrodynamic and magnetohydrodynamic simulations of GMCs
are providing insights into their evolutionary sequences and associated time-scales. Various
simulations including realistic treatments for stellar feedback (e.g., photoionisation, radia-
tion pressure, stellar winds, and supernovae) have shown that cloud dispersal takes about
one free-fall time (⇠ 2�10Myr), after the onset of star formation (e.g., Rahner et al., 2017;
Kim et al., 2018; Grudić et al., 2019; Li et al., 2019; Kim et al., 2021b; Lancaster et al.,
2021).

Several interstellar medium simulations on a galactic scale have been conducted, includ-
ing cosmological zoom, isolated galaxy, and kpc-scale disk patch, which incorporate star
formation and various feedback models. These simulations have explored the lifetimes of
clouds and the impacts of feedback on cloud destruction. Using cloud tracking analysis to
the Milky-Way-like isolated galaxy simulations, Jeffreson et al. (2020) find cloud lifetime of
⇠ 10�20Myr. Using similar simulations, (Jeffreson et al., 2021) reports that the inclusion
of early stellar feedback decreases lifetimes of the smallest clouds, but lifetimes of larger
clouds with masses above 10

6M� remain unchanged. Supernovae feedback is also crucial
in preventing clouds from becoming excessively massive and dense compared to observed
clouds (Grisdale et al., 2018; Smith et al., 2020). Benincasa et al. (2020) have also tracked
GMCs in simulations of Milky-Way-like galaxies and measured GMC lifetimes of 5�7Myr,
corresponding to 1�2 free-fall times. An environmental dependence was also identified,
where GMC lifetimes becomes shorter with increasing virial parameter.

1.3.2 GMC lifetime estimates from observations

From observations, we only see snapshots of molecular clouds undergoing evolution from
gas to stars. Therefore, measuring lifetimes of GMCs requires indirect methods. Over
the past several decades, various techniques have been developed, often based on tracking
the evolution of GMCs along their trajectory or making use of the spatial distributions of
molecular clouds relative to Hi i regions. Below, we list and describe previous applications



10 Chapter 1

of these methods to nearby galaxies.
Scoville and Hersh (1979) have first attempted to measure the GMC lifetime by tracking

evolutionary sequences of GMCs in the Milky Way, assuming that the formation of clouds
primarily takes place in spiral arms and then GMCs migrate into the inter-arm regions
due to differences in orbital angular velocities between the spiral arms and the galactic
disk. Based on the fact that these clouds are found in the inter-arm regions, it is claimed
that they can survive for inter-arm crossing time of ⇠100Myr. This longevity of clouds
was further strengthened in Scoville et al. (2023), by using the concept of conservation of
mass flux between molecular gas and atomic hydrogen from one arm to the next spiral
arm within an annulus around the centre of the galaxy (Hi i is neglected as it constitutes a
small mass fraction). In this case, the time-scale of molecular gas is tH2 = tHi ⇥MH2/MHi ,
where tHi is the spiral arm passage time for atomic hydrogen, MH2 and MHi are the masses
of molecular and atomic gas within the region. When typical values of tHi ⇡ 100Myr and
MH2/MHi ⇡ 10 are assumed, the lifetime of molecular gas (tH2) becomes ⇠ 1000Myr. A
similar technique was also applied to the GMCs in spiral arm and inter-arm regions of M51,
again supporting the existence of long-lived clouds that survives much longer than GMC
free-fall or crossing time (Koda et al., 2009).

Also using properties of clouds observed in the inter-arm regions, Meidt et al. (2015)
followed the evolution of GMCs in M51 by observing the changes in cloud number densities
along the passage of clouds, departing from the downstream of one spiral arm and moving
on to the upstream of the next arm. The estimated GMC lifetime was short (20�30Myr)
and appeared to be controlled by galactic shear and stellar feedback. It might seem like
this method is similar to that of Scoville and Hersh (1979), however, the reason why Meidt
et al. (2015) reach a completely different conclusion is because Scoville and Hersh (1979)
characterised the time-scale of hydrogen molecules that go through a series of shorter phases
of GMC evolution from diffuse to bound objects, and ultimately star-forming.

Kinematics can be used to constrain GMC evolutionary sequence. Engargiola et al.
(2003) have used observed velocity differences between GMCs and Hi filaments in M33
and suggested that GMCs can not live longer than 10�20Myr based on the remarkable
spatial correspondence observed between GMC and the distribution of atomic hydrogen.
Otherwise, molecular clouds would have drifted off the filaments after their formation,
disagreeing with the observed correlation.

By using age spreads of stars in nearby star-forming regions and young stellar associa-
tions in the Milky Way and the Large Magellanic Clouds, Efremov and Elmegreen (1998),
Elmegreen (2000), and Hartmann (2001) have constrained the duration of star formation
in GMCs. This duration of star formation represents the time it takes for GMCs to be
dispersed by stellar feedback after the onset of star formation as star formation can only
continue as long as there is gas. These studies suggest a rapid dispersion of clouds within
an internal GMC dynamical time (. 10Myr).

For extragalactic applications of the age measurement method, one has to adopt a
spectral energy distribution fitting technique as it is hard to resolve young stellar popula-
tions. This method has been used to measure ages of young stellar populations still deeply
embedded in their natal cloud (inferred from the excess in infrared emission and/or visual
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inspection of the star-forming region). This duration represents the duration of the heavily
obscured phase of star formation (⇠ 1Myr; Whitmore et al., 2014; Calzetti et al., 2015;
Hollyhead et al., 2015; Messa et al., 2020).

Such age measurements of young stellar populations, but for fully exposed young stellar
populations, also act as a clock when obtaining time-scales associated with different phases
of GMC evolution from inert to star-forming and feedback, and finally to fully exposed
Hi i regions. In the Large Magellanic Cloud, Kawamura et al. (2009) classified GMCs
into different types based on their (in)existence of massive star formation: Type I is inert,
showing no signs of massive star formation; Type II is ones overlapping with relatively
small Hi i regions; and Type III is GMCs observed with fully developed Hi i regions, as
well as young stellar associations or clusters. The number ratio of different types of GMCs
can be assumed approximately scale with the time GMCs spend in each phase of their
evolution. Thus, by measuring the ages of young stellar clusters as a reference time-scale, an
absolute GMC lifetime can be obtained. Kawamura et al. (2009) finds that GMCs survive
for 20�30Myr, where ⇠60% of this time is spent overlapping with young stellar regions.
The measured GMC lifetime is two to three times longer than that recently estimated by
Ward et al. (2022), using a statistical method (Kruijssen and Longmore, 2014; Kruijssen
et al., 2018) described below. This difference is mainly attributed to the reference time
used to anchor the absolute timeline. Kawamura et al. (2009) adopts 6.6 Myr as a reference
time-scale for Type III GMCs based on their observations where 66% of stellar clusters and
associations with ages < 10Myr show associations with molecular gas. Ward et al. (2022)
claims that this is not accurate as young stellar clusters and associations must also go
through Hi i region phase, defined as Type II GMC in Kawamura et al. (2009). Ward et al.
(2022) suggest that a consistent GMC lifetime can be obtained when, a more appropriate
reference time-scale of 10 Myr is used that accounts for the phases of Type II and III GMCs,
as well as stellar clusters and associations isolated from their parental clouds.

In recent decades, cloud-scale observations illustrating a spatial decorrelation between
molecular clouds and young stellar regions have been increasing fast. Such decorrelations
are inevitable if the gas and young stellar phases (often traced using CO and H↵) repre-
sent different stages in the lifespan of GMCs, providing further support to the view that
GMCs are transient objects that survives for a GMC free-fall or turbulence crossing time
(10�40Myr) and are quickly dispersed by violent feedback from young massive stars (On-
odera et al., 2010; Schruba et al., 2010; Miura et al., 2012; Whitmore et al., 2014; Meidt
et al., 2015; Corbelli et al., 2017; Schinnerer et al., 2019; Barnes et al., 2020; Pan et al.,
2022). Ages of stellar associations or clusters when they stop showing associations with
their parental GMCs can also be used to constrain the time it takes for the stellar feedback
to disperse the gas. Using this method, the feedback time-scale is estimated to be 2�7Myr
in ⇠10 nearby galaxies (Grasha et al., 2018, 2019).

Most of these studies appear to show a coherent picture, where clouds are rapidly
evolving with a survival time of ⇠ 10�40Myr followed by a fast dispersal of gas via violent
stellar feedback. However, these methods have limitations. For example, for methods
relying on cloud identification or classification, the definition of cloud categories is subjective,
making it hard to compare results from one study to those of others. Furthermore, most of
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the techniques described above require resolving cloud structures and stellar populations
(at scales of .10 pc), indicating that the application is limited to very nearby galaxies.

In an effort to alleviate these shortcomings, Kruijssen and Longmore (2014) and Kruijs-
sen et al. (2018) have developed a statistically rigorous method that translates the observed
spatial decorrelation between cold molecular gas and young stellar regions into their un-
derlying timescales, ranging from an inactive gaseous phase followed by star formation
and cloud dispersal, and finally to fully revealed Hi i regions. This method quantifies the
spatial decorrelation by measuring deviations of gas-to-SFR tracer flux ratios on small-scale
(⇠ 100pc) compared to those measured globally. To these observed flux ratios, an ana-
lytical function is fitted, which is described by the relative durations of successive phases
in the timeline of cloud evolution, as well as the typical distance between independent
regions. Assuming a certain reference times-scale, often H↵ emitting time-scale of ⇠ 5Myr
(Haydon et al., 2020), the analytical function is described by three independent quantities:
cloud lifetime, feedback time-scale (the duration over which gas and SFR tracers are found
coincident), and the region separation length.

This method has advantages in that it only requires the emission maps to resolve down
to ⇠ 100 pc and is insensitive to the identification and definition of GMCs and young stellar
regions. By applying this method to CO and H↵ observations, evolutionary timelines
between quiescent molecular gas to exposed young stellar regions have been characterised
in a dozen galaxies (Kruijssen et al., 2019; Chevance et al., 2020a; Zabel et al., 2020; Lu
et al., 2022; Ward et al., 2022). This has revealed that lifetimes of GMCs is 10�30Myr,
showing a good agreement with previous analysis using different methods. The time period
during which CO and H↵ emission coincide is short, lasting only 1 to 5Myr. This short
duration suggests that pre-supernova feedback, such as photoionization and stellar winds,
plays a crucial role in the dispersal of molecular clouds. Ward et al. (2020) have extended
this timeline by including Hi and found that the lifetime of atomic gas clouds in the Large
Magellanic Clouds is approximately 50Myr.

1.4 This thesis

The first applications of the statistical method (Kruijssen and Longmore, 2014; Kruijssen et
al., 2018) to ⇠10 nearby galaxies have measured that GMCs survive for a GMC dynamical
time-scale of 10 to 30 Myr and quickly dispersed by violent feedback from young massive
stars within a few Myr (Kruijssen et al., 2019; Chevance et al., 2020a, 2022a). So far, such
measurements of time-scales have been limited to a small number of galaxies due to the lack
of CO imaging at cloud-scale resolution. Therefore, these previous studies did not allow us
to identify key environmental factors and cloud properties that are responsible for setting
these time-scales. Now, this can be solved by using data sets provided by the PHANGS
survey, which has assembled a multi-wavelength database at a GMC-scale resolution (⇠
100 pc), encompassing the majority of nearby ( 25Mpc), main sequence star-forming
galaxies (with stellar masses M⇤ = 10

9.5�10
11.5M�) that are accessible via ALMA (Leroy

et al., 2021). In this thesis, we have capitalised these observations to (1) systematically
measure an evolutionary sequence of GMCs from gas to stars and quantitatively examine the
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connection between small-scale GMC evolution and galactic-scale environmental properties,
and (2) further refine the obtained evolutionary timeline by specifically characterising the
heavily obscured phase of star formation for a subset of nearest galaxies using infrared
emission.

In Chapter 2, we apply the statistical method to CO and H↵ observations of 54 galaxies
from the PHANGS survey and obtain systematical measurements of the cloud lifetime and
feedback time-scale for 54 PHANGS galaxies. To determine the impact of the galactic
environment on the evolution of GMCs, we search for statistically strong correlations
between our measurements and the average properties of the GMCs, as well as their
large-scale surroundings.

In Chapter 3, for six nearby galaxies, we proceed further in the characterisation of
the GMC lifecycle by utilizing CO, 24µm, and H↵ emission as indicators of molecular
gas, embedded star formation, and fully revealed Hi i regions free of cold molecular gas,
respectively. The use of mid-infrared emission at 24µm from Spitzer, enables us to study
the initial phase of star formation, where the stars are heavily obscured. We determine how
long it takes for young star-forming regions to emerge from their birth clouds, becoming
visible in H↵ emission as Hi i regions by ionising radiation that they produce.

Before JWST, such measurements including the heavily obscured phase could only be
done for a handful of the nearest galaxies with distances less than 3.5Mpc, due to the
limited angular resolution and sensitivity of Spitzer. Thanks to the innovative abilities of
JWST, it has become possible to investigate the matter cycle during the early stages of
star formation in relation to galactic environments. In Chapter 4, using the initial data
of NGC628 from JWST, we perform an application of the same method to a more distant
galaxy for the first time to demonstrate the feasibility of PHANGS-JWST (Lee et al.,
2022b) in characterising the early star-forming phase across the nearby galaxy population.

Finally, we conclude in Chapter 5 by summarising what we have learned from these
studies and discussing how the constrained time-scales can be improved to provide a
complete picture of star formation processes, incorporating their multi-phase nature, from
atomic gas to Hi i regions in the era of JWST.
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A B S T R A C T 
The processes of star formation and feedback, regulating the cycle of matter between gas and stars on the scales of giant 
molecular clouds (GMCs; ∼100 pc), play a major role in go v erning galaxy evolution. Measuring the time-scales of GMC 
evolution is important to identify and characterize the specific physical mechanisms that drive this transition. By applying a 
robust statistical method to high-resolution CO and narrow-band H α imaging from the PHANGS surv e y, we systematically 
measure the evolutionary timeline from molecular clouds to exposed young stellar regions on GMC scales, across the discs of an 
unprecedented sample of 54 star-forming main-sequence galaxies (excluding their unresolved centres). We find that clouds live 
for about 1 −3 GMC turbulence crossing times (5 −30 Myr) and are efficiently dispersed by stellar feedback within 1 −5 Myr 
once the star-forming region becomes partially exposed, resulting in integrated star formation efficiencies of 1 −8 per cent. These 
ranges reflect physical galaxy-to-galaxy variation. In order to evaluate whether galactic environment influences GMC evolution, 
we correlate our measurements with average properties of the GMCs and their local galactic environment. We find several strong 
correlations that can be physically understood, revealing a quantitative link between galactic-scale environmental properties and 
the small-scale GMC evolution. Notably, the measured CO-visible cloud lifetimes become shorter with decreasing galaxy mass, 
mostly due to the increasing presence of CO-dark molecular gas in such environment. Our results represent a first step towards 
a comprehensive picture of cloud assembly and dispersal, which requires further extension and refinement with tracers of the 
atomic gas, dust, and deeply embedded stars. 
Key words: stars: formation – ISM: clouds – ISM: structure – galaxies: ISM – galaxies: star formation. 
1  I N T RO D U C T I O N  
Giant molecular clouds (GMCs) are the most important sites for 
star formation. The properties of the clouds are set by the large- 
scale environment of their host galaxies, directly linking the initial 
conditions of star formation to galactic-scale properties (Hughes 
et al. 2013 ; Colombo et al. 2014 ; Schruba, Kruijssen & Leroy 2019 ; 
Sun et al. 2018 , 2020a , b ). In turn, the energy, momentum, and 
metals deposited by stellar feedback drive the continuous evolution 
of the interstellar medium (ISM) in general (e.g. Krumholz 2014 ). 
The characterization of the evolutionary time-scales from molecular 
cloud assembly to star formation, and to young stellar regions 
devoid of cold gas provides important insights into which physical 
mechanisms regulate this multi-scale cycle, and is therefore crucial 
to understanding the evolution of galaxies. 
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Theoretical studies of GMCs indicate that their evolution is influ- 
enced by various environmentally dependent dynamical properties 
such as gravitational collapse of the ISM, collisions between clouds, 
epicyclic motions, galactic shear, and large-scale gas streaming mo- 
tions (Dobbs & Pringle 2013 ; Dobbs, Pringle & Duarte-Cabral 2015 ; 
Meidt et al. 2013 , 2018 , 2020 ; Jeffreson & Kruijssen 2018 ; Jeffreson 
et al. 2020 , 2021 ; Tress et al. 2020 , 2021 ). During recent decades, 
growing cloud-scale observational evidence, revealing a spatial 
decorrelation between molecular gas and young stellar regions, 
points towards a view of GMCs as transient objects that are dispersed 
within a free-fall or dynamical time-scale (10 −30 Myr) by violent 
feedback from young massive stars (Elmegreen 2000 ; Engargiola 
et al. 2003 ; Blitz et al. 2007 ; Kawamura et al. 2009 ; Onodera et al. 
2010 ; Schruba et al. 2010 ; Miura et al. 2012 ; Meidt et al. 2015 ; 
Corbelli et al. 2017 ; Kruijssen et al. 2019b ; Schinnerer et al. 2019 ; 
Che v ance et al. 2020a , b ; Barnes et al. 2020 ; Kim et al. 2021a ; Pan 
et al. 2022 ). This contradicts a conventional view where GMCs are 
considered to represent quasi-equilibrium structures that survive over 
a large fraction of a galactic rotation period (Scoville & Hersh 1979 ). 
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Despite these pre vious ef forts, it has been challenging to un- 
derstand what determines the evolutionary time-scales of cloud 
assembly, star formation, and cloud dispersal due to the limited 
range of galactic properties and ISM conditions probed so far. 
Now, the dynamic range of environments that can be investigated 
at required cloud-scale resolution has been significantly widened 
thanks to PHANGS, 1 which has mapped 12 CO( J = 2 −1) emission 
with the Atacama Large Millimeter/submillimeter Array (ALMA) 
at cloud-scale resolution across 90 star-forming main-sequence 
galaxies (Leroy et al. 2021b ). In addition, subsets of these galaxies 
have been targeted by observations at various other wavelengths 
including radio (PHANGS–VLA; Sardone et al. in preparation), 
mid-/near-infrared (Leroy et al. 2019 ), optical (PHANGS–HST ; Lee 
et al. 2022 , PHANGS–MUSE; Emsellem et al. 2022 , PHANGS–
H α; Razza et al. in preparation), and near -/far -ultra violet (Leroy 
et al. 2019 ). These observations reveal that the GMC populations 
of nearby galaxies, with molecular gas surface densities spanning 
3.4 dex (Sun et al. 2020b ), reside in diverse galactic environments 
co v ering a substantial range of local galaxy properties such as gas and 
stellar mass surface densities, orbital velocities, and shear parameters 
(Sun et al. 2022 ). 

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

The first application of this method to a subset of nine PHANGS 
galaxies by Che v ance et al. ( 2020b ) re vealed that the time-scale for 
GMC survi v al is 10 −30 Myr, agreeing well with the Local Group 
measurements by Fukui et al. ( 2008 ), Kawamura et al. ( 2009 ), and 
Corbelli et al. ( 2017 ), using a dif ferent methodology. Che v ance 
et al. ( 2020b ) also found that at high molecular gas surface density 
(with kpc-scale molecular gas surface density # H 2 > 8 M # pc −2 ), the 
measured cloud lifetime is consistent with being set by large-scale 
dynamical processes, such as large-scale gravitational collapse and 
galactic shear. In the low surface density regime ( # H 2 ≤ 8 M # pc −2 ), 
time-scales associated with internal dynamical processes, such as 
the free-fall and crossing times, go v ern the cloud lifetime. The 
duration o v er which CO and H α emission o v erlap is found to be 
short (1 −5 Myr), indicating that pre-supernova feedback, such as 
photoionization and stellar winds, plays a key role for molecular 
cloud disruption. This method also has been applied to other 
1 The Physics at High Angular resolution in Nearby GalaxieS project: http: 
//phangs.org . 

wavelengths. Ward et al. ( 2020 ) used HI data to infer a duration of 
∼50 Myr for the atomic gas cloud lifetime in the LMC. For six nearby 
galaxies, Kim et al. ( 2021a ) incorporated Spitzer 24 µm observations 
to measure the time-scale of the heavily obscured star formation, 
which is missed when using H α only, due to attenuation provided 
by surrounding gas and dust. The measured duration for the heavily 
obscured star formation is 1 −4 Myr, constituting 10 −25 per cent of 
the cloud lifetime. 

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

The structure of the paper is as follows. In Section 2 , we summarize 
the observational data used in our analysis. In Section 3 , we describe 
the statistical method used here and the associated main input param- 
eters. In Section 4 , we present the inferred cloud lifetime, the duration 
for which CO and H α emission coincide, the mean separation length 
between star-forming regions undergoing independent evolution, as 
well as several other quantities derived from our measurements. In 
Section 5 , we explore how these time-scales vary with galactic and 
average GMC properties. We also compare them with theoretical 
values. Lastly, we present our conclusions in Section 6 . 
2  OBSERVA  T I O NA L  DA  TA  
2.1 Descriptions of CO and H α emission maps 
PHANGS has constructed a multiwavelength data base at GMC- 
scale resolution ( ∼100 pc), co v ering most of the nearby ( ≤20 Mpc), 
ALMA accessible, star-forming galaxies ( M ∗ = 10 9 . 5 −10 11 . 5 M #) 
lying around the main sequence (see Leroy et al. 2021b ). In this 
paper, we focus on the galaxies where both 12 CO( J = 2 −1), 
denoted as CO(2–1) in the following, and ground-based continuum- 
subtracted H α observations are available. This results in a sample 
of 64 galaxies. For a robust application of our statistical method, 
we need a minimum of 35 identified emission peaks in each map 
(Kruijssen et al. 2018 ). This requirement made us remo v e 10 
galaxies (IC 5332, NGC 1317, NGC 2566, NGC 2775, NGC 3626, 
NGC 4207, NGC 4293, NGC 4424, NGC 4457, NGC 4694), as they 
do not have enough peaks identified in either the CO or H α map. 2 In 
the end, our final sample consists of 54 galaxies and their physical and 
observational properties are listed in Table 1 . In the next paragraphs, 
we briefly summarize the main features of the PHANGS–ALMA 
(CO(2–1)) and PHANGS–H α data sets. 

In order to trace the molecular gas, we use the PHANGS–ALMA 
surv e y, which has mapped the CO(2–1) emission in the star-forming 
part of the disc across 90 galaxies. Full descriptions of the sample 
2 Most of these galaxies have centrally concentrated star formation making it 
hard to distinguish emission peaks. Excluding these galaxies does not bias 
our galaxy sample in terms of stellar mass, as they seem to be distributed 
evenly across the observed range (see Fig. 6 ). 
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Table 1. Physical and observational properties of our galaxy sample. 
(a) (b) (c) (d) (e) (f) (g) (h) (i) 

Galaxy M ∗, global SFR global M HI, global M H 2 , global $ MS Dist. Incl. PA Hubble 
(log 10 M #) (log 10 M #yr −1 ) (log 10 M #) (log 10 M #) (Mpc) (deg) (deg) Type 

IC1954 9 .7 − 0 .4 8 .8 8 .7 − 0 .04 12 .8 57 .1 63 .4 3 .3 
IC5273 9 .7 − 0 .3 9 .0 8 .6 0 .09 14 .18 52 .0 234 .1 5 .6 
NGC 0628 10 .3 0 .2 9 .7 9 .4 0 .18 9 .84 8 .9 20 .7 5 .2 
NGC 0685 10 .1 − 0 .4 9 .6 8 .8 − 0 .25 19 .94 23 .0 100 .9 5 .4 
NGC 1087 9 .9 0 .1 9 .1 9 .2 0 .33 15 .85 42 .9 359 .1 5 .2 
NGC 1097 10 .8 0 .7 9 .6 9 .7 0 .33 13 .58 48 .6 122 .4 3 .3 
NGC 1300 10 .6 0 .1 9 .4 9 .4 − 0 .18 18 .99 31 .8 278 .0 4 .0 
NGC 1365 11 .0 1 .2 9 .9 10 .3 0 .72 19 .57 55 .4 201 .1 3 .2 
NGC 1385 10 .0 0 .3 9 .2 9 .2 0 .50 17 .22 44 .0 181 .3 5 .9 
NGC 1433 10 .9 0 .1 9 .4 9 .3 -0 .36 18 .63 28 .6 199 .7 1 .5 
NGC 1511 9 .9 0 .4 9 .6 9 .2 0 .59 15 .28 72 .7 297 .0 2 .0 
NGC 1512 10 .7 0 .1 9 .9 9 .1 − 0 .21 18 .83 42 .5 261 .9 1 .2 
NGC 1546 10 .4 − 0 .1 8 .7 9 .3 − 0 .15 17 .69 70 .3 147 .8 -0 .4 
NGC 1559 10 .4 0 .6 9 .5 9 .6 0 .50 19 .44 65 .4 244 .5 5 .9 
NGC 1566 10 .8 0 .7 9 .8 9 .7 0 .29 17 .69 29 .5 214 .7 4 .0 
NGC 1672 10 .7 0 .9 10 .2 9 .9 0 .56 19 .4 42 .6 134 .3 3 .3 
NGC 1792 10 .6 0 .6 9 .2 9 .8 0 .32 16 .2 65 .1 318 .9 4 .0 
NGC 1809 9 .8 0 .8 9 .6 9 .0 1 .08 19 .95 57 .6 138 .2 5 .0 
NGC 2090 10 .0 -0 .4 9 .4 8 .7 − 0 .25 11 .75 64 .5 192 .46 4 .5 
NGC 2283 9 .9 -0 .3 9 .7 8 .6 − 0 .04 13 .68 43 .7 − 4 .1 5 .9 
NGC 2835 10 .0 0 .1 9 .5 8 .8 0 .26 12 .22 41 .3 1 .0 5 .0 
NGC 2997 10 .7 0 .6 9 .9 9 .8 0 .31 14 .06 33 .0 108 .1 5 .1 
NGC 3059 10 .4 0 .4 9 .7 9 .4 0 .29 20 .23 29 .4 − 14 .8 4 .0 
NGC 3351 10 .4 0 .1 8 .9 9 .1 0 .05 9 .96 45 .1 193 .2 3 .1 
NGC 3507 10 .4 − 0 .0 9 .3 9 .3 − 0 .10 23 .55 21 .7 55 .8 3 .1 
NGC 3511 10 .0 − 0 .1 9 .4 9 .0 0 .06 13 .94 75 .1 256 .8 5 .1 
NGC 3596 9 .7 − 0 .5 8 .9 8 .7 − 0 .12 11 .3 25 .1 78 .4 5 .2 
NGC 3627 10 .8 0 .6 9 .1 9 .8 0 .19 11 .32 57 .3 173 .1 3 .1 
NGC 4254 10 .4 0 .5 9 .5 9 .9 0 .37 13 .1 34 .4 68 .1 5 .2 
NGC 4298 10 .0 − 0 .3 8 .9 9 .2 − 0 .18 14 .92 59 .2 313 .9 5 .1 
NGC 4303 10 .5 0 .7 9 .7 9 .9 0 .54 16 .99 23 .5 312 .4 4 .0 
NGC 4321 10 .7 0 .6 9 .4 9 .9 0 .21 15 .21 38 .5 156 .2 4 .0 
NGC 4496A 9 .5 -0 .2 9 .2 8 .6 0 .28 14 .86 53 .8 51 .1 7 .4 
NGC 4535 10 .5 0 .3 9 .6 9 .6 0 .14 15 .77 44 .7 179 .7 5 .0 
NGC 4540 9 .8 − 0 .8 8 .4 8 .6 − 0 .46 15 .76 28 .7 12 .8 6 .2 
NGC 4548 10 .7 − 0 .3 8 .8 9 .2 − 0 .58 16 .22 38 .3 138 .0 3 .1 
NGC 4569 10 .8 0 .1 8 .8 9 .7 − 0 .26 15 .76 70 .0 18 .0 2 .4 
NGC 4571 10 .1 − 0 .5 8 .7 8 .9 − 0 .43 14 .9 32 .7 217 .5 6 .4 
NGC 4654 10 .6 0 .6 9 .8 9 .7 0 .36 21 .98 55 .6 123 .2 5 .9 
NGC 4689 10 .2 − 0 .4 8 .5 9 .1 − 0 .37 15 .0 38 .7 164 .1 4 .7 
NGC 4731 9 .5 − 0 .2 9 .4 8 .6 0 .30 13 .28 64 .0 255 .4 5 .9 
NGC 4781 9 .6 − 0 .3 8 .9 8 .8 0 .09 11 .31 59 .0 290 .0 7 .0 
NGC 4941 10 .2 − 0 .4 8 .5 8 .7 − 0 .30 15 .0 53 .4 202 .2 2 .1 
NGC 4951 9 .8 − 0 .5 9 .2 8 .6 − 0 .14 15 .0 70 .2 91 .2 6 .0 
NGC 5042 9 .9 − 0 .2 9 .3 8 .8 0 .01 16 .78 49 .4 190 .6 5 .0 
NGC 5068 9 .4 − 0 .6 8 .8 8 .4 0 .02 5 .2 35 .7 342 .4 6 .0 
NGC 5134 10 .4 − 0 .3 8 .9 8 .8 − 0 .45 19 .92 22 .7 311 .6 2 .9 
NGC 5248 10 .4 0 .4 9 .5 9 .7 0 .25 14 .87 47 .4 109 .2 4 .0 
NGC 5530 10 .1 − 0 .5 9 .1 8 .9 − 0 .37 12 .27 61 .9 305 .4 4 .2 
NGC 5643 10 .3 0 .4 9 .1 9 .4 0 .36 12 .68 29 .9 318 .7 5 .0 
NGC 6300 10 .5 0 .3 9 .1 9 .3 0 .13 11 .58 49 .6 105 .4 3 .1 
NGC 6744 10 .7 0 .4 10 .3 9 .5 0 .06 9 .39 52 .7 14 .0 4 .0 
NGC 7456 9 .6 − 0 .4 9 .3 9 .3 − 0 .02 15 .7 67 .3 16 .0 6 .0 
NGC 7496 10 .0 0 .4 9 .1 9 .3 0 .53 18 .72 35 .9 193 .7 3 .2 
Note. (a) and (b) Stellar mass and global SFR (Leroy et al. 2021b ). (c) Atomic gas mass from Lyon-Meudon Extragalactic Database 
(LEDA). (d) Aperture corrected total molecular gas mass from PHANGS–ALMA observations (Leroy et al. 2021a ). (e) Offset from 
the star-forming main sequence (Leroy et al. 2021b ). (f) Distance (Anand et al. 2021 ). (g) and (h) Inclination and Position angle (Lang 
et al. 2020 ). (i) Hubble type from LEDA. 
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and the surv e y design are presented in Leroy et al. ( 2021b ). Detailed 
information about the image production process can be found in 
Leroy et al. ( 2021a ). The observations were carried out using 12 m, 
7 m, and total power antennas of the ALMA. The resulting maps 
have a resolution of ∼1 arcsec, which translates into a physical scale 
of ∼25–200 pc for the galaxies considered here. We use the first 
public release version of moment-0 maps generated with an inclusive 
signal masking scheme to ensure a high detection completeness 
(the ‘broad’ masking scheme; see Leroy et al. 2021a ) at native 
resolution. The typical 1 σ surface density sensitivity of these broad 
maps is # H 2 ≈ 5 . 8 M # pc −2 (assuming the Galactic CO(1–0)-to-H 2 
conversion factor of 4.35 M # pc −2 (K km s −1 ) −1 and a CO(2–1)-to- 
CO(1–0) ratio of 0.65; Leroy et al. 2013 ; Den Brok et al. 2021 ; Leroy 
et al. 2022 ). 

To trace the star formation rate (SFR), we use the continuum- 
subtracted narrow-band H α imaging from PHANGS–H α (Prelimi- 
nary version; Razza et al. in preparation). We assume that all the H α
emission originates from the gas ionized by young, massive stars, 
ignoring the contributions from other sources such as supernova 
remnants and planetary nebulae. For the 19 galaxies in PHANGS–
H α that were also surv e yed by PHANGS–MUSE (Emsellem et al. 
2022 ), we can use measurements of other diagnostic lines (e.g. 
[N II ], [O III ]) to quantify the fraction of H α emission originating 
from H II regions as a function of galactocentric radius. Using the 
nebula catalogue introduced in Santoro et al. ( 2022 ) and described in 
more detail in Gro v es et al. (in preparation), we find that more than 
80 per cent of the H α emission from discrete sources comes from H II 
re gions, e xcept for in a few galactic centres, which are not included in 
our analysis. This calculation does not account for H α emission from 
the diffuse ionized gas (DIG), but Belfiore et al. ( 2022 ) demonstrate 
that the majority of this emission also originates from young stars, 
and in any case this diffuse emission is largely filtered out of our maps 
by the Fourier filtering described in Section 3 . The PHANGS–H α
sample consists of 65 galaxies, of which 36 galaxies were observed 
by the du Pont 2.5-m telescope at the Las Campanas Observatory, 
and 32 galaxies by the Wide Field Imager (WFI) instrument at the 
MPG-ESO 2.2-m telescope at the La Silla Observatory, including 
three galaxies that o v erlap with the du Pont 2.5-m telescope targets. 
For the overlapping galaxies, we use the observations with the best 
angular resolution. NGC 1097 is not included in PHANGS–H α and 
therefore we use the H α map from SINGS (Kennicutt et al. 2003 ). 
This observation was carried out using the CTIO 1.5m telescope 
with the CFCCD imager. For all the galaxies, a correction for the 
Milky Way dust extinction is applied following Schlafly & Finkbeiner 
( 2011 ) and an extinction curve with R V = 3.1 (Fitzpatrick 1999 ). We 
note that we do not correct for internal extinction caused by gas and 
dust surrounding the young stars in these H α maps. In Haydon et al. 
( 2020a ), we have addressed the potential impact of internal extinction 
on our time-scale measurements, finding that it is negligible for kpc- 
scale molecular gas surface densities below 20 M # pc −2 . Most of the 
galaxies fall below this threshold (see Fig. 6 ). Ho we ver, for those 
with higher molecular gas surface densities, extinction may decrease 
the measured molecular cloud lifetimes and feedback time-scales. 
We remo v e the contamination due to the [N II ] lines by assuming 
an intensity ratio I ( N II ) /I (H α) = 0 . 3 (Kreckel et al. 2016 , 2019 ; 
Santoro et al. 2022 ). This correction factor for [N II ] contamination 
is known to vary with galaxy mass, as well as within a galaxy 
with a large-scale metallicity gradient. We note that g alaxy-to-g alaxy 
variations do not affect our time-scale measurements, because we use 
the ratio between the flux on GMC scales and the galactic average 
when constraining the time-scales and this correction factor cancels 
out. By contrast, variations within a galaxy can potentially affect the 

measured deviations of flux ratios and thus the inferred time-scales. 
Ho we v er, we e xpect this effect to be small as long as a random 
distribution of peaks in terms of radial distances can be assumed, 
such that any variations in [N II ] correction average out. The typical 
resolution of the H α maps is ∼1 arcsec. Razza et al. (in preparation) 
have measured the size of the point spread function (PSF) for each 
image and find that it is close enough to be approximated as Gaussian. 
For more detailed information about the image reduction process, we 
refer readers to the surv e y paper by Razza et al. (in preparation) and 
our previous papers using a subset of the same data set (Schinnerer 
et al. 2019 ; Che v ance et al. 2020b ; Pan et al. 2022 ). 
2.2 Homogenization of maps to common pixel grid and 
masking 
In our analysis, we require gas and SFR tracer maps of a given galaxy 
to have the same pixel grid. Therefore, for each galaxy, we reproject 
both gas and SFR tracer images to share a common astrometric grid, 
choosing to work with the astrometry of whichever image has the 
coarser pixel size. When the map that is being transformed has a 
finer resolution than the reference map, we first convolve the map 
with a Gaussian kernel to the resolution of the reference map to 
a v oid introducing artifacts. If the map being reprojected already has 
a coarser resolution, no additional step is performed at this stage and 
both maps will be convolved to similar resolutions at a later stage 
during the analysis. This working resolution for each galaxy is listed 
as l ap, min in Table 2 . This implies that we do not homogenize the 
resolution across the surv e y but work at the best available resolution. 

Due to the limited field of view of the CO maps, we restrict our 
analysis to regions where CO observations have been made. For 
most galaxies, we mask the galaxy centre because these regions 
are crowded and we cannot separate distinct regions at our working 
resolution. The radius of the galactic centre mask is listed in Table 2 . 
Following the prescription by Kim et al. ( 2021a ), we also mask some 
of very bright molecular gas or SFR tracer peaks identified within 
a galaxy. This is necessary because our method utilizes small-scale 
variation of the gas-to-SFR flux ratios to constrain the evolutionary 
timeline and implicitly assumes that this timeline is well-sampled 
by the ensemble of gas and SFR peaks identified. Therefore, by 
construction, bright peaks constituting a significant fraction of the 
total flux might bias our results (also see Kruijssen et al. 2018 ). 
In our previous work (Che v ance et al. 2020b ; Kim et al. 2021a ), 
these regions were found to correspond to super-luminous regions 
like 30 Doradus in the LMC, or regions located at the intersection of 
a spiral arm and the co-rotation radius (e.g. the headlight cloud in 
NGC 0628, Herrera et al. 2020 ). In order to find these potential o v erly 
bright regions, we first sort the peaks that are identified within our 
method using CLUMPFIND (see Section 3 ), by descending intensity. 
Then, we look for any gaps, which we define to exist when the n th 
peak is more than twice as bright as the ( n + 1) th peak. Whenever 
such a gap is found, we mask all the peaks that are brighter than the 
( n + 1) th brightest peak. This typically results in a maximum of three 
masked peaks in any particular galaxy. 
3  M E T H O D  
In this section, we provide a brief description of our analysis method 
(formalized in the HEISENBERG 3 code) and explain the main input 
parameters used. A detailed explanation of the concept can be found 
3 ht tps://github.com/mustang-project /Heisenberg 
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Table 2. Main input parameters used in our analysis of each galaxy. Other parameters not listed here are set to the default value from Kruijssen et al. ( 2018 ). 
Galaxy r min l ap, min l ap, max N ap N pix , min $ log 10 F CO δlog 10 F CO $ log 10 F H α δlog 10 F H α t ref t ref, errmin t ref, errmax SFR σ (SFR) log 10 αCO σrel ( αCO ) n λ

(kpc) (pc) (pc) (Myr) (Myr) (Myr) (M #yr −1 ) (M #yr −1 ) 
IC1954 0.3 132 3000 15 7 2.0 0.05 2.5 0.05 4.32 0.23 0.09 0.29 0.06 0.83 0.5 14 
IC5273 0.8 154 3000 15 6 2.0 0.05 2.5 0.05 4.32 0.23 0.09 0.37 0.07 0.83 0.5 12 
NGC 0628 0.7 54 3000 15 20 1.4 0.10 2.8 0.10 4.28 0.22 0.08 0.76 0.15 0.76 0.5 13 
NGC 0685 0.0 170 3000 15 10 2.0 0.05 3.0 0.05 4.32 0.23 0.09 0.42 0.08 0.82 0.5 13 
NGC 1087 0.5 144 3000 15 20 1.5 0.10 3.0 0.05 4.31 0.23 0.09 1.02 0.20 0.80 0.5 13 
NGC 1097 1.9 137 3000 15 7 2.1 0.05 2.1 0.05 4.24 0.22 0.07 1.03 0.21 0.67 0.5 14 
NGC 1300 2.7 123 3000 15 8 1.5 0.05 1.8 0.05 4.22 0.21 0.06 0.67 0.13 0.64 0.5 11 
NGC 1365 5.4 174 3000 15 9 2.7 0.05 2.5 0.05 4.25 0.22 0.07 1.17 0.23 0.69 0.5 13 
NGC 1385 0.0 125 3000 15 5 1.7 0.05 3.0 0.05 4.29 0.23 0.08 1.82 0.36 0.77 0.5 14 
NGC 1433 3.4 110 3000 15 10 1.9 0.05 1.8 0.05 4.23 0.22 0.06 0.45 0.09 0.65 0.5 12 
NGC 1511 0.3 196 6000 15 15 1.8 0.05 3.0 0.05 4.33 0.23 0.09 1.52 0.30 0.84 0.5 12 
NGC 1512 4.0 110 3000 15 8 1.2 0.05 2.0 0.05 4.24 0.22 0.07 0.32 0.06 0.68 0.5 11 
NGC 1546 0.4 217 3000 15 3 2.2 0.05 3.0 0.05 4.29 0.22 0.08 0.61 0.12 0.76 0.5 15 
NGC 1559 0.0 201 6000 15 8 2.8 0.05 2.3 0.15 4.29 0.23 0.08 4.12 0.82 0.78 0.5 13 
NGC 1566 0.5 115 3000 15 5 1.8 0.05 2.6 0.05 4.25 0.22 0.07 3.02 0.60 0.69 0.5 12 
NGC 1672 2.7 212 3000 15 10 1.9 0.03 3.0 0.10 4.26 0.22 0.07 2.09 0.42 0.72 0.5 14 
NGC 1792 1.5 233 3000 15 7 1.8 0.05 2.5 0.05 4.27 0.22 0.08 2.90 0.58 0.73 0.5 14 
NGC 1809 0.0 186 6000 15 6 2.0 0.05 3.0 0.05 4.33 0.23 0.09 0.18 0.04 0.84 0.5 13 
NGC 2090 0.7 112 3000 15 10 2.0 0.05 2.5 0.05 4.32 0.23 0.09 0.15 0.03 0.83 0.5 12 
NGC 2283 0.0 102 3000 15 17 1.4 0.05 3.0 0.05 4.35 0.22 0.09 0.49 0.10 0.88 0.5 13 
NGC 2835 0.0 74 3000 15 15 1.2 0.05 3.0 0.05 4.32 0.23 0.09 0.39 0.08 0.83 0.5 12 
NGC 2997 2.0 132 3000 15 30 1.8 0.05 2.8 0.05 4.25 0.22 0.07 2.61 0.52 0.68 0.5 12 
NGC 3059 0.8 150 5000 15 20 2.0 0.05 3.5 0.05 4.28 0.22 0.08 1.33 0.27 0.75 0.5 10 
NGC 3351 2.0 84 3000 15 12 1.8 0.05 2.8 0.05 4.25 0.22 0.07 0.20 0.04 0.69 0.5 12 
NGC 3507 2.0 176 7000 15 7 1.8 0.05 3.0 0.10 4.25 0.22 0.07 0.60 0.12 0.70 0.5 12 
NGC 3511 0.8 240 6000 15 6 2.0 0.05 2.5 0.05 4.33 0.23 0.09 0.66 0.13 0.84 0.5 13 
NGC 3596 0.3 75 3000 15 10 2.0 0.05 3.5 0.10 4.38 0.22 0.08 0.23 0.05 0.93 0.5 14 
NGC 3627 1.1 121 3000 15 12 3.2 0.10 3.1 0.10 4.25 0.22 0.07 2.71 0.54 0.70 0.5 13 
NGC 4254 0.2 125 3000 15 12 2.0 0.05 3.5 0.05 4.27 0.22 0.08 2.62 0.52 0.74 0.5 13 
NGC 4298 0.6 160 3000 15 7 2.5 0.05 3.5 0.05 4.29 0.23 0.08 0.38 0.08 0.77 0.5 14 
NGC 4303 1.2 156 3000 15 5 1.6 0.10 2.5 0.05 4.24 0.22 0.07 3.61 0.72 0.68 0.5 13 
NGC 4321 1.0 139 3000 15 10 1.6 0.15 1.6 0.25 4.24 0.22 0.07 2.20 0.44 0.68 0.5 12 
NGC 4496A 0.0 118 3000 15 10 2.5 0.05 3.0 0.05 4.36 0.22 0.09 0.18 0.04 0.90 0.5 12 
NGC 4535 3.0 141 7200 15 10 2.5 0.05 2.7 0.10 4.24 0.22 0.07 0.76 0.15 0.67 0.5 12 
NGC 4540 0.0 112 3000 15 3 3.0 0.05 3.0 0.05 4.33 0.23 0.09 0.14 0.03 0.85 0.5 14 
NGC 4548 1.4 150 3000 15 8 1.8 0.05 2.5 0.05 4.24 0.22 0.07 0.22 0.04 0.67 0.5 14 
NGC 4569 1.6 220 5000 15 3 1.4 0.03 2.0 0.03 4.23 0.21 0.06 0.68 0.14 0.65 0.5 13 
NGC 4571 0.4 128 3000 15 7 2.0 0.05 3.0 0.40 4.30 0.23 0.08 0.17 0.03 0.78 0.5 12 
NGC 4654 2.1 243 5000 15 15 2.0 0.05 3.2 0.05 4.28 0.06 0.32 2.31 0.46 0.74 0.5 12 
NGC 4689 1.7 111 3000 15 15 1.4 0.05 3.0 0.05 4.27 0.22 0.08 0.41 0.08 0.74 0.5 13 
NGC 4731 0.0 149 3000 15 5 2.5 0.16 2.5 0.05 4.36 0.22 0.09 0.19 0.04 0.90 0.5 13 
NGC 4781 0.0 100 3000 15 15 1.8 0.05 1.6 0.05 4.32 0.23 0.09 0.40 0.08 0.83 0.5 12 
NGC 4941 1.4 149 3000 15 10 1.6 0.05 2.5 0.05 4.28 0.22 0.08 0.13 0.03 0.75 0.5 12 
NGC 4951 0.5 167 5000 15 10 2.0 0.05 2.4 0.05 4.34 0.23 0.09 0.17 0.03 0.86 0.5 12 
NGC 5042 0.7 134 3000 15 10 2.5 0.10 2.5 0.05 4.36 0.22 0.09 0.22 0.04 0.89 0.5 12 
NGC 5068 0.0 32 3000 15 40 1.6 0.30 3.4 0.10 4.43 0.21 0.08 0.18 0.04 1.03 0.5 10 
NGC 5134 1.2 124 3000 15 10 1.3 0.05 3.4 0.05 4.28 0.22 0.08 0.30 0.06 0.75 0.5 12 
NGC 5248 1.2 113 3000 15 10 2.0 0.10 2.4 0.03 4.27 0.22 0.08 1.35 0.27 0.74 0.5 13 
NGC 5530 0.0 105 3000 15 15 1.6 0.05 2.0 0.05 4.30 0.23 0.08 0.33 0.07 0.79 0.5 10 
NGC 5643 1.1 86 3000 15 15 1.4 0.10 2.5 0.10 4.26 0.22 0.07 1.11 0.22 0.72 0.5 11 
NGC 6300 1.7 85 3000 15 15 1.2 0.15 2.2 0.05 4.25 0.22 0.07 0.63 0.13 0.69 0.5 13 
NGC 6744 3.0 78 3000 15 10 1.4 0.05 2.6 0.30 4.28 0.22 0.08 0.49 0.10 0.75 0.5 12 
NGC 7456 0.0 206 5000 15 3 4.0 0.05 3.5 0.05 4.48 0.20 0.07 0.10 0.02 1.12 0.5 11 
NGC 7496 1.3 169 5000 15 5 3.0 0.05 3.2 0.05 4.27 0.22 0.08 0.53 0.11 0.73 0.5 13 
in Kruijssen & Longmore ( 2014 ), the presentation and validation of 
the code and a full description of its input parameters in Kruijssen 
et al. ( 2018 ), and applications of the method to observed galaxies 
in Kruijssen et al. ( 2019b ), Che v ance et al. ( 2020b , 2022 ), Haydon 
et al. ( 2020a ), Ward et al. ( 2020 ), Zabel et al. ( 2020 ), and Kim et al. 
( 2021a ). 

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

In order to translate this observed decorrelation between gas 
and young stars into their evolutionary lifecycle, we first identify 
emission peaks in gas and SFR tracer maps using CLUMPFIND 
(Williams, de Geus & Blitz 1994 ). This algorithm finds peaks by 
contouring the data for a set of flux levels, which are spaced by an 

interval of δlog 10 F and are spread o v er a flux range ( $ log 10 F ) below 
the maximum flux level. We then reject peaks that contain less than 
N pix, min pixels. Around each identified peak, we then place apertures 
of various sizes ranging from cloud scales ( l ap, min ) to galactic scales 
( l ap, max ) and measure the relative changes of the gas-to-SFR tracer 
flux ratio, compared to the galactic average, at each given aperture 
size. We set the number of aperture sizes to be N ap = 15. 

We then fit an analytical function (see section 3.2.11 of Kruijssen 
et al. 2018 ) to the measured flux ratios, which assumes that the 
measured flux ratios reflect the superposition of independently evolv- 
ing regions and depend on the relative durations of the successive 
phases of the cloud and star formation timeline, as well as on 
the typical separation length between independent regions ( λ). The 
absolute durations of the successive phases are obtained by scaling 
the resulting constraints on time-scale ratios by a reference time- 
scale ( t ref ). Here, we use the duration of the isolated H α emitting 
phase as t ref ( ≈ 4 . 3 Myr). This value is appropriate for a delta- 
function star formation history and thus does not correspond to the 
full duration of the H α emitting phase if the age spread is non- 
zero (which is accounted for, see below). This t ref is dependent on 
metallicity and listed for each galaxy in Table 2 , and was calibrated by 
Haydon et al. ( 2020a , b ) using the stellar population synthesis model 
SLUG2 (Da Silva, Fumagalli & Krumholz 2012 , 2014 ; Krumholz 
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et al. 2015 ). Therefore, our fitted model is described by three 
independent non-degenerate parameters: the cloud lifetime ( t CO ), 
the phase during which both molecular gas and SFR tracers o v erlap 
( t fb ), and the characteristic separation length between independent 
regions ( λ). The overlapping time-scale represents the duration 
from when massive star-forming regions start emerging to when 
the surrounding molecular gas has been completely remo v ed or 
dissociated by feedback, and is therefore often referred to as the 
feedback time-scale. The SFR tracer-emitting time-scale ( t H α) then 
simply follows as t fb + t ref , where the addition of t fb allows for the 
presence of an age spread in individual regions. 

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

Using this method, we also derive other physical properties, 
such as the compact molecular gas surface density ( # compact 

H 2 ), SFR 
surface density of the analysed region ( # SFR ), depletion time of 
the compact molecular gas ( t compact 

dep ), which assumes that all of 
the SFR results from the compact molecular gas component), 4 and 
integrated star formation efficiency achieved by the average star- 
forming region ( εsf ). To derive these properties, we adopt a CO(2–
1)-to-H 2 conversion factor ( αCO ) and use the global SFR, which 
includes a contribution from diffused ionized gas and a correction 
for the internal extinction. We adopt a metallicity-dependent αCO 
following Sun et al. ( 2020b ), expressed as 
αCO = 4 . 35 Z ′−1 . 6 /R 21 M # �

K km s −1 pc 2 �−1 
, (1) 

where R 21 is the CO(2–1)-to-CO(1–0) line ratio (0.65; Leroy et al. 
2013 ; Den Brok et al. 2021 ; Leroy et al. 2022 ) and Z ′ is the 
CO luminosity-weighted metallicity in units of the solar value. To 
calculate this, we adopt the metallicity from the global stellar mass- 
metallicity relation (S ́anchez et al. 2019 ) at the ef fecti ve radius (R eff ) 
and assume a fixed radial metallicity gradient within the galaxy 
( −0 . 1dex / R eff ; S ́anchez et al. 2014 ). The global SFR, accounting for 
extinction, is adopted from Leroy et al. ( 2019 ) and is measured by 
combining maps from the Galaxy Evolution Explorer ( GALEX ) far- 
ultraviolet band (155 nm) and the Wide-field Infrared Survey Explorer 
( WISE ) W4 band (22 µm), convolved to 15 arcsec angular resolution. 
4 We also derive molecular gas surface density (including the diffuse compo- 
nent; # H 2 ) and depletion time for all the molecular gas t dep . 

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

The main input parameters explained above are listed in Table 2 
for each galaxy. We use the distance, inclination angle, and position 
angle listed in Table 1 . For other parameters not mentioned here, we 
use the default values as listed in Kruijssen et al. ( 2018 ), which are 
related to the fitting process and error propagation. 
4  E VO L U T I O NA RY  TIMELINE  F RO M  
M O L E C U L A R  G A S  TO  EXPOSED  YOUNG  
STELLAR  R E G I O N S  
In this section, we present our results obtained from the application 
of our statistical method to CO and H α observations as tracers 
of molecular gas and SFR for the 54 PHANGS galaxies described 
in Section 2 . We note that our results include the re-analysis of 8 
galaxies from Che v ance et al. ( 2020b , excluding M51, which is not 
in our galaxy sample). Here, we use an updated H α map for NGC 
3627, which is reduced with a better continuum subtraction (Razza 
et al. in preparation), as well as impro v ed CO data products for all 
of the re-analysed galaxies. In addition, we introduced an additional 
step where, for each CO–H α pair of maps, we convolve one map 
to match the resolution of the other map, before reprojecting it to 
the coarsest pixel grid (as explained in Section 2.2 ). Despite these 
changes, our results agree to within the 1 σ uncertainties with those 
from Che v ance et al. ( 2020b ). 

Fig. 1 shows the variations of the gas-to-SFR tracer flux ratios 
measured within apertures centred on CO and H α peaks relative 
to the galactic average, as a function of the aperture size, together 
with our best-fitting model for each galaxy. For all the galaxies in 
our sample, the measured flux ratios increasingly diverge from the 
galactic average as the size of the aperture decreases (from ∼1 kpc to 
∼50 pc), both for apertures focused on gas and SFR tracer peaks. This 
demonstrates a universal spatial decorrelation between molecular gas 
and young stellar regions on the cloud scale at the sensitivity limits 
of our data. In Table 3 , we present the best-fitting free parameters 
constrained by the model fit to each galaxy, as well as additional 
quantities that can be derived from our measurements: the feedback 
outflow velocity ( v fb ; see Section 4.4 ), the integrated cloud-scale 
star formation efficiency ( εsf ; see Section 4.5 ), and the fractions of 
diffuse molecular and ionized gas ( f CO 

diffuse and f H αdiffuse ; see Section 4.6 ), 
which are determined during our diffuse emission filtering process 
described in Section 3 . Fig. 2 shows an illustration of the resulting 
evolutionary lifecycles of GMCs in our galaxy sample, from the 
assembly of molecular gas to the feedback phase powered by massive 
star formation, and finally to exposed young stellar regions. Star 
formation regions emit in only CO in the beginning, then also in H α
after the massive star-forming region has become partially exposed, 
and finally only in H α after cloud disruption. In Fig. 3 , we show the 
distributions of our main measurements across the galaxy sample. 
4.1 Cloud lifetime ( t CO ) 
Across all the galaxies in our sample, the range of measured cloud 
lifetimes (i.e. the duration o v er which CO is visible) is 5 −30 Myr, 
with an average of 16 Myr and a 16 −84 per cent range of 11 −22 Myr. 
The range of our measurements of t CO corresponds to 1 −3 times the 
average crossing time-scale of massive GMCs in PHANGS–ALMA 
(see also Sun et al. 2022 ; and Section 5.2 ), which suggests that 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/3006/6673429 by U
niversität H

eidelberg user on 10 February 2023

Molecular cloud lifecycle in 54 PHANGS galaxies 21



3012 J. Kim et al. 

MNRAS 516, 3006–3028 (2022) 

Figure 1. Measured variation of the gas-to-SFR tracer flux ratio (CO-to-H α) relative to the galactic average as a function of the size of apertures placed on 
CO (red) and H α (blue) emission peaks. The error bars indicate a 1 σ uncertainty on each individual measurement whereas the shaded area around each error 
bar represents the ef fecti ve 1 σ uncertainty used in the fitting process, which takes into account the covariance between measurements. The galactic average is 
shown as the solid horizontal line and the dashed line indicates our best-fitting model. The best-fitting region separation length ( λ) is indicated in each panel 
with an arrow and other constrained parameters are listed in Table 3 . 
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Table 3. Physical quantities constrained by applying the method presented in Section 3 , describing the evolution of molecular clouds to exposed 
young stellar regions. The columns list the cloud lifetime ( t CO ), the feedback time-scale ( t fb ), the H α-emitting time-scale ( t H α = t fb + t ref ), the 
characteristic region separation length ( λ), the feedback velocity ( v fb ), the integrated star formation efficiency ( εsf ), the diffuse emission fraction in 
the molecular gas and SFR tracer maps ( f CO 

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

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

diffuse f H αdiffuse t compact 
dep t dep 

(Myr) (Myr) (Myr) (pc) (km s −1 ) (per cent) (Gyr) (Gyr) 
IC1954 13 . 6 + 3 . 5 −2 . 5 < 4 . 3 < 8 . 6 < 225 18 . 6 + 10 . 0 

−5 . 2 1 . 9 + 1 . 6 −0 . 8 0 . 37 + 0 . 06 
−0 . 05 0 . 72 + 0 . 02 

−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 2 + 1 . 6 −0 . 9 
IC5273 14 . 9 + 5 . 8 −3 . 4 4 . 7 + 2 . 6 −1 . 6 9 . 1 + 2 . 6 −1 . 6 299 + 166 

−68 14 . 2 + 5 . 8 −4 . 2 4 . 9 + 4 . 9 −2 . 1 0 . 47 + 0 . 04 
−0 . 03 0 . 65 + 0 . 05 

−0 . 03 0 . 3 + 0 . 2 −0 . 1 0 . 9 + 0 . 6 −0 . 4 
NGC 0628 24 . 0 + 2 . 4 −2 . 4 3 . 2 + 0 . 5 −0 . 6 7 . 4 + 0 . 6 −0 . 6 96 + 13 

−10 8 . 0 + 1 . 4 −1 . 0 5 . 5 + 4 . 0 −2 . 3 0 . 52 + 0 . 03 
−0 . 03 0 . 38 + 0 . 03 

−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 6 + 1 . 2 −0 . 7 
NGC 0685 16 . 1 + 3 . 8 −3 . 2 4 . 2 + 1 . 3 −1 . 3 8 . 5 + 1 . 3 −1 . 4 280 + 44 

−45 18 . 1 + 7 . 1 −4 . 0 3 . 6 + 2 . 9 −1 . 6 0 . 13 + 0 . 05 
−0 . 05 0 . 59 + 0 . 02 

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

−0 . 03 0 . 53 + 0 . 04 
−0 . 04 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 

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

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

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

−35 16 . 9 + 4 . 6 −2 . 2 2 . 9 + 2 . 1 −1 . 3 0 . 43 + 0 . 02 
−0 . 02 0 . 43 + 0 . 02 

−0 . 03 0 . 6 + 0 . 4 −0 . 2 1 . 5 + 1 . 0 −0 . 6 
NGC 1365 21 . 3 + 4 . 7 −3 . 5 3 . 9 + 1 . 1 −1 . 1 8 . 1 + 1 . 2 −1 . 1 315 + 126 

−65 22 . 0 + 5 . 0 −3 . 9 2 . 4 + 1 . 9 −1 . 0 0 . 34 + 0 . 05 
−0 . 05 0 . 51 + 0 . 06 

−0 . 05 0 . 9 + 0 . 6 −0 . 4 2 . 5 + 1 . 8 −1 . 0 
NGC 1385 13 . 5 + 5 . 0 −2 . 6 < 4 . 1 < 8 . 5 < 238 20 . 0 + 7 . 5 −6 . 3 4 . 7 + 4 . 3 −2 . 0 0 . 50 + 0 . 04 

−0 . 03 0 . 62 + 0 . 04 
−0 . 03 0 . 3 + 0 . 2 −0 . 1 0 . 9 + 0 . 7 −0 . 4 

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

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

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

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

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

−30 27 . 9 + 8 . 3 −2 . 5 2 . 2 + 1 . 5 −1 . 0 0 . 53 + 0 . 02 
−0 . 02 0 . 33 + 0 . 02 

−0 . 02 0 . 5 + 0 . 4 −0 . 2 1 . 7 + 1 . 2 −0 . 7 
NGC 1546 8 . 5 + 5 . 4 −2 . 4 < 3 . 8 < 8 . 1 < 348 44 . 2 + 32 . 0 

−19 . 2 0 . 7 + 0 . 8 −0 . 3 0 . 69 + 0 . 10 
−0 . 04 0 . 31 + 1 . 07 

−0 . 37 1 . 2 + 0 . 9 −0 . 5 7 . 6 + 5 . 4 −3 . 1 
NGC 1559 16 . 2 + 11 . 9 

−4 . 0 4 . 7 + 4 . 2 −1 . 5 9 . 0 + 4 . 2 −1 . 5 369 + 140 
−63 21 . 1 + 7 . 9 −9 . 1 3 . 3 + 4 . 2 −1 . 4 0 . 43 + 0 . 04 

−0 . 03 0 . 28 + 0 . 23 
−0 . 14 0 . 5 + 0 . 3 −0 . 2 1 . 4 + 1 . 0 −0 . 6 

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

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

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

−0 . 05 0 . 5 + 0 . 4 −0 . 2 1 . 3 + 0 . 9 −0 . 5 
NGC 1792 11 . 4 + 1 . 7 −1 . 5 2 . 4 + 0 . 7 −0 . 7 6 . 6 + 0 . 8 −0 . 8 352 + 96 

−58 43 . 8 + 13 . 8 
−7 . 2 1 . 3 + 0 . 9 −0 . 5 0 . 49 + 0 . 04 

−0 . 03 0 . 67 + 0 . 03 
−0 . 03 0 . 9 + 0 . 6 −0 . 4 3 . 2 + 2 . 3 −1 . 3 

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

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

−0 . 06 0 . 6 + 0 . 4 −0 . 2 1 . 6 + 1 . 1 −0 . 6 
NGC 2090 10 . 3 + 2 . 5 −1 . 9 < 2 . 4 < 6 . 7 185 + 43 

−28 31 . 3 + 23 . 3 
−10 . 1 0 . 8 + 0 . 7 −0 . 4 0 . 46 + 0 . 04 

−0 . 03 0 . 81 + 0 . 01 
−0 . 01 1 . 2 + 0 . 9 −0 . 5 4 . 5 + 3 . 2 −1 . 9 

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

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

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

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

−0 . 08 0 . 4 + 0 . 3 −0 . 2 1 . 0 + 0 . 7 −0 . 4 
NGC 2997 15 . 5 + 2 . 2 −1 . 8 3 . 8 + 0 . 9 −0 . 7 8 . 1 + 1 . 0 −0 . 8 234 + 46 

−30 16 . 4 + 2 . 9 −2 . 6 3 . 0 + 2 . 2 −1 . 3 0 . 35 + 0 . 04 
−0 . 03 0 . 33 + 0 . 04 

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

−40 13 . 7 + 3 . 5 −3 . 0 7 . 5 + 6 . 3 −3 . 2 0 . 36 + 0 . 04 
−0 . 03 0 . 52 + 0 . 12 

−0 . 08 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 
NGC 3351 22 . 7 + 5 . 0 −2 . 7 2 . 5 + 0 . 9 −0 . 6 6 . 8 + 1 . 0 −0 . 7 179 + 24 

−20 14 . 4 + 4 . 2 −3 . 7 3 . 4 + 2 . 8 −1 . 4 0 . 49 + 0 . 01 
−0 . 01 0 . 23 + 0 . 02 

−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 5 −0 . 8 
NGC 3507 11 . 0 + 2 . 5 −1 . 3 2 . 3 + 1 . 0 −0 . 6 6 . 6 + 1 . 0 −0 . 6 277 + 91 

−38 32 . 9 + 8 . 1 −8 . 0 2 . 4 + 1 . 9 −1 . 0 0 . 46 + 0 . 03 
−0 . 03 0 . 64 + 0 . 05 

−0 . 04 0 . 5 + 0 . 3 −0 . 2 1 . 4 + 1 . 0 −0 . 6 
NGC 3511 8 . 3 + 2 . 2 −1 . 4 2 . 8 + 1 . 3 −1 . 1 7 . 1 + 1 . 4 −1 . 1 383 + 146 

−91 37 . 6 + 17 . 8 
−10 . 3 0 . 6 + 0 . 5 −0 . 2 0 . 53 + 0 . 03 

−0 . 03 0 . 61 + 0 . 03 
−0 . 03 1 . 4 + 1 . 0 −0 . 6 4 . 8 + 3 . 4 −2 . 0 

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

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

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

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

−0 . 03 0 . 8 + 0 . 6 −0 . 3 2 . 4 + 1 . 7 −1 . 0 
NGC 4254 17 . 7 + 3 . 0 −1 . 9 4 . 7 + 1 . 3 −1 . 0 9 . 0 + 1 . 3 −1 . 0 215 + 48 

−34 12 . 3 + 2 . 2 −1 . 9 2 . 8 + 2 . 2 −1 . 2 0 . 34 + 0 . 05 
−0 . 05 0 . 39 + 0 . 04 

−0 . 03 0 . 6 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 
NGC 4298 22 . 6 + 7 . 5 −4 . 4 < 5 . 8 < 10 . 2 < 263 16 . 7 + 7 . 4 −5 . 2 1 . 8 + 1 . 6 −0 . 8 0 . 51 + 0 . 03 

−0 . 03 0 . 48 + 0 . 03 
−0 . 03 1 . 3 + 0 . 9 −0 . 5 4 . 9 + 3 . 5 −2 . 1 

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

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

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

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

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

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

−0 . 03 0 . 6 + 0 . 4 −0 . 3 1 . 7 + 1 . 2 −0 . 7 
NGC 4535 24 . 5 + 8 . 5 −3 . 6 4 . 6 + 2 . 2 −1 . 0 8 . 9 + 2 . 3 −1 . 1 239 + 60 

−40 13 . 5 + 3 . 0 −3 . 8 3 . 0 + 3 . 1 −1 . 3 0 . 43 + 0 . 03 
−0 . 03 0 . 41 + 0 . 04 

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

−3 . 8 2 . 0 + 1 . 5 −0 . 9 0 . 55 + 0 . 04 
−0 . 03 0 . 66 + 0 . 03 

−0 . 03 0 . 7 + 0 . 5 −0 . 3 2 . 4 + 1 . 7 −1 . 0 
NGC 4548 13 . 9 + 4 . 4 −2 . 6 < 2 . 7 < 6 . 9 < 250 39 . 3 + 17 . 1 

−15 . 2 1 . 6 + 1 . 4 −0 . 7 0 . 47 + 0 . 03 
−0 . 02 0 . 74 + 0 . 01 

−0 . 01 0 . 9 + 0 . 6 −0 . 4 2 . 5 + 1 . 8 −1 . 0 
NGC 4569 16 . 1 + 3 . 9 −2 . 5 < 2 . 2 < 6 . 5 380 + 83 

−61 72 . 3 + 33 . 9 
−22 . 4 1 . 1 + 0 . 9 −0 . 5 0 . 61 + 0 . 04 

−0 . 03 0 . 27 + 0 . 04 
−0 . 04 1 . 4 + 1 . 0 −0 . 6 6 . 5 + 4 . 7 −2 . 7 

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

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

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

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

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

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

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

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

−0 . 07 0 . 7 + 0 . 5 −0 . 3 1 . 6 + 1 . 1 −0 . 6 
NGC 4781 8 . 3 + 1 . 5 −1 . 1 2 . 1 + 0 . 8 −0 . 6 6 . 4 + 0 . 9 −0 . 6 182 + 53 

−32 22 . 7 + 6 . 4 −5 . 2 1 . 4 + 1 . 1 −0 . 6 0 . 46 + 0 . 04 
−0 . 03 0 . 72 + 0 . 02 

−0 . 02 0 . 6 + 0 . 4 −0 . 2 1 . 9 + 1 . 4 −0 . 8 
NGC 4941 21 . 1 + 4 . 2 −3 . 6 2 . 7 + 1 . 0 −0 . 9 7 . 0 + 1 . 0 −1 . 0 273 + 56 

−36 23 . 1 + 11 . 0 
−5 . 8 2 . 5 + 1 . 9 −1 . 1 0 . 57 + 0 . 02 

−0 . 02 0 . 87 + 0 . 01 
−0 . 01 0 . 8 + 0 . 6 −0 . 4 3 . 2 + 2 . 3 −1 . 3 

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

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

−0 . 03 0 . 7 + 0 . 5 −0 . 3 3 . 2 + 2 . 3 −1 . 3 
NGC 5042 14 . 7 + 3 . 7 −2 . 8 2 . 5 + 1 . 1 −1 . 0 6 . 8 + 1 . 2 −1 . 0 242 + 68 

−45 23 . 2 + 12 . 8 
−6 . 8 2 . 0 + 1 . 6 −0 . 9 0 . 48 + 0 . 02 

−0 . 02 0 . 65 + 0 . 04 
−0 . 03 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 
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Table 3 – continued 
Galaxy t CO t fb t H α λ v fb εsf f CO 

diffuse f H αdiffuse t compact 
dep t dep 

(Myr) (Myr) (Myr) (pc) (km s −1 ) (per cent) (Gyr) (Gyr) 
NGC 5068 11 . 4 + 2 . 3 −1 . 9 1 . 1 + 0 . 3 −0 . 3 5 . 5 + 0 . 4 −0 . 3 117 + 18 

−12 16 . 1 + 5 . 3 −3 . 6 2 . 7 + 2 . 1 −1 . 2 0 . 54 + 0 . 01 
−0 . 01 0 . 11 + 0 . 14 

−0 . 10 0 . 4 + 0 . 3 −0 . 2 1 . 1 + 0 . 8 −0 . 5 
NGC 5134 15 . 0 + 3 . 3 −2 . 9 2 . 5 + 0 . 7 −0 . 9 6 . 8 + 0 . 7 −0 . 9 229 + 49 

−37 21 . 2 + 9 . 8 −4 . 1 3 . 8 + 3 . 0 −1 . 6 0 . 49 + 0 . 01 
−0 . 02 0 . 67 + 0 . 04 

−0 . 03 0 . 4 + 0 . 3 −0 . 2 1 . 2 + 0 . 8 −0 . 5 
NGC 5248 15 . 0 + 3 . 3 −2 . 6 2 . 5 + 1 . 1 −0 . 9 6 . 7 + 1 . 2 −0 . 9 173 + 40 

−27 20 . 8 + 8 . 8 −5 . 6 2 . 6 + 2 . 1 −1 . 1 0 . 56 + 0 . 03 
−0 . 03 0 . 73 + 0 . 02 

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

−33 11 . 6 + 2 . 1 −2 . 4 2 . 3 + 1 . 9 −0 . 9 0 . 51 + 0 . 02 
−0 . 02 0 . 70 + 0 . 02 

−0 . 02 0 . 9 + 0 . 6 −0 . 4 2 . 7 + 2 . 0 −1 . 1 
NGC 5643 17 . 7 + 2 . 7 −2 . 7 3 . 0 + 0 . 7 −0 . 8 7 . 3 + 0 . 8 −0 . 8 188 + 33 

−21 13 . 8 + 4 . 4 −2 . 3 4 . 6 + 3 . 5 −2 . 0 0 . 40 + 0 . 02 
−0 . 02 0 . 70 + 0 . 01 

−0 . 01 0 . 4 + 0 . 3 −0 . 2 1 . 1 + 0 . 8 −0 . 5 
NGC 6300 21 . 5 + 3 . 6 −2 . 9 3 . 6 + 1 . 0 −0 . 8 7 . 8 + 1 . 1 −0 . 9 156 + 23 

−18 11 . 0 + 2 . 7 −2 . 3 3 . 2 + 2 . 4 −1 . 4 0 . 49 + 0 . 02 
−0 . 02 0 . 67 + 0 . 02 

−0 . 02 0 . 7 + 0 . 5 −0 . 3 2 . 0 + 1 . 4 −0 . 8 
NGC 6744 31 . 8 + 3 . 7 −3 . 0 3 . 9 + 0 . 7 −0 . 5 8 . 2 + 0 . 8 −0 . 6 156 + 13 

−9 9 . 4 + 1 . 3 −1 . 3 2 . 6 + 1 . 9 −1 . 1 0 . 38 + 0 . 01 
−0 . 01 0 . 17 + 0 . 03 

−0 . 03 1 . 2 + 0 . 9 −0 . 5 3 . 0 + 2 . 1 −1 . 2 
NGC 7456 11 . 0 + 4 . 6 −2 . 3 2 . 6 + 1 . 5 −0 . 9 7 . 1 + 1 . 6 −1 . 0 393 + 101 

−80 34 . 7 + 15 . 9 
−12 . 3 0 . 8 + 0 . 7 −0 . 3 0 . 36 + 0 . 06 

−0 . 05 0 . 81 + 0 . 02 
−0 . 02 1 . 4 + 1 . 0 −0 . 6 3 . 5 + 2 . 5 −1 . 5 

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

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

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

The o v erall measured range of molecular cloud lifetimes is 
consistent with that found in previous studies, those using cloud 
classification methods (Engargiola et al. 2003 ; Blitz et al. 2007 ; 
Fukui et al. 2008 ; Kawamura et al. 2009 ; Miura et al. 2012 ; Meidt 
et al. 2015 ; Corbelli et al. 2017 ), statistics of sight line fractions with 
only CO or only H α or both types of emission (Schinnerer et al. 
2019 ; Pan et al. 2022 ), and those using the same statistical method 
as described in Section 3 (Kruijssen et al. 2019b ; Che v ance et al. 
2020b ; Hygate 2020 ; Kim et al. 2021a ; Ward et al. 2022 ). Similar 
cloud survi v al times have been predicted by theory and simulations 
(e.g. Elmegreen 2000 ; Hartmann 2001 ; Dobbs & Pringle 2013 ; 
Kim, Kim & Ostriker 2018 ; Benincasa et al. 2020 ; Jeffreson et al. 
2021 ; Lancaster et al. 2021 ; Semeno v, Kravtso v & Gnedin 2021 ). 
In Fig. 4 , we sho w ho w the measured cloud lifetime is correlated 
with the position of galaxies in the M ∗, global − SFR global plane. The 
figure shows that t CO increases with SFR global and M ∗, global (see also 
top left-hand panel of Fig. 6 ). There seems to be no relation between 
t CO and the host galaxy’s offset from the main sequence ( $ MS). Pan 
et al. ( 2022 ) have found similar trends for the PHANGS galaxies, in 
which the fraction of sightlines per galaxy that is associated only with 
CO emission increases with M ∗, global , while showing no correlation 
with $ MS. Although not directly comparable, other time-scales such 
as the average free-fall time-scale measured on cloud scales and 
the global depletion time-scale have also been reported to correlate 
strongly with galaxy mass across the PHANGS sample (Utomo et al. 
2018 ). The galaxy mass trend of t CO is discussed in more detail in 
Section 5.1 . 
4.2 Feedback time-scale ( t fb ) 
The duration o v er which CO and H α emission is found coincident 
is measured to be less than 6.1 Myr in our sample of galaxies. For 
12 galaxies, we do not sufficiently resolve the separation between 
independent regions and therefore we are only able to obtain 
upper limits on t fb (see the Appendix). Without these galaxies, the 
range of feedback time-scale becomes 1.3 and 5.4 Myr, constituting 
10 −30 per cent of the cloud lifetime, with an average and a standard 
deviation of 3.2 ± 1.1 Myr. This time-scale represents the time it 
takes for emerging massive stars (visible in H α) to disperse the 
surrounding molecular gas (either by kinetic dispersal or by the 
photodissociation of CO molecules). The range of feedback time- 
scales measured across our galaxy sample is comparable to that from 
our previous studies using the same statistical method (Kruijssen 

et al. 2019b ; Che v ance et al. 2022 ; Hygate 2020 ; Kim et al. 2021a ; 
Ward et al. 2022 ). 

Our measurements of the feedback time-scales are also similar 
to the time it takes for optically identified stellar clusters and asso- 
ciations to stop being associated with their natal GMCs (1 −5 Myr; 
Whitmore et al. 2014 ; Hollyhead et al. 2015 ; Corbelli et al. 2017 ; 
Turner et al. in preparation). Grasha et al. ( 2018 , 2019 ) have measured 
similar ages of star clusters and associations when they become 
spatially decorrelated from GMCs in NGC 7793 and M51 (2 and 
6 Myr, respectively). Hydrodynamical simulations of GMCs (Kim 
et al. 2018 ; Kim, Ostriker & Filippova 2021b ; Grudi ́c et al. 2021 ; 
Lancaster et al. 2021 ) find somewhat longer feedback time-scales ( ! 
10 Myr), constituting ∼ 50 per cent of the cloud lifetime. We suspect 
this difference could be due to different approaches for tracing star 
formation in simulations and observations. Indeed, simulations trace 
star formation by employing sink particles, which are created when 
a certain density threshold is reached assuming a fully populated 
initial mass function and include a phase of deeply embedded star 
formation. On the other hand, we focus on H α, which is sensitive 
to the most massive stars; in the case where the star formation 
accelerates o v er time (e.g. Hartmann, Ballesteros-P aredes & Heitsch 
2012 ; Murray & Chang 2015 ), our measurements may be the most 
sensitive to the final, intense phase of star formation. Moreo v er, H α
is attenuated during the earliest phase of star formation due to the 
dense gas surrounding the young stars. Including 24 µm as a tracer 
for the obscured star formation increases the o v erlapping time-scale 
between CO and SFR tracer by 1 −4 Myr (Kim et al. 2021a ). 
4.3 Region separation length ( λ) 
Fig. 1 reveals that there is a universal spatial decorrelation between 
molecular gas and young stellar regions on small spatial scales, 
while these quantities are correlated with each other on galactic 
scales. This result demonstrates that galaxies are composed of small 
regions undergoing independent evolution from GMCs to cold gas- 
free young stellar regions. Our method constrains the characteristic 
separation length ( λ) between the small-scale independent regions, 
which is linked to the scale at which molecular gas-to-SFR tracer flux 
ratio starts to deviate from the galactic average (see Fig. 1 ). Excluding 
8 galaxies for which we do not sufficiently resolve these independent 
regions (see Appendix A ), we find that λ ranges from 100 to 400 pc, 
with an average and standard deviation of 254 ± 79 pc. This is similar 
to the total cold gas disc thickness (100–300 pc; Scoville et al. 1993 ; 
Yim et al. 2014 ; Heyer & Dame 2015 ; Patra 2020 ; Yim et al. 2020 ), as 
well as the range of values found in previous application of the same 
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Figure 2. Evolutionary timeline of GMCs from molecular gas assembly to feedback-driven dispersal, and H II regions free of molecular gas, ordered by 
increasing cloud lifetime from top to bottom. Going from left to right, GMCs are initially only visible in CO (orange, for a duration of t CO − t fb ). Towards 
the end of this phase, massive star formation has taken place, generating spatially coincident H α emission (light purple, for a duration of t fb ). Finally, violent 
feedback from young stars has completely cleared the surrounding molecular gas, only leaving H α emission to be detected, without any associated CO emission 
(dark purple, with a duration of t ref ≈ 4.3 Myr; see Section 3 ). The error bars on the left and in the middle indicate the uncertainties on t CO and t fb , respectively. 
U indicates galaxies with only upper limit constraints on t fb . 
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Figure 3. Distributions of the main physical quantities constrained across 54 PHANGS galaxies. From left to right, we show a Gaussian kernel density estimate 
of the cloud lifetime ( t CO ), the feedback time-scale ( t fb ), the average separation length between independent star-forming regions ( λ), and the integrated star 
formation efficiency ( εsf ). For each histogram, the mean (black dot) and 16-84 per cent range (error bar) of the data, are indicated at the top of the panel 
(excluding t fb and λ measurements where only upper limits are constrained; see Table 3 ). 

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

While our methodology constrains the mean separation length 
between regions undergoing independent lifecycles, other methods 
focus on characterizing the separation between detectable emission 
peaks. In a parallel paper on the PHANGS galaxies, Machado et al. 
(in preparation) investigate the spacing between emission peaks 
in the PHANGS CO maps. Contrary to our study, which uses 
the highest available resolution for each galaxy, they adopt GMC 
catalogue (Hughes et al. in preparation; see also Rosolowsky et al. 
2021 ) that are generated using CO maps with matched resolution 
of 150 pc and sensitivity across the full sample. For a sub-set of 44 
galaxies in our sample, Machado et al. (in preparation) obtain mean 

distances to the first nearest neighbour from 250 to 600 pc. We have 
compared these distances to the nearest neighbour distance expected 
from the mean separation length between GMCs, obtained by 
〈 r n 〉 = 0 . 443 λGMC = 0 . 443 λ√ 

τ/t CO (see the discussion of Kruijssen 
et al. 2019b , equation 9), where τ is the total duration of the entire 
evolutionary cycle ( τ = t CO + t H α − t fb ). The 〈 r n 〉 ranges from 50 
to 200 pc. While the two quantities show a mild correlation (with 
Spearman correlation coefficient of 0.5), the mean distance to the 
first nearest neighbour from Machado et al. (in preparation) is larger 
than that expected from the mean separation length. We suspect this 
difference is due to the limitation in resolution (by 60 per cent coarser 
on average) of CO maps in Machado et al. (in preparation) compared 
to the maps analysed here, which results in a smaller number of 
identified GMCs compared to when high-resolution maps are used. 
4.4 Feedback velocity ( v fb ) 
After the onset of star formation, the CO emission quickly becomes 
undetectable due to energetic feedback from young massive stars. 
We use the Gaussian 1 σ dispersion needed to reproduce the density 
contrast between the CO peaks and the local background ( r CO ) and the 
time-scale o v er which molecular clouds are disrupted ( t fb ) to define 
the feedback velocity v fb = r CO / t fb (see also Kruijssen et al. 2018 ). 
The measured v fb represents the speed with which the region must 
be swept free of CO molecules. The measurement does not specify 
a physical mechanism, but the most likely candidates are kinetic 
removal of gas from the region, e.g. by gas pressure-driven expansion, 
radiation pressure, winds, or supernovae, or the photodissociation of 
CO molecules by massive stars (e.g. Barnes et al. 2021 , 2022 ). 

Excluding galaxies with resolution worse than 200 pc (as r CO 
depends on the beam size; see below), the size of the clouds is 
between 20 and 100 pc and v fb ranges between 10 and 50 km s −1 , with 
an average and standard deviation of 22 ± 11 km s −1 . These measured 
cloud sizes are comparable to the luminosity-weighted averages of 
those derived from GMC catalogues for each galaxy (Rosolowsky 
et al. 2021 ; Hughes et al. in preparation), with Spearman correlation 
coefficient of 0.7. The range of velocities is consistent with that ob- 
tained from our previous analysis (Kruijssen et al. 2019b ; Chevance 
et al. 2020b ; Kim et al. 2021a ) and is comparable to the expansion 
velocities measured for nearby H II regions in NGC 300 (McLeod 
et al. 2020 ), the LMC (Naz ́e et al. 2001 ; Ward et al. 2016 ; McLeod 
et al. 2019 ), and the Milky Way (Murray & Rahman 2010 ; Barnes 
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et al. 2020 ). A similar range of e xpansion v elocities is also found 
in numerical simulations by Rahner et al. ( 2017 ) and Kim et al. 
( 2018 ). 

We note that the measured r CO depends on the beam size of the 
CO maps. If the CO emission peaks are dispersed kinetically, then 
the measured feedback velocity should be considered as accurate, 
because the measured r CO is the same size scale o v er which the 
material must travel to achieve the spatial displacement necessary to 
cease the spatial o v erlap between CO and H α emission. Ho we ver, 
if the CO emission peaks are dispersed by photodissociation, then 
this spatial o v erlap may cease before the feedback front reaches 
r CO . In that case, v fb may be subject to beam dilution and should 
be considered as an upper limit to the velocity of the dissociation 
front. For a sub-set of 19 galaxies with PHANGS–MUSE (Emsellem 
et al. 2022 ) observations, Kreckel et al. ( 2020 ) and Williams et al. 
( 2022 ) have measured the metallicity distribution, as well as the 
scale at which the mixing in the ISM is ef fecti ve, using a two- 
point correlation function. Kreckel et al. ( 2020 ) have found a strong 
correlation between the mixing scale and v fb (Pearson’s correlation 
coefficient of 0.7), indicating that dispersal of molecular gas is 
predominantly kinetic. 
4.5 Integrated star formation efficiency ( εsf ) 
We define the integrated star formation efficiency per cloud lifecycle 
( εsf ) as 
εsf = t CO # SFR 

# compact 
H 2 , (2) 

where # SFR and # compact 
H 2 are the surface densities of SFR and 

compact molecular gas of the analysed re gion, respectiv ely. This 
allows us to directly compare the rate of SFR ( # SFR ) and the rate at 
which molecular gas participating in the star formation enters and 
leaves molecular clouds, which can be expressed as # compact 

H 2 /t CO . 
Equation ( 2 ) can also simply be rewritten as εsf = t CO /t compact 

dep , where 
t compact 
dep = # compact 

H 2 /# SFR is the depletion time-scale of non-diffuse 
molecular gas structures (clouds), assuming that all star formation 
takes place in such structures. When measuring # compact 

H 2 , we take the 
sum of the compact CO emission and divide by the analysed area 
after filtering out diffuse emission. This is to selectively include CO 
emission that participates in massive star formation, while excluding 
CO emission from diffuse gas and faint clouds. Ho we ver, to calculate 
# SFR , we include all the emission, assuming that all the diffuse 
emission in the SFR tracer map ( WISE W4 band in combination 
with GALEX ultraviolet band; see Section 3 ) is related to recent 
massive star formation (e.g. leakage of ionizing photons from H II 
regions). This assumption might not hold especially in the central 
region of galaxies where contributions from hot low-mass evolved 
stars in diffuse ionized gas is found to be non-negligible (Belfiore 
et al. 2022 ). Ho we ver, galactic centres are mostly not included in our 
analysis. 

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

0.3 to 1.4 Gyr. Since we only take the compact gas emission into 
account, t compact 

dep is shorter than that measured including all the CO 
emission ( t dep ), which ranges from 0.9 to 7.6 Gyr for the fields of 
view considered here. The depletion time-scales of the PHANGS–
ALMA galaxies across the full ALMA footprints (including galactic 
centres) can be found in Utomo et al. ( 2018 ), Leroy et al. ( 2021b ), 
Querejeta et al. ( 2021 ), and Sun et al. (in preparation). In Fig. 5 , 
we show the molecular cloud lifetime t CO as a function of the gas 
depletion time of the compact molecular gas t compact 

dep , as measured 

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

dep ). The data points are colour-coded 
by stellar mass ( M ∗, global ). Lines of constant εsf are shown using equation ( 2 ). 
in our analysis. Following the above procedure, we measure εsf to 
be 0 . 7 –7 . 5 per cent across our galaxy sample, illustrating that star 
formation is inefficient in these clouds. Our previous measurements 
of εsf (Kruijssen et al. 2019b ; Che v ance et al. 2020b ; Kim et al. 
2021a ) also fall within this range of values. 

We have also compared our measurements of εsf with the star 
formation efficiency per free-fall time, defined as εff = t ff # SFR /# H 2 . 
Using a subset of PHANGS-ALMA observations, Utomo et al. 
( 2018 ) have measured εff (0 . 3 –2 . 6 per cent ) that are similar to εsf 
within a factor of few, where the difference is mostly because t CO is 
on average three times longer than t ff (see Section 5.2 ). 
4.6 Diffuse emission fraction in CO and H α maps ( f CO 

diffuse and 
f H α

diffuse ) 
As described in Section 3 , in order to robustly perform our measure- 
ments, we filter out the large-scale diffuse emission with a Gaussian 
high-pass filter in Fourier space. With this procedure, we can also 
constrain the fraction of emission coming from the diffuse component 
in both CO and H α maps ( f CO 

diffuse and f H αdiffuse , respectively). As shown 
in Table 3 , we measure a fraction of diffuse CO emission ranging 
from 13 to 69 per cent, with an average of 45 per cent. We obtain 
diffuse ionized gas fractions ranging from 11 to 87 per cent, with an 
average of 0.53 per cent. We note that these values are determined 
directly from the morphological structure of the integrated emission 
maps. They do not contain any information regarding the dynamical 
state of the gas, nor do they account for galaxy-to-galaxy variations 
in resolution, sensitivity, or inclination. As a result, these diffuse 
emission fractions represent important functional quantities, but 
their physical interpretation may be non-trivial. Pety et al. ( 2013 ) 
have suggested a similar value of diffuse CO emission fraction in 
M51, finding that 50 per cent of the CO emission arises from spatial 
scale larger than 1.3 kpc. Roman-Duval et al. ( 2016 ) have measured 
25 per cent of the CO emission in the Milky Way to be diffuse. As for 
the diffuse H α emission fraction, our range of values matches well 
with what is found in dedicated diffuse ionized gas studies based on 
H II region morphologies, where Belfiore et al. ( 2022 ) have found 
the diffuse emission fraction to range from 20 − 55 per cent, with 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/3006/6673429 by U
niversität H

eidelberg user on 10 February 2023

Molecular cloud lifecycle in 54 PHANGS galaxies 27



3018 J. Kim et al. 

MNRAS 516, 3006–3028 (2022) 

Table 4. Spearman correlation coefficients and logarithm of p -values (in parentheses) between our measurements and galaxy (or average GMC) related 
properties. Our measurements are the cloud lifetime ( t CO ), the feedback time-scale ( t fb ), the characteristic region separation length ( λ), the integrated star 
formation efficiency ( εsf ), the feedback velocity ( v fb ), the diffuse emission fraction in the molecular gas and SFR tracer maps ( f CO 

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

dep ). Statistically significant correlations are in bold. 
t CO t fb λ εsf v fb f CO 

diffuse f H αdiffuse t compact 
dep 

Galaxy related properties 
Stellar mass, M ∗, global 0.47 ( −3.33) 0.34 ( −1.58) 0.13 ( −0.43) 0.04 ( −0.10) −0.02 ( −0.04) −0.13 ( −0.42) −0.17 ( −0.61) 0.31 ( −1.60) 
Galaxy-wide SFR, SFR global 0.40 ( −2.48) 0.34 ( −1.62) 0.20 ( −0.76) 0.18 ( −0.71) −0.05 ( −0.12) −0.41 ( −2.41) −0.16 ( −0.57) 0.01 ( −0.02) 
Atomic gas mass, M HI, global 0.12 ( −0.42) 0.08 ( −0.21) 0.12 ( −0.37) 0.00 ( −0.01) 0.14 ( −0.42) −0.52 ( −3.83) −0.28 ( −1.36) 0.02 ( −0.05) 
Molecular gas mass, M H 2 , global 0.59 ( −5.33) 0.49 ( −3.01) 0.14 ( −0.44) 0.22 ( −0.91) −0.14 ( −0.43) −0.21 ( −0.82) −0.19 ( −0.75) 0.15 ( −0.54) 
Offset from the main sequence, $ MS 0.16 ( −0.59) 0.09 ( −0.25) 0.02 ( −0.05) 0.23 ( −0.99) 0.08 ( −0.21) −0.40 ( −2.37) −0.08 ( −0.23) −0.18 ( −0.66) 
Hubble type −0.23 ( −0.98) −0.03 ( −0.07) −0.25 ( −1.02) −0.03 ( −0.09) −0.22 ( −0.79) −0.13 ( −0.43) −0.19 ( −0.72) −0.15 ( −0.54) 
Total gas mass, M gas, global 0.33 ( −1.78) 0.27 ( −1.08) 0.09 ( −0.26) 0.09 ( −0.27) 0.00 ( −0.00) −0.49 ( −3.50) −0.29 ( −1.40) 0.08 ( −0.26) 
Total baryonic mass, M tot, global 0.46 ( −3.16) 0.33 ( −1.53) 0.11 ( −0.34) 0.04 ( −0.10) −0.03 ( −0.06) −0.21 ( −0.84) −0.18 ( −0.69) 0.30 ( −1.48) 
Molecular gas fraction, f H 2 , global 0.50 ( −3.72) 0.50 ( −3.23) 0.16 ( −0.53) 0.15 ( −0.52) −0.16 ( −0.50) 0.22 ( −0.92) 0.07 ( −0.22) 0.19 ( −0.75) 
Gas fraction, f gas, global −0.23 ( −0.98) −0.17 ( −0.56) −0.15 ( −0.48) 0.07 ( −0.20) −0.01 ( −0.03) −0.40 ( −2.32) −0.19 ( −0.73) −0.30 ( −1.48) 
Specific SFR, sSFR 0.07 ( −0.22) 0.08 ( −0.20) 0.05 ( −0.14) −0.23 ( −0.98) −0.08 ( −0.22) 0.33 ( −1.71) 0.02 ( −0.06) 0.36 ( −2.09) 
Metallicity, 12 + log(O / H) 0.54 ( −2.43) 0.32 ( −0.85) 0.17 ( −0.38) −0.27 ( −0.77) 0.07 ( −0.12) −0.22 ( −0.51) 0.06 ( −0.11) 0.66 ( −3.77) 
Mixing scale, L mix −0.36 ( −0.75) 0.07 ( −0.08) 0.78 ( −3.05) −0.02 ( −0.03) 0.66 ( −1.85) 0.10 ( −0.14) 0.52 ( −1.40) −0.30 ( −0.60) 
Average GMC related properties 
Velocity dispersion, σ v, GMC 0.19 ( −0.76) 0.22 ( −0.82) 0.32 ( −1.49) 0.02 ( −0.06) 0.22 ( −0.79) −0.06 ( −0.17) 0.25 ( −1.11) 0.11 ( −0.35) 
Virial parameter, αvir, GMC −0.32 ( −1.67) −0.23 ( −0.86) −0.21 ( −0.77) −0.13 ( −0.46) −0.07 ( −0.19) −0.03 ( −0.09) 0.47 ( −3.26) 0.06 ( −0.16) 
Molecular gas mass, M GMC 0.37 ( −2.12) 0.38 ( −1.94) 0.40 ( −2.26) 0.22 ( −0.93) 0.15 ( −0.46) −0.03 ( −0.08) 0.05 ( −0.14) −0.04 ( −0.09) 
Internal pressure, P int 0.14 ( −0.47) 0.12 ( −0.36) 0.21 ( −0.80) 0.07 ( −0.21) 0.19 ( −0.63) −0.02 ( −0.05) 0.00 ( −0.01) −0.04 ( −0.10) 
Molecular gas surface density, 
# H 2 , GMC 0.20 ( −0.81) 0.11 ( −0.33) 0.16 ( −0.55) 0.13 ( −0.43) 0.15 ( −0.48) 0.03 ( −0.08) −0.17 ( −0.62) −0.08 ( −0.25) 
Galactic dynamics related properties 
Angular speed, * −0.06 ( −0.14) 0.04 ( −0.08) −0.41 ( −1.86) −0.13 ( −0.39) -0.34 (-1.27) 0.17 ( −0.53) 0.27 ( −1.03) 0.21 ( −0.73) 
Toomre stability parameter, Q −0.37 ( −1.74) −0.24 ( −0.74) 0.20 ( −0.62) −0.06 ( −0.16) 0.38 (-1.48) −0.07 ( −0.17) 0.24 ( −0.88) −0.18 ( −0.60) 
Velocity dispersion, σ 0.11 ( −0.34) 0.35 ( −1.45) 0.23 ( −0.77) 0.10 ( −0.29) -0.02 (-0.05) −0.24 ( −0.92) 0.30 ( −1.37) −0.04 ( −0.09) 
Other deri v ed quantities within our method 
Surface density 
... molecular gas, # H 2 0.44 ( −3.02) 0.41 ( −2.21) −0.07 ( −0.19) 0.05 ( −0.14) -0.23 (-0.83) −0.02 ( −0.06) 0.00 ( −0.01) 0.24 ( −1.03) 
... compact molecular gas, # compact 

H 2 0.43 ( −2.81) 0.40 ( −2.13) −0.11 ( −0.32) 0.07 ( −0.20) -0.25 (-0.96) −0.16 ( −0.58) −0.04 ( −0.09) 0.21 ( −0.90) 
Total mass 
... molecular gas, M H 2 0.54 ( −4.37) 0.55 ( −3.85) 0.15 ( −0.49) 0.15 ( −0.54) -0.19 (-0.66) −0.13 ( −0.43) −0.04 ( −0.12) 0.18 ( −0.69) 
... compact molecular gas, M compact 

H 2 0.53 ( −4.25) 0.55 ( −3.90) 0.11 ( −0.34) 0.16 ( −0.58) -0.19 (-0.68) −0.28 ( −1.27) −0.07 ( −0.21) 0.17 ( −0.62) 
SFR surface density, # SFR 0.28 ( −1.36) 0.34 ( −1.59) −0.12 ( −0.39) 0.43 ( −2.85) -0.27 (-1.13) −0.19 ( −0.72) −0.03 ( −0.08) −0.30 ( −1.54) 
SFR 0.47 ( −3.29) 0.53 ( −3.66) 0.14 ( −0.45) 0.39 ( −2.35) −0.17 ( −0.56) −0.30 ( −1.41) −0.15 ( −0.53) −0.16 ( −0.60) 
CO emission density contrast, E CO −0.35 ( −1.95) −0.59 ( −4.58) −0.43 ( −2.55) −0.04 ( −0.10) −0.00 ( −0.01) 0.11 ( −0.35) −0.16 ( −0.61) −0.19 ( −0.74) 
H α emission density contrast, E H α 0.10 ( −0.30) −0.36 ( −1.78) −0.36 ( −1.84) 0.18 ( −0.71) −0.22 ( −0.80) 0.08 ( −0.25) −0.22 ( −0.89) −0.11 ( −0.38) 
Obser v ational systematic parameters 
Inclination, i −0.26 ( −1.17) −0.26 ( −1.01) 0.20 ( −0.73) −0.57 ( −4.90) 0.40 ( −2.14) 0.07 ( −0.20) 0.35 ( −1.93) 0.40 ( −2.54) 
Resolution, l ap, min 0.04 ( −0.11) 0.30 ( −1.32) 0.90 ( −16.72) −0.06 ( −0.19) 0.54 ( −3.67) −0.07 ( −0.18) 0.28 ( −1.37) 0.01 ( −0.03) 
Noise 0.13 ( −0.42) −0.16 ( −0.48) −0.32 ( −1.35) −0.03 ( −0.08) −0.16 ( −0.48) 0.19 ( −0.69) −0.48 ( −3.07) 0.13 ( −0.44) 
Completeness 0.36 ( −1.87) 0.41 ( −1.94) 0.10 ( −0.27) 0.20 ( −0.75) −0.15 ( −0.42) −0.03 ( −0.07) 0.21 (-0.80) 0.06 ( −0.16) 
a median of 37 per cent, for the galaxies in the PHANGS–MUSE 
sample. Using an un-sharp masking technique, Pan et al. ( 2022 ) 
have estimated 40 −90 per cent for the H α diffuse emission fraction 
for the galaxies in our sample. Tomi ̌ci ́c et al. ( 2021 ) also finds a 
similar range of values for the diffuse ionized gas fraction in 70 local 
cluster galaxies. 
5  DI SCUSSION  
5.1 Relations with global galaxy and average cloud properties 
We have correlated our measurements shown in Table 3 with global 
properties of galaxies and luminosity-weighted average properties of 
the cloud population in each galaxy. The properties considered are 
listed in Table 4 . We use the galaxy properties listed in Table 1 , as 
well as combinations of these quantities. We derive the total baryonic 
mass of the galaxy ( M tot, global = M ∗, global + M HI , global + M H 2 , global ), 

total gas mass ( M gas , global = M HI , global + M H 2 , global ), molecular gas 
fraction ( f H 2 , global = M H 2 , global /M gas , global ), gas fraction ( f gas, global = 
M gas, global / M tot, global ), and specific SFR (sSFR = SFR global / M ∗, global ). 
We also look for correlations with gas phase metallicity [12 + 
log(O / H)] for the subset of 23 galaxies for which direct measure- 
ments are available. These measurements are taken from Kreckel 
et al. ( 2019 ) for the 18 galaxies in our sample with MUSE obser- 
vations and from Pilyugin et al. ( 2014 ) for five galaxies that do not 
o v erlap with the MUSE sample. We also include the 50 per cent 
correlation scale ( L mix ) of the two-dimensional metallicity distribu- 
tion maps (after metallicity gradient subtraction) of the PHANGS–
MUSE sample from Kreckel et al. ( 2020 ) and Williams et al. ( 2022 ). 
This scale indicates the length o v er which the mixing in the ISM is 
ef fecti ve, and ranges from 200 to 600 pc. 

The luminosity-weighted averages of the cloud properties are 
determined from the GMC catalogues that have been established 
for the full PHANGS–ALMA sample using the CPROPS algorithm 
(Rosolowsky et al. 2021 ; Hughes et al. in preparation). Here, 
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we use measurements of the cloud velocity dispersion ( σ v, GMC ), 
virial parameter αvir, GMC , mass ( M GMC ), internal pressure ( P int ), and 
molecular gas surface density ( # H 2 , GMC ). 

Metrics related to galactic dynamics are included using measure- 
ments of the rotation curve ( v c ) as a function of radius ( r ) from 
Lang et al. ( 2020 ). These metrics are the angular speed ( * = v c ( r )/ r ) 
and the Toomre stability parameter of the mid-plane molecular gas 
(Q = κσH 2 / ⇡G # H 2 ), where σH 2 is the velocity dispersion measured 
from CO moment 2 maps, at native resolution, and κ = *√ 

2(1 + β) 
with β = d ln v c ( R) / d ln R , numerically calculated. Since these val- 
ues vary with galactocentric radius, we first divide the galaxy into 
five different radial bins and calculate *, Q , and σH 2 for each bin. We 
then calculate the CO luminosity-weighted average of these values. 

We explored possible correlations with galaxy global properties 
constrained within our method. These are different from the values 
listed in the Table 1 in that they are calculated within the analysed 
re gion, i.e. e xcluding galactic bulge and bar in most galaxies, and 
restricted to regions where CO observations have been made. More- 
o v er, we pro vide two individual measurements for the molecular gas 
mass surface density and total molecular gas mass, where one takes 
only the compact emission into account (denoted as # compact 

H 2 and 
M compact 

H 2 , which our measurements of the time-scales are based on) 
and the other includes all the emission (denoted as # H 2 and M H 2 ). 
The quantities E CO and E H α are the surface density contrast between 
the average emission of CO (respectively H α) peaks and the galactic 
average value, measured on the filtered map. 

In order to explore possible systematic biases, we also include our 
minimum aperture size ( l ap, min in Table 2 , which matches our working 
resolution), inclination ( i ; column (g) in Table 1 ), completeness of 
CO observations, and noise of the CO data cube (in mK units) from 
Leroy et al. ( 2021b ) as metrics. Finally, we note that none of the 
properties listed here are corrected for galaxy inclination. 
5.1.1 Statistically (in)significant correlations 
In Table 4 , for all correlations, we list the Spearman rank correla- 
tion coefficients and the associated p -values, which represents the 
probability of a correlation appearing by chance. When e v aluating 
the correlations, we exclude eight galaxies where the resolution at 
which the analysis can be run is larger than 200 pc, as we are likely 
to not sufficiently spatially separate star-forming regions in these 
galaxies (NGC 1546, NGC 1559, NGC 1672, NGC 1792, NGC 3511, 
NGC 4569, NGC 4654, NGC 7456). Whenever a measurement of 
individual galaxies is considered as an upper limit, we also exclude 
the galaxy from our correlation analysis of a given measurement (see 
Appendix A ). There are 12 galaxies (IC1954, NGC 1087, NGC 1097, 
NGC 1385, NGC 1546, NGC 1672, NGC 2090, NGC 3627, NGC 
4298, NGC 4540, NGC 4548, NGC 4569) with only upper limits of 
t fb constrained. For eight of these (IC1954, NGC 1087, NGC 1385, 
NGC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 4548) λ is also 
an upper limit. Finally, we include six nearby galaxies (IC342, the 
LMC, M31, M33, M51, NGC 300; previously analysed by Kruijssen 
et al. ( 2019b ), Che v ance et al. ( 2020b ), and Kim et al. ( 2021a ), which 
extend the range of environmental properties. 

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

each of our measurement (columns in Table 4 ) correlates with any of 
the galaxy and average cloud properties (rows in Table 4 ). We then 
rank the correlations by increasing p -value. For each correlation 
with a rank ( i ) of i ≥ 1, we calculate the ef fecti ve maximum p - 
v alue ( p eff ) belo w which the correlation is deemed significant (i.e. 
with p < p eff ). We use the definition p eff = p ref /( N corr + 1 − i ), 
with p ref = 0 . 05 the desired confidence level and N corr the number of 
independent variables being evaluated. In order to determine N corr , we 
subtract variables among the galaxy and average cloud properties that 
are trivially correlated. We find that numerous properties ( M ∗, global , 
M H I , global , M H 2 , global , SFR global , $ MS, M tot, global , M gas, global , M GMC , 
P int , # H 2 , GMC , M H 2 , M compact 

H 2 , and SFR) are correlated significantly, 
with correlation coefficient higher than 0.7. We treat these parameters 
as one metric and this results in N corr ≈ 20. Table 4 shows statistically 
meaningful strong correlations in red, identified according to our 
definition. We note that even assuming that all the variables are 
independent does not significantly change our result as the p -values 
of strong correlations are all very small, with log ( p ) ranging from 
−16.7 to −2.8. 

As shown in Table 4 , we identify biases of our measured quantities 
caused by the spatial resolution of maps ( l ap, min ) and inclination. 
Specifically, we find that (1) l ap, min shows a strong correlation 
with λ and v fb ; (2) the inclination shows a strong correlation with 
εsf ; (3) the noise of the CO data cube correlates with f H αdiffuse ; and 
(4) the metallicity correlates with t compact 

dep . The covariance between 
resolution and v fb = r CO / t fb is due to the increased measured cloud 
size ( r CO ) as the resolution gets worse. The dependence of λ on l ap, min 
implies that the measured region separation length ( λ) would be 
biased upward when using maps that have poor resolution. Ho we ver, 
despite the dependencies on resolution of these quantities, we are 
confident that the measured time-scales are less sensitive to the spatial 
resolution of the maps, because we require star-forming regions 
to be sufficiently resolved for our time-scale measurements to be 
considered as robust ( λ > 1 . 5 l ap , min ; see Section A and Kruijssen 
et al. 2018 ). Unlike λ, the measured time-scales indeed do not show 
strong correlations with l ap, min . The dependence of εsf = t CO /t compact 

dep 
on inclination is driven by a highly significant correlation between 
inclination and t compact 

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

dep , we conjecture it could be related 
to the fact that the low-mass (low-metallicity) galaxies tend to have 
more diffuse emission due to their low surface brightness (Leroy et al. 
2021b ). The surface brightness sensitivity of the CO maps is not good 
enough to isolate the small clouds in low-mass (and low-metallicity) 
galaxies, which may therefore lead to more diffuse emission and low 
completeness for such galaxies (Leroy et al. 2021b ). Ho we ver, we 
note that completeness of the CO maps does not show a strong trend 
with t compact 

dep (see Table 4 ). The adopted metallicity-dependent αCO 
might also contribute to this observed trend between metallicity and 
t compact 
dep . While we partially correct for the presence of molecular 

gas that is not traced by CO emission (CO-dark gas) with this 
con version factor , the observed strong correlation seems to indicate 
that the correction is insufficient. In closing, we again emphasize 
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Table 5. Summary of the 20 statistically significant and physically meaningful correlations identified in Table 4 between our measurements listed 
in Table 3 and galaxy and average cloud properties. For each correlation, the table lists the Spearman correlation coefficient ( r ), the associated 
p -value, the slope of the best-fitting linear regression d y /d x , the intercept of the best-fitting y 0 , and the scatter around the best-fitting relation. 
Quantity (y) Units Correlates with(x) Units Spearman r log Spearman p d y / d x y 0 Scatter 
log t CO Myr log M H 2 , global M # 0 .59 −5.33 0 .16 − 0 .24 0.14 
log t CO Myr log M H 2 M # 0 .54 −4.37 0 .16 − 0 .22 0.14 
log t CO Myr log M compact 

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

H 2 M # pc −2 0 .43 −2.81 0 .19 1 .10 0.15 
log t fb Myr log E CO – − 0 .59 −4.58 − 0 .61 1 .02 0.13 
log t fb Myr log M compact 

H 2 M # 0 .55 −3.90 0 .24 − 1 .56 0.15 
log t fb Myr log M H 2 M # 0 .55 −3.85 0 .23 − 1 .64 0.15 
log t fb Myr log SFR M # yr −1 0 .53 −3.66 0 .24 0 .53 0.15 
log t fb Myr log f H 2 , global – 0 .50 −3.23 0 .31 0 .60 0.16 
log t fb Myr log M H 2 , global M # 0 .49 −3.01 0 .20 − 1 .33 0.16 
log λ pc log L mix pc 0 .78 −3.05 0 .84 0 .18 0.08 
log εsf − log # SFR M # yr −1 pc −2 0 .43 −2.85 0 .31 − 1 .79 0.19 
f CO 

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

diffuse − log M tot, global M # − 0 .49 −3.50 − 0 .13 1 .67 0.11 
f H αdiffuse − log αvir, GMC – 0 .47 −3.26 0 .30 0 .48 0.17 

that our main measurements ( t CO , t fb , and λ) are not affected by our 
prescription of αCO , as they are based on relative changes of flux ratios 
(i.e. the global H α/CO ratio does not affect the time-scale estimate). 
5.1.2 Physical interpretation of significant correlations 
In Table 5 , we list the best-fitting relations using linear regressions, 
as well as their Spearman correlation coefficients and p -values, 
for statistically significant correlations in red in Table 4 , while 
correlations illustrating biases in our analysis (described in Sec- 
tion 5.1.1 ), are excluded. Fig. 6 shows examples of six main strong 
correlations between our measurements and global galaxy properties. 
In this figure, we do not show all of the statistically meaningful 
correlations listed in Table 5 , as they seem to be redundant and driven 
by correlations within galaxy properties (especially mass related 
quantities), and also within time-scales ( t CO and t fb ). For example, 
as described abo v e, M ∗, global strongly correlate with M H 2 , global , M H 2 , 
M compact 

H 2 , M tot, global , SFR, and M HI, global . By construction, f H 2 , global 
and M H 2 , global are not independent. Also, # H 2 and # compact 

H 2 correlate 
with each other. The correlation within time-scales is most likely 
due to the fact that our time-scale measurements are constrained by 
scaling the time-scale ratios with a reference time (see Section 3 ). 

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

First of all, the cloud lifetime ( t CO ) is measured to be longer 
with increasing stellar mass ( M ∗, global ), which traces galaxy mass. 
The cloud lifetime also shows positive correlations with the total 
molecular gas mass, both measured globally ( M H 2 , global ) or only con- 
sidering the analysed region, with and without diffuse emission ( M H 2 
and M compact 

H 2 , respecti vely). Gi ven that galaxy mass and metallicity 
are correlated (see Fig. 6 ; upper left), we suspect this can be due 

to the fact that a higher gas density threshold is required to make 
CO visible in low-mass galaxies compared to high mass galaxies. 
As shown in Table 4 , when only the galaxies with direct metallicity 
measurements are considered, a suggesti ve positi ve trend between 
t CO and metallicity is revealed (Spearman correlation coefficient of 
0.54), but this tentative trend is not strong enough to be charac- 
terized as statistically meaningful. CO molecules in low-metallicity 
environments with low dust-to-gas ratio are photodissociated deeper 
into the clouds (Bolatto, Wolfire & Leroy 2013 ). As clouds assemble 
from diffuse gas and become denser, clouds in a low-mass and low- 
metallicity environment spend a longer time in a CO-dark molecular 
gas phase (see also Clark et al. 2012 ). This is not included in the 
cloud lifetime we measure, because it is based on the visibility of 
CO emission, leading to an underestimation of the cloud lifetime. 
This is supported by the fact that, when H I emission is used to 
trace the gas, H I o v erdensities e xist for a much longer duration 
prior to the formation of CO peaks (Ward et al. 2020 ). High-mass 
galaxies also have a higher mid-plane pressure, which shapes clouds 
within the galaxy to have a higher internal pressure (Sun et al. 
2020a ), resulting in higher (surface) densities and thus making them 
easier to detect throughout their lifecycles (Wolfire, Hollenbach & 
McKee 2010 ). 

Observational biases may also contribute to the relation between 
cloud lifetime and galaxy mass, where the CO emission in low-mass 
galaxies is typically lower than the noise level of the PHANGS–
ALMA data. In low-mass galaxies, we might simply lack sensitivity 
to the CO emission to pick up emission from low mass GMCs at 
any point of their lifetime, while they are detected in high mass 
galaxies. Schinnerer et al. ( 2019 ) and Pan et al. ( 2022 ) also find 
a higher fraction of CO-emitting sightlines in high-mass galaxies 
compared to low-mass galaxies and discuss that this trend is due 
to intrinsically low visibility of CO emission in low-mass galaxies. 
Ho we v er, we e xpect this ef fect of sensiti vity to be minor in our 
analysis, as our measurements are based on flux measurements and 
thus biased towards bright regions. 
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Figure 6. Examples of six statistically significant correlations between our measurements and galaxy or average GMC properties. In the upper panel, the 
measured cloud lifetime ( t CO ) is shown as a function of stellar mass ( M ∗, global ; left) and molecular gas surface density ( # H 2 ; right), where points are colour 
coded by metallicity (12 + log (O / H)) and molecular gas fraction ( f H 2 , global ), respectively. The critical density identified by Chevance et al. ( 2020b ) is also 
shown for comparison (dashed line). In the middle left-hand panel, the measured feedback time-scale ( t fb ) is shown as a function of the surface density contrast 
between CO emission peaks and the galactic average ( E CO ), colour coded by the molecular gas surface density ( # H 2 ). The middle right-hand panel shows 
the integrated star formation efficiency ( εsf ) as a function of SFR surface density ( # SFR ), where the points are colour coded by inclination ( i ). The lower 
left-hand panel shows the diffuse CO emission fraction ( f CO 

diffuse ) as a function of the global atomic gas mass ( M H I , global ), where the points are colour coded by 
completeness of the CO observation (Leroy et al. 2021b ). In the lower right-hand panel, the diffuse H α emission fraction ( f H αdiffuse ) is shown as a function of 
average virial parameter of GMCs ( αvir, GMC ), colour coded by the global atomic gas mass ( M H I , global ). Galaxies without measurements corresponding to each 
colour bar scheme are denoted in magenta. Grey circles are the galaxies with resolution worse than 200 pc. Grey triangles indicate upper limits for galaxies 
suffering from blending of sources (see Section A ). These grey points are excluded in our correlation analysis. For individual data points, 1 σ uncertainties are 
shown. In each panel, the best-fitting linear regression (solid line), 1 σ scatter of the data around the fit (shaded area), and the Spearman p -values and correlation 
coefficients are indicated. We also show the distribution of M ∗, global for the 10 galaxies excluded from our sample due to their limited number of emission peaks 
(black circles; see Section 2 and Section A ). 
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Other strong correlations with the cloud lifetime and properties 
related to the stellar mass and/or molecular gas mass of the galaxy 
(SFR and M tot, global ) are likely to be driven by the correlations 
e xplained abo v e. Sev eral studies hav e also reported such connections 
between global properties of the galaxy and the ensemble average 
properties of clouds (Hughes et al. 2013 ; Colombo et al. 2014 ; Hirota 
et al. 2018 ; Sun et al. 2018 , 2020b , a ; Schruba et al. 2019 ). In the 
upper left-hand panel of Fig. 6 , we also include the distribution of 
M ∗, global for ten galaxies that are excluded from our sample due 
their small number of emission peaks (see Section 2 and Section A ). 
They are randomly distributed in M ∗, global , indicating that selectively 
including CO-bright galaxies does not bias this result. 

The cloud lifetime also positively correlates with the molecular gas 
fraction ( f H 2 , global ), as well as with molecular gas surface densities 
measured with and without diffuse emission ( # H 2 and # compact 

H 2 , 
respectively). The relation with molecular gas surface density might 
seem to contradict theoretical expectations (e.g. Kim et al. 2018 ), 
because denser clouds are expected to collapse faster, form stars 
and disperse more quickly than lower-density clouds. As proposed 
by Che v ance et al. ( 2020b ), the observed strong correlation might 
be related to the transition from an atomic gas-dominated to a 
molecular gas-dominated environment, as shown by the coloured 
points in the upper right-hand panel of Fig. 6 . Che v ance et al. 
( 2020b ) have found that at a critical density threshold of 8 M # pc −2 
(similar to the gas phase transition threshold), the cloud lifetime 
shows a better agreement with the galactic dynamical time-scale 
abo v e this threshold and with the internal dynamical time-scale. This 
value is similar to the molecular gas surface density at which the 
gas phase transition occurs ∼ 10 M #pc −2 , at near solar-metallicity 
(e.g. Wong & Blitz 2002 ; Bigiel et al. 2008 ; Leroy et al. 2008 ; 
Schruba et al. 2011 ). In the upper right-hand panel of Fig. 6 , this 
transition density is shown as a dashed line for comparison. In an 
atomic gas-dominated environment ( f H 2 < 0 . 5), CO is only emitted 
by the central region of the clouds, tracing the densest regions. 
Ho we ver, in a molecular gas-dominated environment ( f H 2 > 0 . 5), 
we detect more CO emission coming from an extended envelope 
of the molecular clouds (e.g. Shetty, Clark & Klessen 2014 ). This 
may increase the measured cloud lifetimes, as the assembly phase of 
the envelope is additionally taken into account, compared to when 
only the densest phase is included. In addition, in a low-surface 
density environment, the clouds will spend a longer time in the 
CO-dark phase, as a higher density threshold is required to make 
CO visible, resulting in a measured cloud lifetime shorter than the 
actual molecular cloud assembly time (Bolatto et al. 2013 ). Similarly 
to the dependence on galaxy mass discussed abo v e, observational 
biases due to CO sensitivity level also play a role, making us 
miss a higher fraction of low-mass clouds in atomic gas-dominated 
environments. 

For the feedback time-scale, during which CO and H α o v erlap, 
we find the strongest correlation with E CO , which is the surface 
density contrast in the CO map between the emission peaks and 
the galactic average. The feedback time-scale becomes shorter with 
increasing E CO . In the middle left-hand panel of Fig. 6 , points are 
colour coded by # H 2 and suggest that when E CO is higher (i.e. sharper 
CO emission peaks), feedback-driven dispersal of the clouds makes 
the CO emission become undetected faster. This can be understood 
physically as the CO emission will become invisible faster after the 
onset of star formation when the surrounding medium is sparse, 
indicated by the low molecular gas surface density, allowing a faster 
dispersal of molecular clouds. 

Similarly to the dependencies we have identified for t CO , we 
find that t fb also correlates with M compact 

H 2 , M H 2 , M H 2 , global , SFR, and 

f H 2 , global . We suspect these correlations arise at least partially because 
t fb and t CO strongly correlate with each other (with a Spearman 
correlation coefficient of 0.72). Interestingly, unlike t CO , we find a 
less significant correlation with stellar mass, which does not satisfy 
our significance cut with p = 0 . 03. This can be explained by the 
fact that the feedback time captures the phase when clouds are star 
forming, implying that the density is high enough, which typically 
corresponds to a CO-bright phase. Therefore, we miss less of the 
CO-dark phase that is proportionally more important in the low-mass 
galaxies. 

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

We find a strong correlation between our measurements of inte- 
grated star formation efficiency ( εsf ) and SFR surface density ( # SFR ), 
as shown in the middle right-hand panel of Fig. 6 . This correlation 
might seem like it can be simply understood as that a higher integrated 
star formation efficiency per star formation event, at least, partially 
would be driven by a higher SFR. Ho we ver, we cannot rule out the 
possibility that this relation arises due a strong correlation between 
t CO and # compact 

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

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

within our method during the diffuse emission filtering process of 
Hygate et al. ( 2019 ), we find the strongest anticorrelation with the H I 
mass ( M H I , global ). Another correlation with M tot, gas is driven by this 
strong correlation with M H I , global . We find that as M H I , global decreases, 
the diffuse molecular component becomes more important. We 
conjecture that this can be due to an observational bias, as the 
completeness of the CO maps (indicated as coloured data points 
in Fig. 6 ) is low for low-mass galaxies due to our limited sensitivity, 
suggesting that we are missing a larger fraction of small, faint clouds 
in such galaxies. Ho we v er, contrary to our e xpectation, f CO 

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

Lastly, the diffuse H α emission fraction ( f H αdiffuse ) shows a strong 
correlation with the average virial parameter of GMCs ( αvir, GMC ). 
We suspect this can be due to a more perv asi ve medium of GMCs 
(higher αvir, GMC ) allowing more ionizing photons to leak out from 
star-forming regions, compared to more bound clouds. Furthermore, 
as indicated by the coloured points in Fig. 6 , galaxies with higher 
f H αdiffuse tend to have lower atomic gas mass ( M H I , global ), which is in line 
with observ ations sho wing deeper penetration of ionizing photons 
into the surrounding ISM in lower mass (and lower metallicity) 
galaxies (Cormier et al. 2015 ; Che v ance et al. 2016 ). 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/2/3006/6673429 by U
niversität H

eidelberg user on 10 February 2023

32 Chapter 2



Molecular cloud lifecycle in 54 PHANGS galaxies 3023 

MNRAS 516, 3006–3028 (2022) 

Figure 7. Comparison of our measured cloud lifetime ( t CO ) with analytical predictions, which are, from left to right, the free-fall time ( t ff ), the crossing time of 
GMCs ( t cr ), and the galactic time-scale, considering the effect of large-scale dynamics ( t gal ). In the upper panels, the one-to-one relation is shown as a solid line and 
the data points are colour coded by surface molecular gas density ( # H 2 ). The lower panels show the ratios of t CO and analytical predictions ( t dyn ), where t dyn is the 
free fall time (left), the crossing time (middle) or the galactic dynamical time-scale (right), as a function of # H 2 , where the points are colour coded by molecular 
gas fraction ( f H 2 ). In all panels, galaxies where our analysis can only be run at resolution larger than 200 pc are shown as grey circles. The black horizontal line 
shows where t CO = t dyn . The blue and red lines, respectively, indicate the mean of the time-scale ratios for galaxies below and abo v e # H 2 of 8M # pc −2 (from 
Che v ance et al. 2020b ) with the shaded regions representing the 16 th –84 th percentile. This density threshold is from Che v ance et al. ( 2020b ), belo w which t CO 
shows better agreement with internal dynamical times ( t ff and t cr ) compared to the t gal , and the other way around at densities higher than this threshold. 
5.2 Comparison with characteristic time-scales 
In order to understand the dynamical mechanisms that go v ern cloud 
lifetimes, we compare our measurements of t CO with analytical 
predictions, which are related to local cloud dynamics (GMC free-fall 
time and GMC crossing time; t ff and t cr , respectively), or large-scale 
dynamics of the ISM ( t gal ; Jeffreson & Kruijssen 2018 ). We adopt 
the CO-luminosity-weighted harmonic average of t ff from the cloud 
catalogue established for the PHANGS–ALMA galaxies by Hughes 
(in preparation), which uses the CPROPS algorithm (Rosolowsky 
et al. 2021 ) to determine the physical properties of GMCs. Here, 
t cr is defined as r GMC / σ vel , where r GMC is the radius of GMC and 
σ vel is the cloud velocity dispersion ( σ vel ). We first obtain t cr for 
each GMC in a given galaxy and calculate CO-luminosity-weighted 
harmonic average of t cr . For t gal , we use the analytic theory presented 
in Jeffreson & Kruijssen ( 2018 ). This theory assumes that cloud 
lifetimes are environmentally dependent and can be estimated by 
combining the time-scales of numerous processes go v erning the 
cloud ev olution: the gra vitational collapse of the mid-plane ISM 
( τ ff ), galactic shear ( τβ ), spiral arm interactions ( τ*P ), epicyclic 
perturbations ( τ κ ), and cloud–cloud collisions ( τ cc ). As the galactic 
shear ( τβ ) is a dynamically dispersive process unlike the other four 
mechanisms compressing the clouds, the cloud lifetime is expressed 
as t −1 

gal = | τff + τ*P + τκ + τcc − τβ | . We determine these time-scales 
in five different radial bins for each galaxy (see also Section 5.1 ), 
using equations from Jeffreson & Kruijssen ( 2018 ), the radial profiles 

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

In the upper panel of Fig. 7 , we show our measurements of t CO 
as functions of the analytically predicted time-scales. In the lower 
panel, the ratios of t CO o v er these predicted time-scales are shown as 
a function of # H 2 . For comparison, we also calculate the mean and 
1 σ range of these ratios only considering galaxies with molecular gas 
surface density below and abo v e the atomic-to-molecular transition 
density described in the previous subsection (8 M # pc −2 ; Chevance 
et al. 2020b ). We find that on average, t CO = (2 . 7 ± 1 . 3) t ff and t CO = 
(4 . 0 ± 1 . 9) t ff , respectively, below and abo v e the transition density 
with error bars representing 16–84 per cent range. Measured cloud 
lifetimes t CO are almost al w ays longer than t ff , independently of the 
molecular gas surface density. The crossing time t cr shows a better 
agreement with t CO compared to t ff , especially in low molecular gas 
surface density environments ( # H 2 ≤ 8 M # pc −2 ), with an average of 
t CO = (1 . 3 ± 0 . 6) t cr . At higher densities, t CO increasingly deviates 
from t cr , with an average of t CO = (1 . 7 ± 0 . 6) t cr . 

Finally, the right-hand panels of Fig. 7 show that, in low molecular 
gas surface density environments, our measurements of t CO are sig- 
nificantly lower than t gal , with an average of t CO = (0 . 7 ± 0 . 3) t gal . By 
contrast, in higher-density ( ≥ 8 M # pc −2 ; molecular gas dominated) 
environments, where the majority of the molecular gas has high 
CO emissi vity, t CO becomes e ven longer than t gal for most of the 
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galaxies, with an average of t CO = (1 . 5 ± 0 . 6) t gal . This difference 
in two density regimes can be explained by the fact that t gal takes 
into account all the cold gas, including the phase that is not strongly 
CO-emitting, while our measurements of t CO are based on CO-bright 
clouds. Therefore, t gal is typically longer than t CO , especially in low 
molecular gas surface density environments. Moreo v er, this indicates 
that in low-surface density environments (atomic gas-dominated), the 
assembly of CO-bright molecular clouds seems to be less coupled 
to galactic dynamics, but rather occurs on internal cloud-dynamical 
time-scales such as the crossing time. Following the analytic theory 
by Jeffreson & Kruijssen ( 2018 ), we can also quantify which galactic- 
dynamical mechanisms are rele v ant for setting the analytical cloud 
lifetime. The rele v ance is deemed significant when the time-scales of 
a given dynamical process is smaller than 2 × τmin , where τmin is the 
smallest time-scale among the five processes. The minimum time- 
scale has the greatest influence on setting the t gal , and is τ ff in most 
cases whereas shear is also found to be rele v ant in some environments 
with τβ = (3 . 7 ± 2 . 3) τmin , on average. This shows that the predicted 
lifetime of these molecular clouds results from a competition between 
the gravitational collapse of the mid-plane ISM and galactic shear, 
which causes clouds to be pulled apart by differential rotation. At 
high density where t CO shows a good agreement with t gal , this implies 
that the assembly of molecular clouds and their evolution may be 
significantly influenced by galactic dynamics. Meidt et al. ( 2015 ) 
have reached a similar conclusion using GMCs in M51, where GMC 
evolution appears to be regulated by shear. 
6  C O N C L U S I O N  
We present a systematic determination of evolutionary sequences 
of GMCs from the molecular gas phase to exposed young stellar 
regions across an unprecedented sample of 54 molecular gas-rich 
main sequence galaxies from the PHANGS–ALMA surv e y (Leroy 
et al. 2021b ). We have applied the statistical method developed 
by Kruijssen & Longmore ( 2014 ) and Kruijssen et al. ( 2018 ) to 
CO and H α emission maps at cloud-scale resolution ( ∼100 pc) and 
measured the cloud lifetime ( t CO ), the feedback time-scale (duration 
for which CO and H α are spatially o v erlapping; t fb ), as well as the 
average separation length between independent star-forming regions 
evolving from molecular clouds to exposed young stellar regions 
( λ). We also derive other physical quantities such as the feedback 
v elocity ( v fb ), the inte grated star formation efficienc y ( εsf ), and 
the diffuse emission fraction for both CO and H α maps ( f CO 

diffuse 
and f H αdiffuse ). By capitalizing on a statistically representative sample 
of galaxies from PHANGS, we have correlated our measurements 
with global galaxy and average cloud properties. This allows us 
to quantitatively link galactic-scale environmental properties to the 
small-scale evolutionary cycle of molecular clouds, star formation 
and feedback. The metrics explored here include properties related to 
galaxy mass, surface density of molecular gas and SFR, morphology, 
metallicity, velocity dispersion, pressure, and galactic dynamics. Our 
main conclusions are as follows: 

(i) Across our sample of galaxies, we find that molecular clouds 
assemble and survive for a time-scale of 16.4 ± 5.5 Myr on average, 
demonstrating that GMCs are transient objects that disperse after 
a few dynamical times via feedback from young massive stars. 
The feedback time-scale is 3.2 ± 1.1 Myr on average (excluding 
galaxies for which only an upper limit could be constrained) and 
constitutes 10 –30 per cent of the cloud lifetime. Our measurements 
of these time-scales are in good agreement with those obtained using 
other methods (cloud classification based on their stellar content, e.g. 

Kawamura et al. 2009 ; Corbelli et al. 2017 ; determination of gas- 
free stellar cluster ages, e.g. Grasha et al. 2019 ). Our results further 
confirm the conclusion of previous works that there is a decorrelation 
between gas and young stars on the cloud scale (Schruba et al. 
2010 ; Kreckel et al. 2018 ; Schinnerer et al. 2019 ; Pan et al. 2022 ), 
which can be explained by assuming that galaxies are composed of 
regions, undergoing evolution from gas to stars, that are separated 
by 100 −400 pc on average. 

(ii) We find that the star formation in these regions is inefficient, 
with an integrated cloud-scale star formation efficiency ( εsf ) ranging 
from 0 . 8 to 7 . 5 per cent . We measure feedback velocities ( v fb ) of 
10 –30 km s −1 . Overall, these results are consistent with those from 
our previous measurements, conducted on a significantly smaller 
number of galaxies (Kruijssen et al. 2019b ; Che v ance et al. 2020b ; 
Kim et al. 2021a ; Che v ance et al. 2022 ). We also determine the 
fraction of diffuse emission in each CO and H α map based on its 
morphology. We find average fractions of 45 ± 10 per cent in CO 
and 53 ± 19 per cent in H α. 

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

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

(v) The star formation efficiency εsf shows a strong correlation 
with # SFR , which can at least partly be understood as a higher 
SFR leading to a higher integrated star formation efficiency per star 
formation e vent. Ho we ver, other factors can also contribute to this 
trend such as, the tight correlation between t CO and # H 2 , as well as 
the dependence of extinction correction on inclination. 

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

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

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

(viii) We find that, at all the density regimes probed here, t CO 
is longer than t ff (from Rosolowsky et al. 2021 ; Hughes et al. in 
preparation) by a factor of 3.5 ± 1.8. By contrast, we find a good 
agreement with crossing time (from Rosolowsky et al. 2021 ; Hughes 
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et al. in preparation) with t CO = (1 . 5 ± 0 . 6) t cr . The agreement be- 
comes better when only the galaxies with low molecular gas surface 
density ( # H 2 < 8 M #pc −2 ) are considered, with t CO = (1 . 3 ± 0 . 6) t cr . 
At higher surface densities, the agreement becomes slightly worse 
with t CO = (1 . 7 ± 0 . 6) t cr . Lastly, in the low-density regime ( < 
8 M # pc −2 ), t CO is shorter than the time-scale expected for galactic- 
dynamical processes to act, with (0 . 7 ± 0 . 3) t gal , implying that t gal 
o v erpredicts the cloud lifetime traced by CO emission. Ho we ver, 
in higher surface density environments, t CO = (1 . 5 ± 0 . 6) t gal , t CO 
even becomes longer than t gal . The difference in low-surface density 
environments is likely due to the fact that GMCs spend a large fraction 
of their lifetime being CO-dark, and this phase is by construction 
excluded from t CO , which measures the CO visibility lifetime. By 
contrast, the Jeffreson & Kruijssen ( 2018 ) model does not make 
any distinction regarding on the CO emissivity of the different gas 
phases, and t gal includes both the CO-dark and CO-bright phases. 
This results in an increase of t CO / t gal with the molecular gas surface 
density (also see Che v ance et al. 2020b ). 

We have quantified the evolutionary lifecycle of GMC formation, 
evolution, and dispersal across an unprecedented sample of 54 nearby 
disc galaxies. We have demonstrated that this lifecycle depends on the 
large-scale galactic environment. In this work, we have determined 
the evolution from cold gas to exposed young stellar regions using CO 
and H α maps. In the future, we plan to further extend and refine this 
evolutionary timeline, for a subset of our galaxy sample, by including 
other observations at different wavelengths: ionized emission lines 
from MUSE, mid-infrared from the James Webb Space Telescope , 
and H I from the VLA and Meerkat. This will allow us to determine 
the time-scales of all the successive phases of the gas that participate 
in star formation. 
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APPENDIX  A :  A  C C U R A  C Y  O F  O U R  RE S ULTS  
In order to validate the accuracy of our measurements, we verify that 
the requirements listed in section 4.4 of Kruijssen et al. ( 2018 ) are 
fulfilled. Satisfaction of these criteria indicates that the constrained 
parameters ( t CO , t fb , and λ) are measured with an accuracy of at least 
30 per cent: 

(i) The duration of t CO and t H α should differ by less than one order 
of magnitude. This is satisfied by | log 10 ( t H α/ t CO ) | ≤ 0.58. 

(ii) The ratio λ/ l ap, min ranges from 1.06 to 3.63 for the galaxies in 
our sample. For eight galaxies out of 54 (IC1954, NGC 1087, NGC 

Figure A1. In the top panel, we show the adopted density contrasts ( δlog 10 F ) 
used for the peak identification in each H α (blue) and CO (red) emission 
map, as a function of the average filling factor ζ . The shaded area is the 
parameter space where the peak identification is affected by blending of 
sources (Kruijssen et al. 2018 ). We confirm that we adopt small enough 
δlog 10 F to identify adjacent peaks even in maps with high filling factor. 
In the bottom panel, we show the ratio of the feedback time-scale ( t fb ) and 
the total duration of the evolutionary cycle ( τ ), as a function of the average 
filling factor. The shaded area is the parameter space where the contamination 
by adjacent peaks affects the measurement of the feedback time-scale. As a 
result, in grey we show six galaxies where only an upper limit of t fb can be 
determined by not satisfying the condition (viii). 

1385, NGC 1546, NGC 1672, NGC 4298, NGC 4540, NGC 4548), 
we measure λ/l ap , min < 1 . 5, implying that for these galaxies, only 
t CO is constrained with sufficient accuracy, while the constrained t fb 
and λ are upper limits. For the remaining galaxies, we ensure that the 
mean separation length between independent regions are sufficiently 
resolved by our observations. 

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

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

(v) The global star formation history of the analysed region, during 
the last evolutionary cycle (ranging 9 −35 Myr), should not vary more 
than 0.2 dex, when averaged over time width of t CO or t H α . This is 
to ensure that we homogeneously sample the evolutionary timelines 
from gas to star with the identified peaks. Unfortunately, SFR o v er 
the last course of cloud lifetime for the galaxies in our sample are 
not kno wn. Ho we v er, we e xpect that the variation of SFR in the last 
∼35 Myr to be minor when time averaged by t CO or t H α as these 
low redshift galaxies are mostly undergoing a secular evolution, 
especially when the galactic centres and bars are excluded. 

(vi) Each region, independently undergoing evolution from gas to 
star, should be detectable in both tracers at some point in their life. 
This implies that sensitivity of the CO and H α should be matched, 
allowing the faintest CO peak to evolve into H II regions that is 
bright enough to be detected in the H α map. In order to check if this 
criterion is satisfied, we first calculate the minimum star-forming 
region mass expected to form from the detected molecular clouds by 
multiplying the typical 5 σ point source sensitivity of the CO map 
( ∼ 10 5 M #pc −2 ; Leroy et al. 2021b ) by the typical star formation 
efficiency constrained in our method ( εsf = 2 . 8 ± 1 . 5 per cent ). We 
then compare this minimum mass to the mass of the stellar population 
required to produce ionizing radiation that matches the typical 5 σ
sensitivity of H α map on the scale of the typical individual star- 
forming regions ( λ ≈ 250 pc). We use the STARBURST99 model 
(Leitherer et al. 1999 ) to obtain the initial mass of the stellar 
population assuming that stars formation took place instantaneously 
5 Myr ago. We find that the typical minimum mass of the stellar 
population obtained from CO maps (3000 M #) matches well with 
that from H α maps (4000 M #). 

Our measurements satisfy almost all of the requirements listed 
abo v e with an exception of (ii). This implies that while t CO is 
constrained with high accuracy, we do not have sufficient resolution 
to precisely constrain the λ and t fb , for 8 galaxies in our sample. Only 
upper limits can be obtained for these v alues. Belo w, we use four 
more criteria listed in Kruijssen et al. ( 2018 ) to further determine 
the validity of t fb . To do so, we first introduce the filling factor of 
SFR or gas tracer peaks, which is defined as ζ = 2 r / λ, where r is the 
mean radius of the corresponding peaks. This ζ characterizes how 
densely the peaks are located in a map. The average ζ is calculated 
by weighting the filling factors of gas and SFR tracer peaks with 
their associated time-scales: 

(i) When peaks are densely distributed potentially o v erlapping 
with each other, the density contrast used for identifying peaks 
( δlog 10 F ) should be small enough to identify adjacent peaks. In 
Fig. A1 , we confirm that our adopted δlog 10 F is small enough, 
compared to the upper limit prescribed by Kruijssen et al. ( 2018 ). 
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(ii) Spatial o v erlap of adjacent peaks due to high filling factor can 
falsely be attributed to a longer duration of the measured feedback 
time-scale. In this case, only an upper limit on the feedback time- 
scale can be determined. In order to check whether we sufficiently 
resolv e independent re gions, we compare in Fig. A1 the analytical 
prescription of Kruijssen et al. ( 2018 ) with our measurements of 
t fb / τ , where τ is the total duration of the entire evolutionary cycle 
( τ = t CO + t H α − t fb ). We find that this condition is not fulfilled for 
six galaxies (NGC 1097, NGC 2090, NGC 3627, NGC 4540, NGC 
4548, NGC 4569), two of which o v erlap with galaxies that do not 
satisfy condition (ii). 

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

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

(v) After masking obviously crowed regions such as the galaxy 
centre, visual inspection does not reveal abundant region blending. 
In conclusion, we find that most of our measurements are constrained 
with high accuracy. The only exceptions are λ in 8 galaxies that do 
not satisfying condition (ii) and t fb in 12 galaxies that do not satisfy 
both conditions (ii) and (viii). Only upper limits for these values can 
be constrained for this subset of galaxies. 
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ABSTRACT
Feedback from massive stars plays a key role in molecular cloud evolution. After the onset of star formation, the young stellar
population is exposed by photoionization, winds, supernovae, and radiation pressure from massive stars. Recent observations of
nearby galaxies have provided the evolutionary timeline between molecular clouds and exposed young stars, but the duration of
the embedded phase of massive star formation is still ill-constrained. We measure how long massive stellar populations remain
embedded within their natal cloud, by applying a statistical method to six nearby galaxies at 20−100 pc resolution, using
CO, Spitzer 24 µm, and H α emission as tracers of molecular clouds, embedded star formation, and exposed star formation,
respectively. We find that the embedded phase (with CO and 24 µm emission) lasts for 2−7 Myr and constitutes 17−47 per cent
of the cloud lifetime. During approximately the first half of this phase, the region is invisible in H α, making it heavily obscured.
For the second half of this phase, the region also emits in H α and is partially exposed. Once the cloud has been dispersed by
feedback, 24 µm emission no longer traces ongoing star formation, but remains detectable for another 2−9 Myr through the
emission from ambient CO-dark gas, tracing star formation that recently ended. The short duration of massive star formation
suggests that pre-supernova feedback (photoionization and winds) is important in disrupting molecular clouds. The measured
time-scales do not show significant correlations with environmental properties (e.g. metallicity). Future JWST observations will
enable these measurements routinely across the nearby galaxy population.

Key words: stars: formation – ISM: clouds – galaxies: evolution – galaxies: ISM – galaxies: star formation.

1 IN T RO D U C T I O N

Massive stars (>8 M") form in the densest regions of molecular
clouds. Once formed, these stars emit large quantities of ionizing
photons creating H II regions and generate strong winds, which
together alter the structure of their birth clouds and the surrounding
interstellar medium. After a relatively short lifetime (4−20 Myr;
Leitherer et al. 2014; Barnes et al. 2020; Chevance et al. 2020a),
these massive stars die in supernova explosions injecting energy
and momentum into their surroundings. Theoretical studies of giant
molecular clouds (GMCs) indicate that these feedback processes are
responsible for freeing the young stars from their parental clouds and
destroying the GMCs (see e.g. Krumholz 2014; Dale 2015; Chevance
et al. 2020b, for recent reviews). However, it is still debated which
feedback mechanisms efficiently disrupt the birth clouds and which
affect the diffuse interstellar medium on large scales (e.g. Lucas,
Bonnell & Dale 2020; Barnes et al. in preparation).

Observationally, several studies have constrained the time-scale
for GMC destruction by stellar feedback in the Milky Way and in

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

nearby galaxies using optical and ultraviolet (UV) star formation
tracers, which are sensitive to recent, not heavily obscured star
formation. Rapid dispersion of GMCs, within a cloud dynamical
time-scale (≤10 Myr), has been suggested based on the age dis-
tributions of stars in nearby star-forming regions and young stellar
associations (Elmegreen 2000; Hartmann 2001). For GMCs in the
Milky Way, M33, and the Large Magellanic Cloud (LMC), somewhat
longer feedback time-scales of 10−20 Myr have been proposed by
classifying molecular clouds into different types based on the (non-
)existence of their star formation activity (Engargiola et al. 2003;
Blitz et al. 2007; Kawamura et al. 2009; Miura et al. 2012; Corbelli
et al. 2017). Such methods have limitations because individual GMCs
and star-forming regions need to be resolved. In addition, most of
these studies only constrain the duration of the cloud dispersal after
the young stars have become partially exposed. The exact role of
each different feedback mechanism remains ambiguous, because the
total duration of the embedded phase of star formation, including a
heavily obscured phase, has not been quantified.

Studies of star-forming regions in the Milky Way and some nearby
galaxies show that the embedded phase of massive star formation
lasts for 2−5 Myr, where the duration of the heavily obscured phase
is found to be ∼0.1−2 Myr (Lada & Lada 2003; Whitmore et al.

C© 2021 The Author(s)
Published by Oxford University Press on behalf of Royal Astronomical Society
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2014; Corbelli et al. 2017). During the earliest stage of star formation,
young massive stars are still embedded in their natal gas. As a result,
H α emission is heavily or partially obscured due to the extinction
provided by the dust in dense gas surrounding the young stars. De-
spite this, on-going star formation is detectable using mid-infrared,
hydrogen infrared recombination lines, radio recombination lines,
and free–free radio continuum emission (Lockman 1989; Kennicutt
1998a; Calzetti et al. 2005; Kennicutt et al. 2007; Prescott et al. 2007;
Murphy et al. 2011; Vutisalchavakul & Evans 2013; Querejeta et al.
2019). In particular, the 24 µm emission in the mid-infrared observed
by the Multiband Imaging Photometer (MIPS) aboard the Spitzer
Space Telescope provides an unbiased tracer of embedded massive
star formation (e.g. see Kennicutt & Evans 2012 for review), as long
as the star-forming region has a fully sampled initial mass function
(Vutisalchavakul & Evans 2013). 24 µm emission originates from
stochastically heated small dust grains that do not require ionizing
photons to be excited but do empirically correlate with tracers of
massive star formation and so can be used as a tracer of the presence
of large amounts of dust-reprocessed photospheric light from massive
stars. Therefore, the 24 µm emission is assumed to turn on only once
massive stars are present. However, the radiation field from older
stars (i.e. late-type B stars with an age of !100 Myr) can make a
non-negligible contribution to the dust heating and thus the mid-
infrared dust emission (Draine & Li 2007; Verley et al. 2009; Leroy
et al. 2012). The exact contribution at 24 µm wavelength is found to
vary strongly between galaxies (e.g. 85 per cent in M31 by Viaene
et al. 2017, 20 per cent in M33 by Williams et al. 2019, and up to
around > 60 per cent within the Galactic centre of the Milky Way,
see Koepferl et al. 2015).

Following the theoretical model of star formation by Schmidt
(1959), it is now observationally well-known that on galactic scales
there is a tight correlation between the molecular gas surface density
and the star formation rate (SFR) surface density (the ‘star formation
relation’; Silk 1997; Kennicutt 1998b; Bigiel et al. 2008; Leroy
et al. 2013). However, this relation is also observed to break down
on scales smaller than ∼1 kpc (e.g. Onodera et al. 2010; Schruba
et al. 2010; Ford et al. 2013; Leroy et al. 2013; Kreckel et al. 2018;
Williams, Gear & Smith 2018; Kruijssen et al. 2019; Schinnerer et al.
2019). This breakdown is caused by the small-scale de-correlation
between GMCs and young stellar regions on sub-kpc scales and
can be explained by assuming that individual regions in a galaxy
follow independent lifecycles, during which clouds assemble, form
stars, and get disrupted by feedback (Schruba et al. 2010; Feldmann,
Gnedin & Kravtsov 2011; Kruijssen & Longmore 2014).

Kruijssen & Longmore (2014) and Kruijssen et al. (2018) de-
veloped a formalism that translates the observed de-correlation
quantitatively into the evolutionary timeline of GMCs from cloud
formation to subsequent star formation, and finally cloud dispersal.
In brief, this method uses the spatial variation of the gas-to-SFR
flux ratio observed at different spatial scales ranging from cloud
(∼100 pc) to galactic (∼1 kpc) scales for apertures placed on either
gas peaks or SFR tracer peaks. These measurements are then used to
determine the duration of each phase of the evolutionary cycle: the
cloud lifetime, the time-scale a SFR tracer is visible, and the phase
during which both molecular gas and SFR tracers overlap, which
represents the duration of massive star formation as well as the time-
scale for molecular gas to be removed or dissociated by feedback.
This method does not rely on high angular resolution as much as
previous methods, using stellar ages or relative fractions of GMCs
with and without internal star formation activity, since it only requires
the mean separation length between regions undergoing independent
evolution (100−200 pc; Chevance et al. 2020c) to be resolved instead

of resolving individual star-forming regions (10−50 pc; Kawamura
et al. 2009).

This method has been used to characterize the evolutionary
timelines between molecular gas and exposed young stellar pop-
ulations using CO and H α observations. The first applications of
this method to a number of galaxies covering a large range of
galactic environments (Kruijssen et al. 2019; Chevance et al. 2020a,c;
Hygate 2020; Ward et al. 2020a; Zabel et al. 2020) have shown that
GMCs live for 10−30 Myr. CO and H α emission are found to be
coincident for 1−5 Myr, during which time feedback from the young
stellar population disperses the molecular gas of their birth clouds.
Considering that supernova explosions are expected 4−20 Myr after
massive stars are formed (Leitherer et al. 2014; Chevance et al.
2020a), the short duration of overlapping CO and H α emission
suggests that pre-supernova feedback, such as photoionization and
stellar winds, is important for disrupting star-forming molecular
clouds (also see Barnes et al. 2020 Chevance et al. 2020a). Ward et al.
(2020b) have also used this method and extended the evolutionary
timeline of star-forming regions by incorporating H I emission to
trace atomic gas. The measured atomic gas cloud lifetime in the
LMC is ∼50 Myr and almost no overlap with the exposed star-
forming phase is detected.

In this paper, we go a step further in the characterization of the
GMC evolutionary lifecycle and use CO, 24 µm, and H α emission as
tracers for molecular gas, embedded star formation, and exposed star
formation, respectively, for six nearby galaxies (IC 342, LMC, M31,
M33, M51, and NGC 300). Previous applications of the statistical
method to the same galaxies have focussed on characterizing the
GMC lifecycle using CO emission as a tracer of the molecular gas
and H α emission as a tracer of the young massive stars (NGC 300:
Kruijssen et al. 2019; M51: Chevance et al. 2020c; M33: Hygate
2020; and the LMC: Ward et al. 2020a). We derive novel measure-
ments of the GMC lifetimes in IC 342 and M31 in this paper (see
Appendix B); these are based on CO and H α observations presented
in Schruba et al. (2021a), Schruba et al. (2021b). Employing Spitzer
24 µm observations allows us to probe the earliest phase of star
formation where the stars are still heavily obscured, and quantify
how long it takes young star-forming regions to emerge from their
natal cloud (at which point the H II regions created by their ionizing
radiation become visible).

The structure of this paper is as follows. In Section 2 and
Appendix A, we describe the observational data used in our analysis.
In Section 3, we summarize the statistical method used here and
describe the associated input parameters for the galaxies in our
sample. This is complemented by Appendix B, where we present
in more detail the application of this method to IC 342 and M31.
In Section 4, we then present the derived duration of the embedded
massive star-forming phase, which can be separated into a heavily
obscured phase of star formation and a partially exposed phase of star
formation based on the existence of H α emission. The total duration
of the 24 µm emitting phase is also presented. In addition, we explore
how the durations of these phases vary with environmental properties,
across the small galaxy sample for which these measurements are
possible. We discuss the robustness of our results and compare them
with the literature in Section 5. Last, we present our conclusions in
Section 6.

2 O BSERVATIONA L DATA

We apply our analysis to six nearby galaxies: IC 342, the LMC, M31,
M33, M51, and NGC 300. The size of our sample is mostly limited
by the angular resolution of the Spitzer MIPS observations at 24 µm
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(∼6.4 arcsec, Rieke et al. 2004; corresponding to 2−110 pc for the
galaxies in our sample, including M51 for which we use a map at
higher angular resolution, see Section 2.1) and the fact that we need
to resolve at least the separation length between star-forming regions
undergoing independent evolutionary lifecycles (∼100−200 pc) to
apply our analysis (see Section 5.1.1 and Kruijssen et al. 2018).
Here, we provide a summary of the observational data used to trace
the molecular gas (emission from low-J CO transitions), embedded
massive stars (24 µm emission), and exposed young stellar regions
(H α emission). Composite three-colour images of the CO, 24 µm,
and H α maps are presented in Fig. 1, whereas the individual CO
and 24 µm maps are shown in Appendix A. The physical and
observational properties of the galaxies in our sample are listed in
Table 1.

2.1 Descriptions of multiwavelength data sets

IC 342. We adopt a distance of 3.45 Mpc (Wu et al. 2014),
an inclination of 31.0◦, and a position angle of 42.0◦ (Meidt,
Rand & Merrifield 2009). The adopted metallicity at the galactic
centre is 12 + log(O/H)0 = 8.83 ± 0.04, with a radial gradient of
−0.0500 ± 0.0085 dex kpc−1, as measured by Pilyugin et al. (2014)
using the strong-line ‘counterpart’ method by Pilyugin, Grebel &
Mattsson (2012). We use a combination of NOEMA and IRAM 30-m
observations of the 12CO (J = 1−0) transition (denoted as CO(1–
0) in the following) from Schruba et al. (2021a) to trace molecular
gas in IC 342, covering out to 7.7 kpc in galactic radius. The final data
cube has a circular beam size of 3.6 arcsec, a spectral resolution of
5 km s−1, and a sensitivity of 135 mK per 5 km s−1 velocity channel.
Integrating over 10 km s−1, this translates to a 5σ point source
sensitivity of 5σ (MH2 ) ≈ 6.1 × 104 M" when the CO(1–0) -to-H2

conversion factor (αCO) listed in Table 2 is assumed. In order to trace
embedded star formation, we retrieved Spitzer MIPS 24 µm image
from the Local Volume Legacy (LVL) Survey (Dale et al. 2009). In
addition to the procedure described in Dale et al. (2009), we mask
foreground stars with a G-band magnitude ≤22 mag using the Gaia
DR2 catalogue (Gaia Collaboration 2018), as well as background
galaxies via visual inspection of extended and non-circular sources.
We then subtract background emission by fitting a plane determined
at 2−2.5 R25 from the galactic centre where R25 is the optical radius of
the galaxy, obtained from the Lyon Extragalactic Database (Paturel
et al. 2003a,b; Makarov et al. 2014). H α emission has been observed
with the Mosaic Imager on the Mayall 4-m telescope. We utilize
calibrated narrow-band H α and R-band images kindly provided by
Kimberly Herrmann (private communication). We post-process these
images as described in Schruba et al. (2021a). In brief, we subtract
continuum emission from the H α image, mask Milky Way stars
using the Gaia DR2 catalogue, subtract a sky background by fitting
a 1st order polynomial plane at galactic radii >10 kpc, and correct
for Galactic extinction adopting A(H α) = 1.3 mag which is derived
from E(B−V) = 0.494 mag (Schlafly & Finkbeiner 2011) and an
extinction curve with RV = 3.1 (Cardelli, Clayton & Mathis 1989).1

1As explained in the discussion of each galaxy, we do not adopt the same
literature for the reddening (E(B − V)) or the extinction law when correcting
for Galactic extinction. This is to follow what has been done previously for
each galaxy, in our first applications of the statistical method using CO and
H α emission only (Kruijssen et al. 2019; Chevance et al. 2020c; Hygate 2020;
Ward et al. 2020a). Nevertheless, similarly to the CO(1–0) -to-H2 and SFR
conversion factor (see Section 3.2), we note that our choice of correction factor
does not affect our measurements of time-scales and region separation length,
but only the derived total SFR and the integrated star formation efficiency.

For all the H α maps used here, we do not attempt to correct for the
internal extinction so that it traces exposed star-forming regions. The
resulting H α map has an angular resolution of 0.85 arcsec. Due to
limited coverage of the CO survey and blending of bright sources
at the galaxy centre, we restrict our analysis to regions where CO
observations have been made within galactic radii 1.0−7.7 kpc, as
shown in Fig. 1.

LMC. We adopt a distance of 50 kpc (Pietrzyński et al.
2019), an inclination of 22.0◦, and a position angle of 168.0◦

(Kim et al. 1998). The adopted metallicity at the centre of the
LMC is 12 + log(O/H)0 = 8.35 ± 0.03, with a radial gradient of
0.0105 ± 0.0105 dex kpc−1, as measured by Toribio San Cipriano
et al. (2017) using a direct measurement of electron temperature
(Te) from spectra of H II regions (direct Te-based method). We
employ the CO(1–0) data presented in the third data release of the
Magellanic Mopra Assessment (MAGMA; Wong et al. 2011, 2017)
to trace molecular gas. MAGMA is a CO mapping survey of the
LMC and SMC using the Mopra 22-m Telescope at the Australia
Telescope National Facility. For the LMC, the observations were
conducted as a follow-up study of the NANTEN survey (Fukui et al.
2008) by targeting a subset of previously identified molecular clouds
(∼160 out of 272 clouds), with an improved resolution in order to
resolve the GMCs (∼11 pc). In Fig. 1, white dotted lines show the
coverage of the MAGMA survey and solid white circles indicate
regions where molecular gas has been detected by the NANTEN
survey, but not further targeted with the MAGMA survey. We exclude
these white circled regions, where we know GMCs exist, from our
analysis.2 However, we still include other regions not observed
by the MAGMA survey, which might have diffuse and faint CO
emission. We note that the inclusion of these sightlines, not covered
by the MAGMA survey, should have a negligible impact on our
results because diffuse and faint emission is eventually removed in
our analysis through a filtering process (see Section 3). Moreover,
the MAGMA survey covers most (∼80 per cent) of the total CO
emission from the LMC observed by the NANTEN survey (Wong
et al. 2011). The observed CO emission from the MAGMA survey
also shows good agreement with the molecular gas map produced
using dust continuum emission modelling (Jameson et al. 2016),
indicating that we cover most of the emission from GMCs. The
resulting angular resolution of the MAGMA CO data is 45 arcsec,
and the sensitivity is 0.3 K per 0.526 km s−1 velocity channel.
Integrating over 10 km s−1, this translates to a 5σ point source
sensitivity of 5σ (MH2 ) ≈ 2.2 × 103 M" (assuming the αCO from
Table 2). The Spitzer MIPS 24 µm image is from the SAGE project
(Meixner et al. 2006), covering 7◦ × 7◦ of the galaxy. The continuum
subtracted H α map is from the Southern H-Alpha Sky Survey Atlas
(Gaustad et al. 2001) and has a resolution of 48 arcsec. We correct for
Galactic extinction using A(H α) = 0.16 mag, which is derived from
E(B−V) = 0.06 mag (Staveley-Smith et al. 2003) and an extinction
curve with RV = 3.1 (Cardelli et al. 1989). For the analysis here, we
include emission from 0−3 kpc in galactic radius, where the outer
boundary is indicated in Fig. 1.

M31. We adopt a distance of 0.78 Mpc (Dalcanton et al.
2012), an inclination of 37.7◦, and a position angle of 77.7◦

(Corbelli et al. 2010). The adopted metallicity at the galactic
centre is 12 + log(O/H)0 = 8.8 ± 0.1, with a radial gradient of

2Using the cloud catalogue from the NANTEN survey (Fukui et al. 2008),
Ward et al. (2020a) have modelled the CO emission from the GMCs that were
not observed by MAGMA and have shown that excluding these regions from
our analysis has a negligible effect on our measurements.
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Figure 1. Composite three-colour images of the six galaxies in our sample. The CO(1-0) emission (CO(2-1) for M33) is presented in blue, Spitzer MIPS 24 µm
in green, and H α in red. Galaxies are sorted by alphabetical order. The range of galactic radii included in the analysis is indicated by the white dashed ellipses.
The inner ellipses of IC 342 and M51 show galaxy centres excluded from our analysis. The white dotted line shows the area where CO emission was observed
in each galaxy (excluding the high noise edges of the map) and is not shown for M33 because it is outside the field of view. The massive star-forming regions
of 30 Doradus in the LMC and NGC 604 in M33, as well as bright 24 µm peaks are masked (green circles; see Section 2.3). In the LMC, regions that were
not targeted by the MAGMA survey but are known to host gas clouds are masked (white solid circles). Foreground stars that were not removed in the image
reduction process and image artefacts are also masked (purple circles). A physical scale of 500 pc is shown in each image.
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Table 1. Physical and observational properties of our galaxy sample.

Galaxy Stellar massa Metallicityb, c Distance Inclination Position angle CO CO 24 µm Spatial
observations resolution resolution resolutiond

(log10 M") (Z/Z") (Mpc) (deg) (deg) (arcsec) (arcsec) (pc)

IC 342 10.2 ± 0.1 0.90 ± 0.20 3.45 31.0 42.0 NOEMA 3.6 6.4 107
+ IRAM 30-m

LMC 9.3 ± 0.1 0.48 ± 0.03 0.05 22.0 168.0 ATNF 45 6.4 11
M31 (NGC 224) 11.0 ± 0.1 0.76 ± 0.20 0.78 77.7 37.7 CARMA 5.5 6.4 24

+ IRAM 30-m
M33 (NGC 598) 9.4 ± 0.1 0.50 ± 0.06 0.84 55.0 201.1 IRAM 30-m 12 6.4 49
M51 (NGC 5194) 10.7 ± 0.1 1.37 ± 0.20 8.6 21.0 173.0 PdBI 1.1 2.4 100

+ IRAM 30-m
NGC 300 9.3 ± 0.1 0.48 ± 0.06 2.0 42.0 111.0 ALMA 2.1 6.4 62
aAdopted from Skibba et al. (2012) for the LMC and Sick et al. (2015) for M31, while others are from Leroy et al. (2019).
bCO luminosity weighted metallicity over the considered field of view.
cObtained using Z/Z" = (O/H)/(O/H)", with the solar oxygen abundance 12 + log(O/H)" = 8.69 (Asplund et al. 2009).
dCoarsest spatial resolution of the CO and 24 µm maps.

Table 2. Input parameters of the analysis using 24 µm as SFR tracers for each galaxy. Other parameters not mentioned here are the same as in our previous
analysis using H α as an SFR tracer.

Quantity IC 342 LMC M31 M33 M51 NGC 300 Description

lap, min (pc) 116 25 52 65 90 60 Minimum aperture size to convolve the input maps to
lap, max (pc) 3000 2000 3000 2500 3000 2560 Maximum aperture size to convolve the input maps to
Nap 15 15 15 15 15 15 Number of aperture sizes used to create array of logarithmically

spaced
aperture size in the range (lap, min, lap, max)

Npix,min 20 10 20 20 10 100 Minimum number of pixels for a valid peak
$log10FCO 2.0 2.5 1.3 2.2 2.5 2.0 Logarithmic range below flux maximum covered by flux contour

levels
for molecular gas peak identification

δlog10FCO 0.05 0.15 0.02 0.10 0.05 0.10 Logarithmic interval between flux contour levels for molecular gas
peak
identification

$log10F24 µm 3.8 2.8 2.3 3.0 4.0 2.0 Logarithmic range below flux maximum covered by flux contour
levels
for SFR tracer peak identification

δlog10F24 µm 0.05 0.05 0.05 0.10 0.05 0.10 Logarithmic interval between flux contour levels for SFR tracer peak
identification

tref (Myr) 20.0 11.1 14.0 14.5 30.5 10.8 Reference time-scale spanned by molecular gas tracer
tref, errmin (Myr) 2.3 1.7 1.9 1.5 4.8 1.7 Downwards uncertainty on reference time-scale
tref, errmax (Myr) 2.0 1.6 2.1 1.6 9.2 2.1 Upwards uncertainty on reference time-scale
SFR (M"yr−1) 0.97 0.12 0.041 0.18 1.63 0.063 Total SFR in the analysed area
σ (SFR) (M"yr−1) 0.19 0.03 0.008 0.04 0.32 0.013 Uncertainty of the total SFR
log10 αCO 0.65 0.83 0.69 0.81 0.59 0.82 Logarithm of CO(1–0) -to-H2 conversion factor
σrel(αCO) 0.5 0.5 0.5 0.5 0.5 0.5 Relative uncertainty of αCO
nλ 13 7 10 10 16 8 Characteristic width for the Gaussian filter used to remove diffuse

emission in Fourier space

−0.022 ± 0.014 dex kpc−1, as measured by Zurita & Bresolin
(2012) using the strong-line calibration from Pilyugin (2001). To
trace molecular gas, we use CO(1–0) data first appeared in Caldú-
Primo & Schruba (2016), with full details presented in Schruba
et al. (2021b). These data are obtained by combining CARMA
interferometry data and IRAM 30-m data, the latter from Nieten
et al. (2006). The CARMA observations cover 87 kpc2 of M31’s
star-forming disc at galactic radii of 6−13 kpc. They have an angular
resolution of 5.5 arcsec, a spectral resolution of 2.5 km s−1, and a
sensitivity of 175 mK per 2.5 km s−1 velocity channel. Integrating
over 10 km s−1, this translates to a 5σ point source sensitivity of
5σ (MH2 ) ≈ 7.3 × 103 M" (assuming the αCO from Table 2). We
utilize the velocity masked moment-zero map, which is designed to
be flux-complete (see Schruba et al. 2021b for details). We employ

the Spitzer MIPS 24 µm map presented in Gordon et al. (2006). This
map is already background subtracted, and we refer the reader to the
original paper for more information on the data reduction procedure.
The H α emission map is discussed in Schruba et al. (2021b) and has
been created from calibrated narrow-band H α and R-band images
from the Local Group Galaxies Survey (Massey et al. 2006). The
observations were carried out by the Mosaic Imager on the Mayall
4-m telescope. The calibrated data were post-processed as described
in Schruba et al. (2021b), which include H α continuum subtraction,
masking of Milky Way stars using the Gaia DR2 catalogue (Gaia
Collaboration 2018), a sky background subtraction by fitting a plane
at galactic radii >20 kpc, and a correction for the contamination by
[N II] by assuming that both [N II] lines contribute 35 per cent of the
total H α emission, following Azimlu, Marciniak & Barmby (2011).
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The Galactic extinction is corrected by adopting a factor A(H α) =
0.14 mag, which is derived from E(B−V) = 0.05 mag (Schlafly &
Finkbeiner 2011) and an extinction curve with RV = 3.1 (Cardelli
et al. 1989). The resulting H α map has an angular resolutions of 1.5
arcsec. We perform our analysis on the field of view spanned by the
CO observations.

M33. We adopt a distance of 0.84 Mpc (Gieren et al. 2013), an in-
clination of 55.08◦, and a position angle of 201.1◦ (Koch et al. 2018).
The adopted metallicity at the galactic centre is 12 + log(O/H)0 =
8.48 ± 0.04, with a radial gradient of −0.042 ± 0.010 dex kpc−1,
as measured by Bresolin (2011) using a direct Te-based method.
We use the 12CO(J = 2 − 1) transition (denoted as CO(2–1) in
the following) data presented in Gratier et al. (2010) and Druard
et al. (2014) to trace molecular gas. The observations were carried
out using the HEterodyne Receiver Array (Schuster et al. 2004)
on the IRAM 30-m telescope covering the galaxy out to radii of
7 kpc. The resulting angular resolution is 12 arcsec and the average
noise level is 20 mK per 2.6 km s−1 velocity channel. Integrating
over 10 km s−1, this noise level translates to a 5σ point source
sensitivity of 5σ (MH2 ) ≈ 6.2 × 103 M" (assuming the αCO from
Table 2). We retrieve Spitzer MIPS 24 µm image from the LVL
Survey (Dale et al. 2009). We then apply the same post-processing
procedures as described above for IC 342. The narrow-band H α

data are from Greenawalt (1998). The observations were carried
out using the Burrell-Schmidt 0.6-m telescope at the Kitt Peak
National Observatory (KPNO). Detailed information about the image
reduction process can be found in Hoopes & Walterbos (2000). The
Galactic extinction is corrected by using A(H α) = 0.1 mag, obtained
from E(B−V) = 0.0413 mag (Schlegel, Finkbeiner & Davis 1998)
and an extinction curve with RV = 3.1 (Fitzpatrick & Massa
2007). The resolution of the H α emission map is 2.0 arcsec. We
restrict our analysis to galactocentric radii ≤5 kpc, as outlined in
Fig. 1.

M51. We adopt a distance of 8.6 Mpc (Jacobs et al. 2009), an incli-
nation of 21.0◦, and a position angle of 173.0◦ (Colombo et al. 2014).
The adopted metallicity at the galactic centre is 12 + log(O/H)0 =
8.88 ± 0.053, with a radial gradient of −0.0223 ± 0.0037 dex kpc−1,
as measured by Pilyugin et al. (2014) using the strong-line ‘coun-
terpart’ method (Pilyugin et al. 2012). We use the CO(1–0) data of
the inner 10 × 6 kpc2 of the M51 presented in Pety et al. (2013) as
part of the PdBI Arcsecond Whirlpool Survey (PAWS; Schinnerer
et al. 2013). The surveyed region is visible in Fig. 1. The PdBI
observations were carried out using A, B, C, and D configurations.
The IRAM 30-m telescope was used to recover emission at low
spatial frequencies. The final data have an angular resolution of 1.1
arcsec and a sensitivity of 0.39 K per 5 km s−1 velocity channel.
Integrating over 10 km s−1, this noise level translates to a 5σ point
source sensitivity of 5σ (MH2 ) ≈ 8.9 × 104 M" (assuming the αCO

from Table 2). The integrated intensity map was created by applying
a mask to the data cube as described in Pety et al. (2013). Due to
the limited resolution of Spitzer MIPS 24 µm imaging (6.4 arcsec;
Rieke et al. 2004), we can in principle only apply our method to
galaxies closer than ∼5 Mpc. However, using the higher resolution
(2.4 arcsec) 24 µm map created by Dumas et al. (2011), we are able
to expand the application of our method to M51, located at 8.6 Mpc.
This map was created by applying the HiRes deconvolution algorithm
(Backus et al. 2005) to the 5th Spitzer Infrared Nearby Galaxies
Survey (SINGS; Kennicutt et al. 2003) data delivery (see Dumas
et al. 2011 for more details). However, we note that the artefacts
introduced by the deconvolution algorithm could potentially bias our
analysis, especially for time-scale-related quantities, by modifying
the distribution of the 24 µm flux around bright peaks, limiting the

interpretation of our results for this galaxy. The H α emission map
is also from SINGS (Kennicutt et al. 2003). The observations were
carried out using the KPNO 2.1-m telescope with the CFIM imager.
The map is corrected for Galactic extinction adopting a correction
factor A(H α) = 0.08 mag, obtained from E(B − V) = 0.03 mag
(Schlafly & Finkbeiner 2011) and an extinction curve with RV =
3.1 (Fitzpatrick 1999).We also correct for the contamination by [N
II] lines by scaling the map by a factor of 0.7. The resolution of the
H α emission map is 1.83 arcsec. Because we lack CO observations
of the outer galaxy and sources at the galaxy centre are affected by
crowding and contamination from active galactic nucleus, we restrict
our analysis to the field of view of the CO observations, and within
galactic radii of 0.51−5.35 kpc, as indicated in Fig. 1.

NGC 300. We adopt a distance of 2.0 Mpc (Dalcanton et al.
2009), an inclination of 42.0◦, and a position angle of 111.0◦

(Westmeier, Braun & Koribalski 2011). We adopt a metallicity of
12 + log(O/H)0 = 8.46 ± 0.05 at the galactic centre and a radial
gradient of −0.056 ± 0.015 dex kpc−1, as measured by Toribio
San Cipriano et al. (2016) using a direct Te-based method. We
employ ALMA observations of the CO(1–0) transition, from ALMA
programmes 2013.1.00351.S and 2015.1.00258.S (PI A. Schruba),
to be presented in Schruba et al. (in preparation) and first used in
Kruijssen et al. (2019). The observations were performed using
the 12-m main array, as well as the 7-m array and total power
antennas of the ALMA Compact Array, covering galactic radii
out to 4.8 kpc. The resulting data have angular resolution of 2.1
arcsec (∼20 pc) and sensitivity of 0.1 K per 2 km s−1channel.
Integrating over 10 km s−1, this noise level translates to a 5σ

point source sensitivity of 5σ (MH2 ) ≈ 4.3 × 103 M" (assuming
the αCO from Table 2). We retrieve Spitzer MIPS 24 µm image
from the LVL Survey (Dale et al. 2009) and apply the same post-
processing procedures as described above for IC 342. We use the
H α image presented in Faesi et al. (2014). This map is created from
narrow-band H α data and nearby continuum available in the ESO
data archive, and we use here the version kindly shared by Chris
Faesi (private communication). The observations were carried out
with the Wide Field Imager on the MPG/ESO 2.2-m telescope at
La Silla observatory. Correction for Galactic extinction is applied
using A(H α) = 0.027 mag, obtained from E(B − V) = 0.01 mag
(Schlafly & Finkbeiner 2011) and an extinction curve with RV =
3.1 (Fitzpatrick 1999). We remove contamination of [N II] lines by
assuming an intensity ratio I (N II)/I (H α) = 0.2. The resolution of
the map is 1.35 arcsec. In our analysis, we consider emission from
the field of view of the CO observations, and within 0−3 kpc in
galactic radius (beyond which the molecular gas surface density
drops precipitously), and the outer boundary is visible in Fig. 1.

2.2 Homogenization of maps to common pixel grid

In order to apply our method, the gas and SFR tracer maps for a
given galaxy need to share the same pixel grid. Therefore, for each
galaxy, we regrid the map with a smaller pixel size to match the pixel
grid of the map with larger pixel size. When the map that is being
regridded has a better spatial resolution than the reference map, we
first convolve the map with a Gaussian kernel to the resolution of the
reference map before regridding to avoid introducing artifacts.3

3When convolving the 24 µm map, we have also tested using a more exact
kernel from Aniano et al. (2011) and found that the use of a Gaussian kernel
has a negligible impact on our results.
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2.3 Construction of masks

We use the small-scale variation of the gas-to-SFR flux ratios to
constrain the evolutionary timeline of the molecular clouds (see
Section 3). By definition, our measurements are flux-weighted
averages (see Kruijssen et al. 2018), which implies that very bright
peaks dominating a significant fraction of the total flux can bias our
results. Therefore, we mask star-forming regions in some galaxies
that are clear outliers in the luminosity function of SFR tracer
peaks. Specifically, we first sort the peak fluxes (identified using
CLUMPFIND; see Section 3) in descending order. We then look for a
gap in the distribution by calculating the ratio of the flux between
the nth brightest and the next brightest peak in line, starting from
the brightest peak. A gap is defined to exist when the nth peak is
more than twice as bright as the (n + 1)th peak. Whenever a gap
is found, we mask all the peaks that are brighter than the (n + 1)th

brightest peak. As a result, we mask three star-forming regions each
in the LMC and in M33 before applying our analysis (green circles in
Fig. 1). These regions include 30 Doradus in the LMC and NGC 604
in M33, which alone contribute more than 30 per cent of the 24 µm
emission of each galaxy. Note that we would be masking the same
peaks unless we go down to a brightness difference of 50 per cent
(rather than 100 per cent) when defining a gap in the luminosity
function. In this case, we would be masking one to four more peaks
each in IC 342, M31, and NGC 300. The impact of masking such
bright regions on the resulting derived parameters is generally small
when averaging over the entire galaxy, but becomes significant if a
smaller fraction of the galaxy is considered (see Ward et al. 2020a for
the effect of 30 Doradus on the LMC and Chevance et al. 2020c for
the effect of the ‘headlight cloud’ on the spiral galaxy NGC 628, also
see Herrera et al. 2020). We also check for bright regions that satisfy
this condition in the CO emission maps, but found none. Finally, we
also mask artefacts in the maps (purple circles in Fig. 1).

3 M E T H O D

We employ a statistical method (formalized in the HEISENBERG
code) to constrain the evolutionary timeline of GMCs. This timeline
can be decomposed into the cloud lifetime, the duration of the
embedded phase of star formation (which continues until dispersal
of molecular clouds), and the star formation tracer lifetime. The
characteristic separation length between star-forming regions un-
dergoing independent evolution is also constrained in our analysis.
Here, we provide a summary of the methodology and the main input
parameters. We refer the reader to Kruijssen & Longmore (2014)
for a detailed explanation of the method, to Kruijssen et al. (2018)
for the presentation and validation of the HEISENBERG code, as
well as the full list of input parameters, and to Chevance et al.
(2020c) for a general application of the method to nine nearby star-
forming galaxies. The accuracy of the method has been demonstrated
in Kruijssen et al. (2018) using simulated galaxies, and has since been
confirmed through extensive observational and numerical testing
(Kruijssen et al. 2019; Haydon et al. 2020a; Ward et al. 2020b).

3.1 Description of the analysis method

Galaxies are composed of numerous GMCs and star-forming regions.
The fundamental concept of our method is that such regions are
independently undergoing their evolution, from molecular clouds
to the formation of stars. These evolutionary phases are observed
using gas (e.g. CO) and SFR tracers (e.g. H α or 24 µm). We define
the duration of each phase based on the visibility time-scale of the

tracers used. The time-scale during which a gas emission tracer and
an SFR tracer co-exist corresponds to the duration of massive star
formation plus the time it takes to disrupt its natal molecular gas by
stellar feedback (i.e. the feedback time-scale, tfb). In the following,
the cloud lifetime will be denoted as tCO, the star formation tracer
lifetime as tH α or t24 µm, and the feedback time-scale as tfb, H α , or
tfb, 24 µm depending on the SFR tracer used.

During the initial phase of cloud evolution, a given independent
region is only visible in the molecular gas tracer. As the cloud
collapses and starts forming stars, the region becomes visible both
in the gas and SFR tracers. Eventually, the remaining molecular gas
is dispersed by stellar feedback and the region is only visible in the
SFR tracers. Locally, the gas-to-SFR flux ratio therefore decreases
with time during the evolution of a cloud. Observationally, when
focussing on a non-star-forming GMC, a higher gas-to-SFR flux
ratio is measured compared to the large-scale (∼1 kpc) average gas-
to-SFR flux ratio. By contrast, when focussing on a young star-
forming region, where most of the molecular gas has been dispersed,
a lower gas-to SFR flux ratio is measured. The deviations of the small-
scale gas-to-SFR flux ratio compared to the large-scale average, as
a function of spatial scale, can be directly related to the duration of
the different phases of the GMC lifecycle (Kruijssen & Longmore
2014; Kruijssen et al. 2018).

In practice, we first identify peaks in the gas tracer and SFR tracer
emission maps. We then convolve both maps into a range of Nap

spatial resolutions spanning from lap, min to lap, max (see Table 2). The
minimum aperture size (lap, min) is set to a value that is close to
the size of the major axis of the deprojected beam of the coarsest
resolution between the two maps, whereas the maximum aperture
size (lap, max) covers most of the galaxy. For each convolved map,
apertures with the size of the corresponding resolution are placed
on the identified gas and SFR tracer peaks. We then measure the
gas and SFR tracer flux enclosed in these apertures to obtain the
gas-to-SFR flux ratios as a function of aperture size. By fitting an
analytical model describing the gas-to-SFR flux ratio as a function
of the aperture size and the underlying evolutionary time-scales,
we obtain a direct measurement of these time-scales. This can be
understood with an idealized example. For a tracer that is longer
lived, more peaks are typically identified, covering a larger fraction
of the galaxy when small apertures are centred on them, compared to
the shorter-lived tracer. The measured flux ratio is therefore closer to
the galactic average value for a longer-lived tracer than a shorter-lived
one.

We fit the analytical model derived by Kruijssen et al. (2018) to
the measured flux ratios in order to constrain the relative duration
of the different phases of the molecular cloud and star-forming
region lifecycle, as well as the typical separation length between
independent regions (λ). The absolute duration of the different
phases is then obtained by scaling the relative duration of time-
scales with a reference time-scale (tref). In our previous analyses
using CO and H α observations (Kruijssen et al. 2019; Chevance
et al. 2020c, a; Hygate 2020; Ward et al. 2020a), we used the
duration of the isolated H α emitting phase (tref = tH α − tfb, H α),
calibrated by Haydon et al. (2020b), Haydon et al. (2020a) using the
stellar population synthesis model SLUG2 (da Silva, Fumagalli &
Krumholz 2012, 2014; Krumholz et al. 2015), as the reference time-
scale. Here, in order to obtain absolute values when applying our
analysis to CO and 24 µm maps, we first apply the method to CO
and H α observations. This is to obtain the cloud lifetime (tCO) and
its upward and downward uncertainties (tCO, errmin and tCO, errmax; see
Table 3), which are adopted as the reference time-scale (tref) and
its uncertainties (tref, errmin, and tref, errmax) in the analysis with CO
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Table 3. Physical quantities constrained using the method described in Section 3, describing the evolution of molecular
clouds to exposed or embedded stellar populations traced by H α and 24 µm, respectively. Following the notation throughout
this paper, tCO is the cloud lifetime, tfb, H α and tfb, 24 µm are the duration of the partially exposed and embedded star-forming
phase, respectively, and tH α and t24 µm are the duration of H α and 24 µm emitting phase, respectively. The region separation
length (λ) measured with different SFR tracers, feedback velocity (vfb), and star-formation efficiency (εsf) are also listed.

CO versus H α CO versus 24 µm
Galaxy tCO tfb, H α tH α λ tfb, 24 µm t24 µm λ vfb εsf

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

IC 342 20.0+2.0
−2.3 2.2+0.4

−0.5 6.4+0.5
−0.6 120+10

−10 5.2+1.5
−2.3 7.9+1.8

−2.2 190+59
−62 14.3+4.0

−1.8 1.9+1.4
−0.8

LMC 11.1+1.6
−1.7 1.2+0.2

−0.2 5.8+0.4
−0.4 71+13

−8 5.0+1.6
−2.0 13.6+3.7

−4.8 73+38
−26 10.0+2.1

−1.7 6.8+4.9
−3.0

M31 14.0+2.1
−1.9 1.1+0.3

−0.2 5.5+0.4
−0.3 181+28

−19 2.4+1.4
−0.8 4.2+1.5

−0.7 128+97
−23 29.5+6.9

−5.3 0.7+0.2
−0.2

M33 14.5+1.6
−1.5 3.3+0.6

−0.5 7.9+0.7
−0.6 155+30

−24 6.8+2.1
−2.0 11.9+2.9

−2.1 119+60
−35 10.3+1.5

−1.3 3.5+2.5
−1.5

M51 30.7+8.7
−4.9 4.7+2.0

−1.1 8.9+2.0
−1.2 140+25

−17 <4.0a 3.6+1.2
−0.9 <136a 7.9+2.0

−2.1 3.3+2.9
−1.4

NGC 300 10.8+2.2
−1.6 1.5+0.2

−0.2 6.1+0.2
−0.2 104+22

−18 4.9+1.2
−1.9 7.9+1.5

−2.1 178+125
−75 9.4+0.8

−0.7 3.3+2.6
−1.4

a Only a 1σ upper limit can be derived for not satisfying (ii) and (viii) in Section 5.1.1.

and 24 µm observations. The fitted model is thus described by three
independent and non-degenerate quantities (t24 µm, tfb, 24µm, and λ).
The best-fitting values are then obtained by minimizing the reduced-
χ2 over these three quantities. The uncertainties of each parameter
are propagated consistently throughout the analysis.

The presence of diffuse emission can bias our measurements
by adding a large-scale component that is not associated with
the identified peaks. This large-scale emission potentially includes
diffuse emission originating from sources related to the recent
massive star formation, such as low mass molecular clouds, low
luminosity H II regions, and ionizing photons that have escaped from
H II regions (e.g. Wood et al. 2010; Belfiore et al. in preparation).
It may also originate from other mechanisms not related to recent
massive star formation, for example, diffuse molecular gas, infrared
emission powered by stars of intermediate age, and diffuse ionized
gas created by shocks (Martin 1997; Leroy et al. 2012). We remove
such diffuse emission in both gas and SFR tracer emission maps
iteratively, using the method presented in Hygate et al. (2019), which
makes the derived time-scales sensitive to only the massive/luminous
molecular clouds and young stellar populations. This method filters
emission on spatial scales larger than nλ times the typical distance
between regions λ (as measured from the HEISENBERG code)
using a Gaussian high-pass filter in Fourier space. For each galaxy,
we adopt the smallest possible value for nλ, while ensuring the flux
loss from the compact emission to be less than 10 per cent (also
following Chevance et al. 2020c; Hygate 2020; see Table 2). We
do not adopt a fixed filtering scale because we want to maximize
the removal of diffuse emission, while minimizing the impact of
the filtering on the compact regions. The influence of nλ on the
derived time-scales is fully described in Hygate et al. (2019) and
Hygate (2020). In summary, the choice of nλ does not significantly
change the best-fitting model parameters, as long as the adopted nλ

is smaller than 30 and the flux loss from the compact emission is
less than 10 per cent. After the diffuse emission is filtered out, a
noise mask with a threshold at twice the standard deviation noise
level of the emission map is applied. We repeat this process until the
convergence condition is reached, which is when the change of the
measured value of λ is less than 5 per cent over three consecutive
iterations.

3.2 Input parameters

Unless otherwise noted here, we adopt the same parameters as for
previous analyses using H α as an SFR tracer (see Appendix B for

IC 342 and M31, Ward et al. 2020a for the LMC, Hygate 2020 for
M33, Chevance et al. 2020c for M51, and Kruijssen et al. 2019
for NGC 300). The parameters not mentioned here include distance,
inclination, position angle (see Table 1), as well as parameters related
to the fitting process and error propagation, for which default values
are adopted as listed in Kruijssen et al. (2018). We use CLUMPFIND

(Williams, de Geus & Blitz 1994) to identify gas and SFR tracer
peaks in each map. This algorithm finds peaks by drawing closed
contours for a set of flux levels, within a given flux range ($log10F )
below the maximum flux level, with an interval of δlog10F between
flux levels. The adopted values for our sample are summarized
in Table 2. Moreover, to avoid identifying point sources that are
likely to be foreground stars that were not masked during the image
reduction process or externally illuminated starless dust clumps (see
Section 5.3), we only accept peaks that contain more than Npix, min

pixels. The area of Npix, min pixels equals 0.2−3.5 times the coarsest
beam size. We note that our choices of $log10F , δlog10F , Npix, min,
lap, max, and Nap don’t affect our measurements significantly as long
as peaks that are obviously visible in the emission maps have been
identified (Kruijssen et al. 2018). As explained above, tCO and
its uncertainties determined from our analysis with CO and H α

are used to define the reference time-scales (tref). However, since
we additionally mask some of the bright star-forming regions for
the reasons explained in Section 2.3, we re-run the same analysis
using H α as an SFR tracer with updated masks. Our measurements
using H α as an SFR tracer are listed in Table 3, and are in very
good agreement with (or identical to) the previously published
results. For the analysis with CO and 24 µm, tref (= tCO) includes
the feedback phase. The CO(1–0) -to-H2 conversion factor (αCO;
including the contribution from heavy elements) is adopted from
Bolatto, Wolfire & Leroy (2013), expressed as

αCO =
⇥
2.9 M" (K km s−1 pc2)−1⇤ × exp

✓
0.4 Z"

Z

◆
. (1)

We adopt the metallicity-dependent part, but not the surface density
dependence from Bolatto et al. (2013). For simplicity, we adopt a
constant αCO value for each galaxy and a conservative uncertainty of
50 per cent. In addition, for M33, which is the only galaxy with CO(2–
1) data, we adopt a fixed ratio of CO(2–1) /CO(1–0) = 0.8 (Gratier
et al. 2010). Finally, we derive the total SFR for the analysed area by
combining 24 µm and H α emission maps and using the conversion
factor from Calzetti et al. (2007), expressed as

SFR(M" yr−1) = 5.3 × 10−42 [L(H α) + 0.031L(24 µm)] , (2)
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Figure 2. Relative change of the gas-to-SFR (CO-to-24 µm) flux ratio compared to the galactic average as a function of the size of apertures placed on CO (blue)
and 24 µm (red) emission peaks. The error bars indicate 1σ uncertainty on each individual data point whereas the shaded area is an effective 1σ uncertainty
taking into account the covariance between data points. The galactic average is shown as the solid horizontal line and the dashed line indicates our best-fitting
model. The constrained region separation length (λ) is indicated in each panel with the downward arrow and other constrained best-fitting parameters (tfb, 24 µm,
and t24 µm) are listed in Table 3.

where the luminosities have units of erg s−1 and L(24 µm) is
expressed as νL(ν). We assume a typical uncertainty of 20 per cent
for the derived SFR. These conversion factors are only used to derive
additional physical quantities such as the molecular gas surface
density and the integrated star formation efficiency. We note that the
exact values of these conversion factors, unless they vary spatially,
do not affect our measurements of primary quantities, which are
the durations of the successive phases of cloud evolution and star
formation, nor do they affect the region separation length between
independent regions.

4 R ESULTS

4.1 The molecular cloud lifecycle

Here, we present our results from the application of our method
to the maps of CO and 24 µm emission presented in Section 2, as
tracers of the molecular gas and the SFR for six nearby galaxies.
Fig. 2 shows the gas-to-SFR flux ratios measured around gas and
SFR tracer peaks, as a function of aperture size, together with our
best-fitting model for each galaxy. Going towards smaller aperture
sizes (from ∼1 kpc to ∼50 pc), the measured flux ratios for both
branches increasingly deviate from the galactic average, illustrating
the spatial de-correlation between the gas and SFR tracer emission
peaks. Table 3 summarizes the constrained best-fitting values from
applying our analysis to the H α and CO maps, as well as to the 24 µm
and CO maps. The first experiment allows us to measure tCO, which
is then used as the reference time-scale for the second experiment

(see Section 3). Table 3 also lists other physical quantities which can
be derived from our measurements, such as the feedback outflow
velocity (vfb; see Section 4.1.5) and the integrated cloud-scale star
formation efficiency (εsf; see Section 4.1.4). In Fig. 3, we show an
illustration of the evolutionary timelines of molecular clouds and
star-forming regions in our galaxy sample. GMCs initially emit only
in CO, then in 24 µm after the onset of star formation and finally in
H α when the star-forming regions become (partially) exposed.

4.1.1 Feedback time-scale

The use of 24 µm emission enables us to take the heavily obscured
phase of star formation into account, which cannot be done with the
analysis of only CO and H α emission. The duration of the embedded
phase of massive star formation (i.e. feedback time-scale; tfb, 24 µm),
which continues until disruption of molecular clouds, is measured to
be 2−7 Myr in our sample of galaxies. Our measurements suggest
that molecular clouds spend 17 − 47 per cent of their lifetime with
massive stars embedded. For almost all of the galaxies in our sample
(except M51), the measured tfb, 24 µm is 1−4 Myr longer than the one
obtained using H α emission (tfb, H α ; see Table 3). This is expected, as
24 µm is already detected during the heavily obscured phase of star
formation, making it visible for a longer duration than H α, which is
only detectable when massive stars have formed and surrounding gas
and dust have been partially cleared out. By contrast, in the particular
case of M51, we find tfb, 24 µm to be shorter than (or comparable within
1σ uncertainty to) the feedback time-scale obtained using H α. We
suspect that such a potentially unphysical measurement could be due
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Figure 3. Timeline describing the evolution from molecular clouds to the embedded star-forming phase and then finally to exposed young stellar regions. The
time during which CO is visible (=tCO) is indicated in orange, the time during which 24 µm and H α are visible without CO are shown respectively in dark blue
and dark purple. The time-scales for the feedback phase, during which both CO and SFR tracer emissions are observed co-spatially are shown in light blue (for
24 µm) and light purple (for H α). The corresponding 1σ error bars are also indicated. We note that for M51 the feedback time-scale constrained using 24 µm
(tfb, 24 µm) could have been biased by deconvolution artefacts (see Section 4.1.1).

to artefacts in the 24 µm map of M51 introduced by the deconvolution
algorithm used to create the high resolution map (Dumas et al. 2011).
These artefacts are clearly visible as dark rings around bright peaks
in the spiral arms of the galaxy (see Fig. 1 and Appendix A), and may
(or may not) make the inferred time-scales less accurate as discussed
in Section 2.1.

The measured durations between the onset of embedded star
formation and molecular cloud disruption (2−7 Myr), are compa-
rable to the time it takes for the first supernova to explode. This
is about 4 Myr for a fully populated stellar initial mass function
(Leitherer et al. 2014) and can be up to 20 Myr when the initial
mass function is stochastically sampled for the typical stellar region
masses considered here (with almost no dependence on metallicity;
Chevance et al. 2020a). The measured short feedback time-scales
indicate that pre-supernova feedback such as photoionization and
stellar winds are mostly responsible for the dispersal of molecular
clouds. Our measurements of the feedback time-scale show a good
agreement with the typical age of star clusters when they stop
being associated with their natal GMCs both in the Milky Way and
nearby galaxies (2−7 Myr; Lada & Lada 2003; Whitmore et al.
2014; Hollyhead et al. 2015; Corbelli et al. 2017; Grasha et al.
2018, 2019). This is further discussed in Section 5.2. Radiation
magnetohydrodynamic simulations of GMCs by Kim, Ostriker &
Filippova (2020) suggest a similar duration of the star formation
and feedback time-scales (4−8 Myr). The measured duration for
embedded star formation is somewhat shorter than the age spread

of star clusters in the LMC (7−12 Myr) measured by Efremov &
Elmegreen (1998), on the scale of the mean radius of SFR tracer
peaks (∼10−50 pc). This is expected as the actual size of a star-
forming region is necessarily smaller than the size of a SFR tracer
peak, which is limited by the spatial resolution of our maps. The
agreement gets better if we only consider the age spreads measured
among young stellar clusters (1−4 Myr; from star clusters with ages
of 1−10 Myr).

4.1.2 Duration of the 24 µm emitting phase

Across all galaxies in our sample, we find that the 24 µm emission
phase lasts for 4−14 Myr. For M33, we note that our measurement
of t24 µm is in very good agreement with the one from Corbelli et al.
(2017), where 24 µm emission is found to last for ∼10 Myr after the
onset of massive star formation by applying a cloud classification
method to M33. The ratio between duration of visibility for 24 µm
and H α emissions (t24 µm/tH α) ranges from 0.4 to 2.3.

The 24 µm emission does not originate only from embedded young
massive stars, but also from late-type B stars and the interstellar
radiation field, which make a non-negligible contribution to the dust
heating (Draine & Li 2007; Verley et al. 2009). The contribution
of the sources not related to recent local massive star formation to
the 24 µm emission is more homogeneously spread in the galaxy
compared to the more clustered young stellar population (e.g. Dale
et al. 2007; Leroy et al. 2012) and results in an additional diffuse
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component of the 24 µm emission on large scales. We separate
this diffuse emission from the compact emission of young stellar
regions by applying the filtering process described in Section 3. The
fact that in most galaxies the end of the 24 µm emission phase is
before or similar to the end of the H α emission phase (see Fig. 3)
shows that this procedure effectively removed contamination from
stellar populations not related to recent massive star formation. In
Section 5.3, we discuss in more detail the effects of starless dust
clumps illuminated by external radiation, and late-type B stars still
preferentially located near their birth sites, which might not be
removed by our filtering process.

We note that, while the duration of the isolated H α emitting phase
(tiso,H α = tH α − tfb, H α) is almost constant in all the galaxies in our
sample by construction (Haydon et al. 2020b), the duration of isolated
24 µm emission (tiso,24 µm = t24 µm − tfb, 24 µm) appears to vary across
the sample ranging from ∼ 2 Myr (excluding M51) to the end of the
H α emitting phase (8.6+2.3

−3.7 Myr). This isolated phase originates from
stochastic heating of small dust grains in the CO dark clouds. We
find this phase to be shorter for star-forming regions in more metal-
rich galaxies (see Figs 3 and 4). This is discussed in more detail in
Section 4.3.

4.1.3 Region separation length

As visible in Fig. 2, gas and SFR tracer peaks are spatially decor-
related on small spatial scales, revealing that galaxies are made of
regions that are independently undergoing evolution from molecular
gas to stars. The spatial scale at which the gas-to-SFR ratio diverges
from the galactic average (Fig. 2) is linked to the typical distance λ

between independent regions. We find that λ ranges from 70 to 190 pc
for the galaxies in our sample when considering the 24 µm and CO
emission maps. For M51, we do not sufficiently resolve the region
separation length and are only able to obtain an upper limit of λ (see
Section 5.1.1). For the other galaxies, we find that λ derived using
24 µm maps and H α maps agree to within the formal uncertainties.

While the physical mechanisms that set the region separation
length remain debated, a similarity between the region separation
length and the gas disc scale height has been reported by Kruijssen
et al. (2019) in NGC 300, suggesting that the depressurization of
H II regions along the direction perpendicular to the galactic disc
might be responsible for this characteristic length. Furthermore, the
measured values of λ are comparable to the thickness of the vertical
distribution of star-forming regions undergoing the earliest stages of
evolution (150−200 pc) observed using Spitzer IRAC 8 µm maps
of edge-on spiral galaxies (NGC 891 and IC 5052; Elmegreen &
Elmegreen 2020), to the thickness of the molecular disc measured
with CO emission (Scoville et al. 1993; Yim et al. 2014; Heyer &
Dame 2015; Patra 2020; Yim et al. 2020), and also to the amplitude
of the oscillation seen in the Radcliffe Wave recently discovered
in the vicinity of the Sun (Alves et al. 2020). Finally, the region
separation length roughly coincides with the spatial wavelength of
velocity corrugations in NGC 4321 (Henshaw et al. 2020), indicating
that it matches the scale on which the molecular interstellar medium
is reorganized by cloud-scale matter flows. Further investigation is
needed to verify quantitatively whether the correlation observed by
Kruijssen et al. (2019) holds more generally in nearby galaxies.

4.1.4 Star-formation efficiency

The SFR surface density (*SFR) corresponds to the mass of newly
formed stars inferred for a given SFR tracer, divided by that SFR

tracer’s emission time-scale. Similarly, the rate of molecular gas
formation can be expressed as *gas/tCO, where *gas is the surface
density of molecular gas and the tCO is the time-scale over which
molecular gas assembles and form stars. By dividing these two rates,
the time-averaged star formation efficiency per star-forming event
(εsf) can be computed as:

εsf = tCO*SFR

*gas
. (3)

When calculating *gas, we only consider the compact CO emission,
after the filtering of diffuse emission (see Section 3), which is also
consistent with the flux we use to determine tCO. By doing this, we
selectively include the CO emission that participates in the massive
star formation process while excluding emission that is likely to
originate from diffuse molecular gas and small clouds. The filtering
process removes 10 per cent to 50 per cent of the CO emission from
the unfiltered maps. However, *SFR is calculated using the total
SFR, obtained by combining H α and 24 µm emission to account
for the effect of internal extinction (see Section 2). We note that
our assumption implies that we attribute all of the diffuse emission
in SFR tracer maps to recent massive star formation (e.g. leakage
of ionizing photons from H II regions). This ignores the fact that
diffuse emission may also originate from mechanisms that are not
related to recent massive star formation, such as diffuse ionized gas
created by shocks and evolved post-asymptotic giant branch stars,
as well as infrared emission powered by older stellar populations,
which are known to have a relatively minor contribution to the dust
heating (Nersesian et al. 2020). Under these conditions, we measure
a low star formation efficiency per star-forming event in our sample
of galaxies with εsf = 0.7 − 6.8 per cent. This is consistent with
previous measurements in these galaxies using H α as a tracer of
recent star formation and other wavelengths such as GALEX FUV
and WISE 22 µm (Leroy et al. 2012, 2019) to estimate the global SFR
(Chevance et al. 2020c; Hygate 2020; Ward et al. 2020a).We note
that for NGC 300, we find εsf to be slightly higher (but compatible
within 1σ uncertainty) than that measured in Kruijssen et al. (2019).
The difference is because Kruijssen et al. (2019) only considered H α

emission when calculating the global SFR.
We also compare our measurements for εsf to the fraction of

gas converted into stars per gravitational free-fall time, which is
expressed as εff = tff*SFR/*gas and measured by Leroy et al. 2017,
Utomo et al. 2018 and Schruba, Kruijssen & Leroy (2019) for most
of the galaxies in our sample. We find that our measurements for
the LMC, M31, M33, and NGC 300 are somewhat (≤ 4.0 per cent)
higher than the star formation efficiency per free-fall time (εff) mea-
sured by Schruba et al. (2019), which are 2.5 per cent, 0.7 per cent,
1.5 per cent, and 1.2 per cent, respectively. Because the cloud lifetime
in these galaxies is similar to the free-fall time-scale (Schruba et al.
2019), this difference is mostly due to the fact that we measure gas
surface density from the diffuse emission filtered CO map, in order to
calculate the fraction of compact clouds turning into stars. For M51,
the difference becomes more significant (εff = 0.3−0.36 per cent;
Leroy et al. 2017; Utomo et al. 2018) and is because cloud lifetime
is almost five times the free-fall time-scale.

4.1.5 Feedback velocity

As a result of the energetic feedback from young massive stars,
CO emission becomes rapidly undetectable after the onset of star
formation. This is most likely due to a phase and density change of
the neighbouring medium through kinetic dispersal, ionization, and
photodissociation. We combine the time-scale over which molecular

MNRAS 504, 487–509 (2021)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/504/1/487/6189697 by guest on 10 February 2023

50 Chapter 3



498 J. Kim et al.

Figure 4. In the top four rows, our measurements of the duration of the heavily obscured phase (tobscured = tfb, 24 µm − tfb, H α), the 24 µm emitting phase
(t24 µm), the isolated 24 µm emitting phase (tiso,24 µm = t24 µm − tfb, 24 µm), and the feedback phase (tfb, 24 µm) are shown as a function of galactic (or cloud-
scale) properties, i.e. the mass-weighted mean molecular gas surface density of GMCs (*GMC) measured in Schruba et al. (2019) and Schruba et al. (2021a),
metallicity (Z/Z"), star formation efficiency (εsf), SFR surface density (*SFR), and the feedback velocity (vfb). The bottom two rows show the ratios of the
feedback time-scale and the 24 µm emitting phase to the cloud lifetime (tfb, 24 µm/tCO, and t24 µm/tCO), as a function of the same galactic properties.

clouds are disrupted by feedback, tfb, with the characteristic size
of the clouds detected in CO, rCO, to define the feedback velocity
as vfb = rCO/tfb. The size of the cloud is measured in our method
by fitting a Gaussian profile to the surface density contrast between
the peak and the background, and ranges between 10 and 40 pc
for the sample of our galaxies. The velocity represents the speed
of the kinetic removal of molecular gas or the phase transition

front, depending on the nature of the dispersal mechanism. We use
here tfb, H α to define vfb, assuming that disruption of the molecular
gas starts with the young stellar population becoming partially
exposed, whereas the 24 µm is emitted even during the heavily
obscured phase where the expansion of the H II region has not yet
begun and during which gas accretion on to the cloud potentially
continues.
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The derived vfb ranges between 9 and 30 km s−1, which is
comparable to the measurements of expansion velocities of nearby
H II regions. For example, the expansion velocities of five H II regions
in NGC 300 are measured to be in the range of 5−30 km s−1 (McLeod
et al. 2020). Similar values are also found for H II regions in the LMC
(Nazé et al. 2001, 2002; McLeod et al. 2019) and the Milky Way
(Murray & Rahman 2010; Barnes et al. 2020). Numerical simulations
of star-forming regions (e.g. Kim, Kim & Ostriker 2018) also support
this range of values.

4.2 Heavily obscured phase of star formation

In order to probe the earliest phase of star formation, which is
only associated with 24 µm emission and not with H α because of
strong attenuation provided by the surrounding gas, we measure
the duration of the heavily obscured phase of star formation as the
difference between the feedback time-scale for 24 µm emission (i.e.
the total duration of the embedded phase of star formation) and the
one for H α emission (i.e. the duration of the partially exposed phase
of star formation): tobscured = tfb, 24 µm − tfb, H α . We omit M51 here
because the insufficient resolution of the 24 µm map only allows for
the determination of an upper limit on tfb, 24 µm (see Section 5.1.1)
and the presence of deconvolution artefacts (see Section 2.1) could
have biased our measurements, especially for time-scale-related
quantities. However, we retain M51 in our sample at large, to
show our (unsuccessful) attempt in applying the method to a 24 µm
emission map that has been created using the HiRes deconvolution
algorithm (Backus et al. 2005). Across the rest of our galaxy sample,
we find tobscured = 3.0 ± 0.9 Myr, with a full range of 1.4−3.8 Myr
(see Fig. 4). The measured duration is comparable to age estimates
of heavily obscured star clusters in the Milky Way (0.5−3 Myr; see
Lada & Lada 2003, and references therein). A similar duration of
the highly embedded star-forming phase has recently been reported
by Elmegreen & Elmegreen (2019), Elmegreen & Elmegreen (2020),
where such a phase is suggested to last for 1−2 Myr based on the mass
measurement of star-forming cores in nearby spiral galaxies using
8 µm emission. The measurement of 2.4 Myr for the heavily obscured
phase using a cloud classification method by Corbelli et al. (2017)
also supports the values we obtain here (see more in Section 5.2).

4.3 Relation with environmental properties

We now explore potential environmental dependences of the dura-
tions of the successive phases of cloud evolution and star formation.
In Fig. 4, our measurements of the durations of the heavily obscured
phase (tobscured), the total 24 µm emission phase (t24 µm), the isolated
24 µm emission phase (tiso,24 µm = t24 µm − tfb, 24 µm), and the feed-
back phase (tfb, 24 µm) are shown in the top four rows as a function of
local cloud-scale and galactic properties such as the mass-weighted
mean molecular gas surface density of GMCs (*GMC; measured by
Schruba et al. 2021a for IC342 and Schruba et al. 2019 for the
other galaxies), metallicity (relative to solar metallicity), integrated
star formation efficiency per star formation event (εsf), SFR surface
density (*SFR), and the feedback velocity (vfb).4

In order to look for correlations with these environmental proper-
ties, we use LINMIX (Kelly 2007), a Bayesian method accounting

4The measurement of *GMC for IC 342 is calculated excluding the five most
massive clouds (with mass >2 × 107 M"), which contribute 13 per cent of
the total mass contained in molecular clouds. Including these clouds would
not change our conclusion.

for measurement errors in linear regression. We do not find any statis-
tically significant trend, which is defined to exist when the correlation
coefficient is positive or negative with 95 per cent probability. While
this is not shown in Fig. 4, we also found no statistically significant
correlation with the galaxy-averaged molecular gas surface density
(*gas). However, we note that t24 µm and tiso,24 µm appear to be
somewhat shorter towards increasing metallicity and decreasing star
formation efficiency. While it is difficult to distinguish what is driving
this trend, as metallicity and star formation efficiency are correlated
in our sample of galaxies, we suspect that metallicity could be the
primary driver of this trend. Indeed, winds from massive stars become
more energetic with increasing metallicity (Maeder 1992), resulting
in a faster dispersal of the surrounding gas and decay of t24 µm

emission. We note that one might expect to see longer (isolated)
24 µm emitting time-scale for metal-rich galaxies since the dust-to-
gas ratio correlates with metallicity (Rémy-Ruyer et al. 2014). This is
not what we find here, which can be explained by our use of relative
changes of gas-to-SFR tracer flux ratio compared to the galactic
average, instead of using absolute flux ratios, when constraining the
timeline of GMC evolution.

The relative fractions of tfb, 24 µm and t24 µm compared to tCO are
plotted against galactic properties in the bottom two rows of Fig. 4.
We again see an anticorrelation of these durations with metallicity
and a correlation with star formation efficiency, while no statistically
significant trend is found with respect to galactic properties using
the same regression analysis (Kelly 2007). Our results (bottom row)
show that clouds in the LMC, M33, and NGC 300 spend a larger
fraction of their lifetime with embedded massive star formation
(∼40 per cent) compared to clouds in IC 342 and M31 (∼20 per cent),
with an average of 36 per cent across our sample of galaxies.

5 D ISCUSSION

5.1 Robustness of the results

5.1.1 Satisfaction of guidelines in Kruijssen et al. (2018)

We verify here that our analysis satisfies the requirements listed in
section 4.4 of Kruijssen et al. (2018). Satisfaction of these criteria
indicates that the constrained parameters t24 µm, tfb, 24 µm, and λ are
measured with an accuracy of at least 30 per cent. For the analysis
using H α as an SFR tracer, we only check the accuracy for IC 342 and
M31, because the measurements for other galaxies have already been
validated by previous studies (see Kruijssen et al. 2019; Chevance
et al. 2020c; Hygate 2020; Ward et al. 2020a).

(i) The duration of gas and stellar phases should always differ
less than one order of magnitude. This condition is satisfied by
|log10(tH α/tCO)| ≤ 0.5 for IC 342 and M31, and | log10(t24 µm/tCO)| ≤
0.92 for all the galaxies in our sample, where the difference between
t24 µm and tCO is the largest in M51 while those for other galaxies are
| log10(t24 µm/tCO)| ≤ 0.52.

(ii) For almost all of the galaxies (except M51), we measure
λ ≥ 1.6lap, min, which ensures that the region separation length is
sufficiently resolved by our observations. For M51, we measure λ =
1.2lap, min, implying that t24 µm can be constrained with sufficient
accuracy, but only upper limits can be derived for λ and tfb, 24 µm.

(iii) The number of identified emission peaks is always above 35,
both in the CO and the 24 µm emission maps, as well as in the H α

maps of IC 342 and M31.
(iv) The measured gas-to-SFR flux ratios focussing on gas (SFR

tracer) peaks should never be below (above) the galactic average.
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This condition may not always be true in the presence of a diffuse
emission reservoir. As visible in Fig. 2, this criterion is satisfied after
we filter out the large-scale diffuse emission in both tracer maps.

(v) In order to perform accurate measurements, we require the
global star formation history to not vary more than 0.2 dex during
the duration of the whole evolutionary cycle (ranging from ∼15 to
35 Myr for our sample) when averaged over time intervals of width
t24 µm or tCO. Using multiwavelength data of the LMC and synthetic
stellar population models, Harris & Zaritsky (2009) studied the star
formation history in the LMC and found a roughly consistent SFR
during the duration of the whole evolutionary cycle. The criterion is
also satisfied in M33 and NGC 300 as shown by Kang et al. (2012),
Kang et al. (2016) using chemical evolution models to reconstruct
the star formation rate history. Using data from the PHAT survey,
the recent star formation history of M31 is confirmed to be quiescent
without significant variations (Lewis et al. 2015; Williams et al.
2017). By performing spectral energy distribution (SED) fitting to
the multiwavelength data of M51, the SFR in M51 is also measured
to be roughly constant for the last 100 Myr (Eufrasio et al. 2017).
The star formation history of IC 342 is not known. However, we
do not expect it to experience significant variations in the global
star formation rate during the last ∼30 Myr when averaged over
t24 µm = 8 Myr. In addition, we mask the starburst nucleus of this
galaxy, which experienced a major burst of star formation ∼60 Myr
ago (Böker, van der Marel & Vacca 1999).

(vi) Each independent region should be detectable at given sensi-
tivity in both tracers at some point in their life. In order to check
if this condition is satisfied in our sample of galaxies, we first
calculate the minimum star-forming region mass expected to form
from the detected molecular clouds by multiplying the star formation
efficiency obtained in our method (see Table 3) by the 5σ point-
source sensitivity limit of the CO map. We then compare this mass to
the mass of the stellar population required to provide an ionizing
radiation luminosity that matches the 5σ sensitivities of 24 µm
and H α maps on the scale of individual star-forming regions (λ).
We use the Starburst99 model (Leitherer et al. 1999) to calculate
the initial mass of the stellar population assuming stars formed
instantaneously 5 Myr ago (similarly to the H α emitting time-scale).
Since Starburst99 only provides models for the H α luminosity as a
function of the age of the stellar population at different metallicities,
we use the relation from Kennicutt & Evans (2012, and references
therein), log SFR = log (LH α) − 41.27 = log (νL24 µm) − 42.69, to
obtain a similar estimation of the 24 µm luminosity. We find that
the minimum mass of the stellar population obtained from CO maps
agrees well with that obtained from 24 µm and H α maps (ranging
from 100 to 5000 M" for the galaxies in our sample), suggesting that
the sensitivity of the gas and SFR tracer maps are well-matched and
the faintest CO peak is likely to evolve into the faintest H II region. In
principle, clouds can disperse dynamically before forming massive
stars and then reassemble. In this case, the time spent before GMC
dispersal would be added by our method to the measured lifetimes
of clouds that do form massive stars. However, Kruijssen et al.
(2019) and Chevance et al. (2020c) show that this is unlikely to
happen because the clouds are found to live only for about one
dynamical time-scale, not leaving enough time for clouds to disperse
and recollapse before forming massive stars.

Most of our measurements of t24 µm and λ for all the galaxies in
our sample as well as the tCO and λ for IC 342 and M31 with H α as
an SFR tracer are validated by satisfying the conditions listed above.
The only exception is for M51, where we neither have sufficient
resolution to accurately constrain the region separation length nor

the feedback time-scale. Only upper limits can be obtained for these
values. In order to determine whether our measurements are reliable
for tfb, 24 µm for all the galaxies in our sample and tfb, H α for IC 342 and
M31, we use four additional criteria listed in Kruijssen et al. (2018).
To do so, we first introduce the filling factor of SFR tracer or gas peaks
as ζ = 2r/λ, where r is the mean radius of the corresponding peaks.
This parameter characterizes how densely the peaks are distributed
in a map.

i) If peaks are densely distributed and potentially overlapping
with each other, the density contrast used for peak identification
(δlog10F ) should be small enough to identify adjacent peaks. We
compare in Fig. 5 our values for δlog10F with the upper limit
prescribed by Kruijssen et al. (2018) and show that our choice
enables the appropriate detection of neighbouring peaks, even in
densely populated environments.

ii) For an accurate measurement of the feedback time-scale,
contamination by neighbouring peaks should be small enough.
Indeed, spatial overlap of neighbouring peaks due to low resolution
or blending can be falsely attributed to a temporal overlap, therefore
artificially increasing the duration of the measured feedback time-
scale. In this case, only an upper limit on the feedback time-scale
can be determined. In Fig. 5, we compare the analytical prescription
of Kruijssen et al. (2018) with our measurements of tfb/τ and
average ζ , where τ is the total duration of the whole evolutionary
cycle (τ = tCO + t24 µm − tfb, 24 µm). The average ζ is obtained by
weighting the filling factors for gas and SFR tracer peaks by their
corresponding time-scales. We find that this condition is not satisfied
for tfb, 24 µm in M51. Only upper limits on this quantity can be
determined (see Table 3).

iii) Fig. 5 shows that the conditions tfb > 0.05τ and tfb < 0.95τ

are verified for all galaxies.
iv) Similarly to condition (v), the SFR should not vary more than

0.2 dex during the entire timeline when averaged over the width of
feedback time-scale. This condition is also satisfied using the same
reasoning, as stated in (v) above.

v) After masking obvious blended regions such as galactic centres,
visual inspection of the maps does not reveal abundant blending
(Fig. 1).

Overall, we find that our measurements are reliable except for λ

and tfb, 24 µm in M51. These two measurements should formally be
considered as upper limits as they do not satisfy conditions (ii) and
(viii). However, we note that the deconvolution artefacts present in
the 24 µm map of M51 may (or may not) bias the feedback time-
scale and therefore the value we obtain as the upper limit should be
considered uncertain.

5.1.2 Effect of spatial resolution and inclination on the measured
quantities

In order to test the potential effect of spatial resolution on our
measurements, we have degraded the resolution of the CO and
24 µm emission maps of NGC 300 to the coarsest resolution among
our galaxy sample (107 pc, see Table 1) and repeated the analysis
described in Section 3. We choose NGC 300 for this test as it does not
require bright star-forming regions to be masked like in the LMC and
M33, making the application of the method more straightforward. We
find that time-scales (t24 µm = 8.4+3.8

−2.1 Myr; tfb, 24 µm = 4.8+1.5
−2.6 Myr)

and the mean separation length (λ = 217+145
−112 pc) measured at a

different spatial resolution are consistent within 1σ uncertainties
with the results of Table 3, confirming previous resolution tests on
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Figure 5. Effects of blending on the feedback time-scale measurements.
The top panel shows the adopted density contrasts (δlog10F ) used for peak
identification in each 24 µm (filled symbols) and CO (open symbols) emission
map, as a function of the average filling factor ζ . The transparent markers
for IC 342 and M31 indicate the adopted δlog10F and measured ζ for the
analysis with H α as SFR tracer. The shaded area indicates the region of the
parameter space where peak identification is affected by blending (Kruijssen
et al. 2018). Our results are well outside of the shaded area, confirming that
we adopt small enough δlog10F to identify adjacent peaks even in maps with
high-filling factor. The bottom panel shows the ratio between the feedback
time-scale (tfb) and the total duration of the whole evolutionary cycle (τ ) as
a function of the average filling factor. The grey shaded area indicates the
region of the parameter space where the contamination by neighbouring peaks
affects the measurement of the feedback time. As a result, only an upper limit
can be determined for tfb, 24 µm in M51, whereas accurate measurements can
be made for all other galaxies.

simulated galaxies (Kruijssen et al. 2018) and on NGC 300 (Kruijssen
et al. 2019) using H α as a SFR tracer.

We have also examined the possible effect of inclination on our
measurements by repeating the analysis on CO and 24 µm emission
maps of NGC 300, which have been artificially inclined further
to match the highest inclination angle among our galaxy sample

(M31; i = 77.7◦). We find that measured time-scales (t24 µm =
10.4+2.7

−2.0 Myr; tfb, 24 µm = 3.9+1.0
−0.9 Myr) and the mean separation

length (λ = 192+130
−60 pc) agree within 1σ uncertainties with those

of NGC 300 from Table 3. This is already expected from a similar
test performed by Kruijssen et al. (2018) using simulated galaxies,
where our method has been shown to provide reliable measurements
even for a highly inclined galaxy as long as independent star-
forming regions are sufficiently resolved (λ ≥ 1.5lap, min; see (ii)
in Section 5.1.1).

5.2 Comparison with other works

The duration of the embedded star-forming phase has been measured
in M33 by Corbelli et al. (2017), using IRAM CO data and the mid-
infrared source catalog created by Sharma et al. (2011). In their
work, GMCs and star-forming regions are classified into different
evolutionary stages based on the presence of CO emission and SFR
tracers such as 24 µm and H α or UV emission. The clouds are defined
to be in an inactive stage when no sign of star formation is detected,
an embedded star-forming phase when CO emission is observed in
association with 24 µm but without associated H α or FUV emission.
The region is defined to be at an exposed star-forming phase when
H α or FUV emission becomes visible.

The age estimates of the exposed star-forming regions (referred
to as C-type in Corbelli et al. 2017) from SED fitting are available
in Sharma et al. (2011), and are obtained using photometric data at
various wavelengths simultaneously, such as UV, H α, and 24 µm.
The age of the C-type phase corresponds to the time it takes for
the cloud to evolve from the end of the heavily obscured phase of
star formation (observed with 24 µm but without H α) to the end
of the exposed young stellar region phase (both 24 µm and H α are
observed). This duration therefore corresponds to t24 µm − tobscured in
our analysis. Corbelli et al. (2017) find that the C-type phase in M33
lasts for 8 Myr (without quoted uncertainty), which is in excellent
agreement with our measurement of 8.4+3.6

−3.0 Myr. For the duration
of the heavily obscured phase of star formation (CO and 24 µm
emission without H α; referred to as B-type), Corbelli et al. (2017)
find 2.4 Myr, which is similar to the duration we measure, not only
for M33 (3.5+1.2

−1.9 Myr), but for most of the galaxies in our sample
(1.4−3.8 Myr; see Section 4.2). Lastly, as for the duration of the
inactive phase (referred to as A-type), we measure tCO − tfb, 24 µm =
7.7+1.4

−1.7 Myr, which is somewhat longer than the measurement of
4 Myr from Corbelli et al. (2017). However, given the uncertainties
in age estimates using SED fitting (on the order of 0.1 dex) and
the absence of any uncertainties on their estimates, the evolutionary
timeline of molecular clouds of M33 from Corbelli et al. (2017) and
our analysis are in good agreement.

The time it takes for the star-forming regions to become exposed
has also been measured using wavelengths other than 24 µm as a
tracer for the embedded star formation. Calzetti et al. (2015) have
measured ages of young massive star clusters in the dwarf starburst
galaxy NGC 5253 by applying SED modelling techniques on UV-
optical-near-infrared Hubble Space Telescope photometry. While the
star clusters have ages spanning from 1 to 15 Myr, the age estimate
of one very heavily attenuated cluster with a clear near-infrared
excess indicates that the duration of the heavily obscured phase of
star formation is longer than (or similar to) 1 Myr for this particular
star-forming region. Whitmore et al. (2014) used free–free radio
continuum emission to detect heavily obscured star-forming regions,
and charaterized the evolutionary timeline from quiescent molecular
clouds to exposed star-forming phase using age estimates from SED
fitting of young stellar regions in the overlap region of the merging
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Antennae galaxies. The duration of the heavily obscured phase
(referred to as Stage 2 in Whitmore et al. 2014) and the feedback
time-scale (including the embedded phase; referred to as Stage 3
in Whitmore et al. 2014) are measured to be 0.1−1 and 1−3 Myr,
somewhat shorter than the duration we measure with 24 µm, which
are 1−4 and 2−7 Myr, respectively. We note that this difference
could be because (i) the measurements are for galaxies undergoing
a merger, unlike our sample; (ii) a different tracer is used to trace
embedded star formation; and (iii) age estimates in highly extincted
regions have considerable uncertainties (Hollyhead et al. 2015).

In conclusion, despite differences in methods, wavelengths, and
galaxies used when constraining the evolutionary cycle of star-
forming regions, our results are in good agreement with the measured
time-scales for the heavily obscured phase and feedback phase found
in previous literature. The key step made in the present paper is to
generalize these results to a sample of five galaxies (except M51),
analysed homogeneously with a single analysis framework that is
agnostic about which entities constitute a GMC or star-forming
region.

5.3 Effects of infrared emission not associated with local recent
massive star formation

24 µm emission is widely used as a tracer for embedded star
formation, as it captures emission of massive stars that has been
reprocessed by dust grains (see e.g. Calzetti et al. 2007; Kennicutt &
Evans 2012; Vutisalchavakul & Evans 2013). However, one of
the known issues with using 24 µm emission to trace recent star
formation is that the interstellar radiation field, late-type B stars (age
of ∼100 Myr), and dust clumps heated by external radiation such as
nearby star-forming regions also contribute to the emission at this
wavelength (Calzetti et al. 2007; Murphy et al. 2011; Kennicutt &
Evans 2012; Leroy et al. 2012).

The difference in spatial distributions associated with each process
generating 24 µm emission allows us to separate the emission for
recent star formation events from other sources. The 24 µm emission
originating from the interstellar radiation field has an extended
morphology, because it originates from small dust grains in the
diffuse interstellar medium (Draine & Li 2007; Draine et al. 2007;
Verley et al. 2009; Rahman et al. 2011; Leroy et al. 2012). Such
diffuse emission, constituting on average of 55 per cent of the 24 µm
emission, is therefore expected to be removed during our filtering
process.

On the other hand, the effect of 24 µm emission associated with
late-type B stars and starless dust clumps might not be filtered out
because they are more inhomogeneously distributed, similarly to the
emission from young star-forming regions. To estimate the effect
of late-type B stars and externally illuminated dust clumps on our
measurements, we make use of the far-infrared source catalogue
of the LMC provided by Seale et al. (2014). In this catalogue,
young stellar objects and dust clumps (that may or may not have
deeply embedded forming stars) are identified, as well as sources
not related to recent star formation such as asymptotic giant branch
stars, planetary nebulae, and supernova remnants using literature
catalogues (Seale et al. 2014 and references therein). In order to test
whether the inclusion of 24 µm emission from older stars and dust
clumps could bias our results, we mask these sources and repeat
our analysis of the LMC. When masking dust clumps, we mask all
the probable candidates in Seale et al. (2014) as it is difficult to
distinguish whether these clumps harbour deeply embedded stars or
are heated by external radiation. We find that the older stars and dust
clumps have a negligible effect on our results. In practice, older stars

and dust clumps are not usually identified as SFR tracer peaks in
our analysis due to their low brightness and small size, which does
not satisfy the requirement of a minimum number of pixels to be
identified as a peak in our method.

In conclusion, once the diffuse emission has been filtered, the
24 µm maps mostly contain emission from young stars. Any potential
bias due to the interstellar radiation field, late-type B stars, and
dust clumps is negligible and our measurements of t24 µm provide
an accurate characterization of the duration of (partially) embedded
massive stars.

6 C O N C L U SIO N

We present a characterization of the evolutionary timeline from
molecular clouds to young stellar regions in six nearby galaxies by
applying the statistical method developed by Kruijssen & Longmore
(2014) and Kruijssen et al. (2018) to CO and 24 µm emission maps at
cloud-scale (20−100 pc) resolution. With this method, we measure
the duration of the 24 µm emission phase (t24 µm), the duration of
the feedback phase (tfb, 24 µm) during which massive star formation
continues embedded in molecular clouds, the duration of the heavily
obscured star formation phase with no associated H α emission
(tobscured), and the average distance between independent star-forming
regions evolving from clouds to massive star formation (λ). We also
derive other physical quantities such as the feedback velocity (vfb)
and the integrated star formation efficiency per star formation event
(εsf) from our measurements.

Across our sample of galaxies, we find that molecular clouds
are quickly disrupted within 2−7 Myr after the onset of embedded
massive star formation (traced by 24 µm emission) by stellar
feedback, supporting the fact that GMCs are dispersed within a
cloud dynamical time-scale, as suggested by Elmegreen (2000)
and Hartmann (2001). The measured feedback time-scale, which
includes the duration of the massive star-forming phase, constitutes
17−47 per cent of the cloud lifetime of 10−30 Myr. The feedback
time-scales are generally shorter than the time it takes for the
first supernova to explode (4−20 Myr), when stochasticity of the
initial mass function is taken into account (Chevance et al. 2020a),
suggesting that early feedback mechanisms such as photoionization
and stellar winds are mainly responsible for the dispersal of molecular
clouds. Previous works have found similar duration of this phase
using age estimates of star clusters in the Milky Way and some
nearby galaxies (Lada & Lada 2003; Whitmore et al. 2014; Corbelli
et al. 2017). After the molecular gas is dispersed, the 24 µm emission
decays within 2−9 Myr. Our results further support the conclusion of
earlier work that galaxies are composed of independent star-forming
regions separated by ∼100−200 pc (Kruijssen et al. 2019; Chevance
et al. 2020c), which may correspond to the vertical gas disc scale
height (see Kruijssen et al. 2019). These regions are undergoing
an inefficient star-forming process with integrated cloud-scale star
formation efficiencies (εsf) of 0.7−6.8 per cent. The measured star
formation efficiencies are consistent with previous measurements in
these galaxies using other tracers to estimate the global SFR. We
obtain feedback velocities (vfb) of 8−30 km s−1, which is consistent
with the observed expansion velocities of nearby H II regions (e.g.
Murray & Rahman 2010; McLeod et al. 2019, 2020; Barnes et al.
2020).

By combining our measurements with those using H α as a tracer
for exposed star-forming regions, we also measure the duration of the
heavily obscured phase (detected with CO and 24 µm but without H α

emission). Our results show that this period lasts for 3.0 ± 0.9 Myr
(with a full range of 1.4−3.8 Myr across our sample of galaxies). We
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do not detect any significant correlation of the duration of this heavily
obscured phase with galactic properties. This measured duration is
in good agreement with values suggested by previous works using
different wavelengths, methods, and galaxies.

Furthermore, we study the correlation of our measurements with
galactic (or cloud-scale) properties, such as mass-weighted mean
surface density of GMCs, metallicity, star formation efficiency, SFR
surface density, and the feedback velocity. While we do not find
statistically significant trends, the durations of the total and isolated
24 µm emission phases (t24 µm and tiso,24 µm) may weakly decrease
with increasing metallicity. We conjecture that this dependence
results from winds of massive stars being stronger and more energetic
at higher metallicities, which leads to a more effective dispersal of the
clouds. No such trends with metallicity are observed for the feedback
time-scale and the duration of the heavily obscured phase.

In order to gain a better understanding of the mechanisms driving
the early feedback process, a systematic measurement of the embed-
ded phase in a large number of galaxies in various environments is
essential. Due to the limited resolution of Spitzer 24 µm observations
(6.4 arcsec), we have been able to perform this analysis for only
six nearby galaxies and accurately constrain the duration of the
embedded phase in five of them. In the future, the MIRI imager
aboard the James Webb Space Telescope, with a field of view of
1

′ × 2
′
, will reach an angular resolution of 0.7 arcsec. This will

enable the application of the same method to galaxies located out
to 25 Mpc, covering a much wider range of galaxy properties and
morphologies, allowing us to explore how the feedback processes
govern the evolution of molecular clouds during the early stages of
star formation, as a function of the galactic environment.
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Nieten C., Neininger N., Guélin M., Ungerechts H., Lucas R., Berkhuijsen

E. M., Beck R., Wielebinski R., 2006, A&A, 453, 459
Onodera S. et al., 2010, ApJ, 722, L127
Patra N. N., 2020, A&A, 638, A66
Paturel G., Theureau G., Bottinelli L., Gouguenheim L., Coudreau-Durand

N., Hallet N., Petit C., 2003a, A&A, 412, 57
Paturel G., Theureau G., Bottinelli L., Gouguenheim L., Coudreau-Durand

N., Hallet N., Petit C., 2003b, A&A, 412, 57
Pety J. et al., 2013, ApJ, 779, 43
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A P P E N D I X A : I N D I V I D UA L I M AG E S O F
EMISSION MAPS USED IN OUR ANALYSIS

In Figs A1 and A2, we present the CO and 24 µm emission maps
used in our analysis to trace molecular gas and young stellar regions,
respectively.
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Figure A1. Maps of CO(1–0) emission (left-hand panels) and 24 µm emission (right-hand panels) for the IC 342, LMC, and M31. The ranges of galactic radii
included in our analysis are indicated by white dashed ellipses. The white dotted line shows the coverage of the CO observations. In the LMC, regions where
molecular gas exists but was not targeted by the MAGMA survey are masked (white solid circles). The masked bright star-forming regions are shown by green
circles. We also mask foreground stars, background galaxies, and map artefacts (purple circles).
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Figure A2. Same as Fig. A1, but here for M33, M51, and NGC 300. Integrated intensity maps of CO(1–0) are shown for M51 and NGC 300, while CO(2–1) is
shown for M33.
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A P P E N D I X B : M O L E C U L A R C L O U D
LIFETIMES IN I C 3 4 2 A ND M 3 1

In order to derive absolute durations of the different phases of cloud
evolution and star formation (see Section 3), we have used the cloud
lifetime (tCO) as the reference time-scale in our analysis (see Table 2).
For four out of six galaxies in our sample, the cloud lifetime has
been constrained in previous works using H α as a tracer for exposed
star-forming regions. Here, we describe the characterization of the
cloud lifecycle of IC 342 and M31, by applying the same method
as described in Section 3 using CO and H α emission maps to trace
molecular gas and young stellar regions, respectively.

Fig. B1 shows the H α emission maps of IC 342 and M31 used
to trace young massive star-forming regions. A summary of the
observational data is presented in Section 2.1. Table B1 lists the
adopted main input parameters specific to the analysis using CO

Figure B1. Same as Fig. A2, for H α emission maps of IC 342 and M31.

Table B1. Main input parameters of the analysis using H α as an SFR tracer
for IC 342 and M31. For other input parameters, we use the default values
listed in table 2 of Kruijssen et al. (2018).

Quantity IC 342 M31

lap, min (pc) 65 45
lap, max (pc) 3000 4000
Nap 15 15
Npix,min 10 20
$log10FCO 1.1 1.2
δlog10FCO 0.05 0.05
$log10FHα 2.8 2.0
δlog10FHα 0.05 0.1
tref (Myr) 4.25 4.42
tref, errmin (Myr) 0.15 0.18
tref, errmax (Myr) 0.15 0.19
nλ 12 10

and H α as molecular gas and SFR tracers, respectively. Other input
parameters are listed in Tables 1 and 2. We set the minimum aperture
size (lap, min) to match the CO map resolution as it is coarser compared
to the H α map resolution. The reference time-scales (tref) for the
exposed young stellar phase (duration of the isolated H α emission
phase) are adopted from Haydon et al. (2020b). The duration does
not include the feedback time-scale, so the total duration of the H α

emission phase (tH α) equals tref + tfb, H α .
In Fig. B2, we show the measured deviations of the enclosed

gas-to-SFR flux ratios in apertures centred on CO and H α peaks,
compared to the galactic average, together with our best-fitting
model. Table 3 lists the constrained quantities for the best-fitting
model. We have verified the accuracy of these measurements in
Section 5.1. As seen in our results using 24 µm as an SFR tracer, we
find a spatial de-correlation between gas and SFR tracer emission
peaks. We measure cloud lifetimes of 20.0+2.0

−2.3 Myr for IC 342 and
14.0+2.1

−1.9 Myr for M31. The measured cloud lifetimes are within
the range of our previous measurements of other galaxies where
GMCs are found to live for 10−30 Myr (Kruijssen et al. 2019;
Chevance et al. 2020c; Hygate 2020; Ward et al. 2020a; Zabel
et al. 2020). We suspect that the difference between the two cloud
lifetimes are related to the different environments in which the
molecular clouds are located, as recently suggested by Chevance
et al. (2020c). In this case, the cloud evolution in IC 342, which
has a high molecular gas surface density (9.55 M" pc−2), is likely
to be governed by galactic dynamical processes, whereas internal
dynamics such as free-fall and crossing times are the determinant
factor for cloud evolution in low molecular gas surface density
environments such as M31 (∼1 M" pc−2). The duration over which
CO and H α emission overlap is short (2.2+0.4

−0.5 Myr in IC 342 and
1.1+0.3

−0.2 Myr in M31), as seen in previous measurements of other
galaxies (Chevance et al. 2020a). These short feedback time-scales
indicate that molecular clouds are destroyed shortly after the star-
forming region becomes exposed, making them visible in H α.
Finally, we find that independent star-forming regions are separated
by 120+10

−10 pc in IC 342 and 181+28
−19 pc in M31, comparable to our

measurements with 24 µm as an SFR tracer, as well as our previous
findings with H α for different galaxies.
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Figure B2. Relative change of the gas-to-SFR (CO-to-H α) flux ratio
compared to the galactic average as a function of size of apertures placed
on CO (blue) and H α (red) emission peaks. The error bars indicate 1σ

uncertainty on each individual data point whereas the shaded area is an
effective 1σ uncertainty taking into account the covariance between data
points. Our best-fitting model is shown as dashed line and the solid horizontal
line indicates the galactic average. The measured region separation length (λ)
is indicated in each panel and other constrained best-fitting parameters (tCO
and tfb, H α) are listed in Table 3.

1Astronomisches Rechen-Institut, Zentrum für Astronomie der Universität
Heidelberg, Mönchhofstraße 12-14, D-69120 Heidelberg, Germany
2Max-Planck Institut für Extraterrestrische Physik, Giessenbachstraße 1, D-
85748 Garching, Germany
3Center for Astrophysics and Space Sciences, Department of Physics,
University of California, San Diego, 9500 Gilman Drive, La Jolla, CA 92093,
USA
4Argelander-Institut für Astronomie, Universität Bonn, Auf dem Hügel 71,
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Abstract

The earliest stages of star formation, when young stars are still deeply embedded in their natal clouds, represent a
critical phase in the matter cycle between gas clouds and young stellar regions. Until now, the high-resolution
infrared observations required for characterizing this heavily obscured phase (during which massive stars have
formed, but optical emission is not detected) could only be obtained for a handful of the most nearby galaxies. One
of the main hurdles has been the limited angular resolution of the Spitzer Space Telescope. With the revolutionary
capabilities of the James Webb Space Telescope (JWST), it is now possible to investigate the matter cycle during
the earliest phases of star formation as a function of the galactic environment. In this Letter, we demonstrate this by
measuring the duration of the embedded phase of star formation and the implied time over which molecular clouds
remain inert in the galaxy NGC 628 at a distance of 9.8 Mpc, demonstrating that the cosmic volume where this
measurement can be made has increased by a factor of >100 compared to Spitzer. We show that young massive
stars remain embedded for -

+5.1 1.4
2.7 Myr ( -

+2.3 1.4
2.7 Myr of which being heavily obscured), representing ∼20% of the

total cloud lifetime. These values are in broad agreement with previous measurements in five nearby (D< 3.5
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Mpc) galaxies and constitute a proof of concept for the systematic characterization of the early phase of star
formation across the nearby galaxy population with the PHANGS–JWST survey.

Unified Astronomy Thesaurus concepts: Star formation (1569); Galaxies (573); Giant molecular clouds (653);
Interstellar medium (847)

1. Introduction

Over the last two decades, a growing number of multi-
wavelength, cloud-scale observations have revealed a spatial
offset between cold molecular gas and H II regions in galaxies
(Engargiola et al. 2003; Blitz et al. 2007; Kawamura et al.
2009; Onodera et al. 2010; Schruba et al. 2010; Miura et al.
2012; Meidt et al. 2015; Corbelli et al. 2017; Kruijssen
et al. 2019b; Schinnerer et al. 2019; Barnes et al. 2020; Pan
et al. 2022). The statistical characterization of this offset has
enabled a quantitative description of the evolutionary life cycle
of giant molecular clouds (GMCs), during which gas is
turning into stars (Kruijssen et al. 2019b; Chevance et al.
2020a, 2020b, 2022a, 2022b; Zabel et al. 2020; Kim et al.
2021, 2022; Lu et al. 2022; Ward et al. 2022). These studies
have illustrated that GMCs are transient objects that survive for
1–3 dynamical timescales (10–30Myr, with typical associated
uncertainties of ∼25%) and are dispersed quickly by feedback
from newly formed stars, after a long phase during which
GMCs appear inert and devoid of massive stars (70%–90% of
the cloud lifetime), before the star formation is detected
through Hα emission. In these studies, GMCs have masses
over 104–105Me and the lifetimes of these objects represent
the time they spend being bright in CO emission, until the
molecular gas has been dispersed by the resulting H II region.

However, the earliest phases of star formation are heavily
embedded and invisible in Hα due to the extinction from the
surrounding dense gas and dust. Therefore, the duration of
these phases and the time that clouds spend being truly inert are
still poorly constrained, and so is the time needed for the
feedback from these heavily embedded stars to blow out
enough of the natal cloud to enable the detection of Hα
emission. This limits our understanding of the physical
mechanisms playing a role in the first stages of star formation.
Measuring these characteristic timescales is crucial to establish
which mechanisms are responsible for dispersing the molecular
clouds (e.g., Lopez et al. 2014) and for distinguishing whether
star formation is delayed by the decay of initial turbulence
(e.g., Gnedin et al. 2016; Padoan et al. 2017) or suppressed by
galactic-scale dynamics, such as the shear associated with
spiral arms and differential rotation preventing collapse of the
clouds (e.g., Meidt et al. 2018).

High-resolution infrared observations (∼1 pc scale) of star-
forming regions in the Milky Way have revealed that molecular
clouds spend 30%–40% of their lifetime with embedded stars
(Lada & Lada 2003; Battersby et al. 2017). Massive
protoclusters (∼104Me) in our Galaxy are actively forming
stars and appear to have a very short starless phase
(<0.5Myr; Ginsburg et al. 2012). In nearby galaxies, the
timescales between successive stages of the gas-to-stars
evolutionary cycle can be estimated by combining ages of star
clusters with distances between these clusters and their
neighboring GMCs. These results suggest that the embedded
star-forming phase lasts for 2–5Myr, of which the initial
0–2Myr are heavily obscured, i.e., ongoing star formation is
detected in mid-infrared or in radio continuum but invisible in
Hα and ultraviolet emission (Whitmore et al. 2014; Calzetti

et al. 2015; Corbelli et al. 2017; Grasha et al. 2018; Turner
et al. 2022).
Kruijssen & Longmore (2014) and Kruijssen et al. (2018)

have introduced a statistically rigorous method that translates
the observed spatial decorrelation between cold gas and star
formation rate (SFR) tracers into their underlying timescales. In
Kim et al. (2021), this method has been applied to six nearby
star-forming galaxies using CO, Spitzer 24 μm, and Hα
emission maps, tracing molecular clouds, embedded star
formation, and exposed star formation, respectively. This
provided systematic constraints on the duration of the
embedded phase of star formation for five of these six galaxies,
which was shown to last for 2–7Myr, constituting 20%–50%
of the cloud lifetime. The first half of this phase is heavily
obscured and only detected in CO and 24 μm, while being
invisible in Hα emission. Until now, the number of galaxies
where we could constrain these timescales was restricted to
these five galaxies, with distances of D< 3.5 Mpc. This small
sample was due to the limited resolution of the Spitzer 24 μm
observations (6″) and the requirement that the observations
need to resolve each galaxy into its distinctive units of star
formation (e.g., GMCs and H II regions, typically separated by
∼100 pc). The results of deconvolution algorithms (Backus
et al. 2005) applied to more distant galaxies (M51 at 8.6 Mpc;
Dumas et al. 2011) did not lead to a sufficient data quality to
successfully perform this measurement.
The Mid-Infrared Instrument (MIRI) on board the James

Webb Space Telescope (JWST) has opened a new era of
infrared astronomy with unprecedented spatial resolution and
sensitivity in the mid-infrared. In particular, observations at
21 μm tracing embedded young stellar populations reach a
resolution of 0 67, allowing the cloud-to-star life cycle to be
characterized, with the above method, out to considerably
larger distances of up to 25Mpc. The PHANGS34 collaboration
is carrying out the PHANGS–JWST survey (Lee et al. 2022b
this Issue; Program ID 02107) to map the star-forming disk of
19 galaxies in a wide range of wavelengths, from 2 to 21 μm.
This translates into a physical scale of 20–60 pc in the 21 μm
band for the galaxies in this sample (at distances between 5 and
20Mpc). So far, four of these galaxies have been observed
(IC 5332, NGC 628, NGC 1365, NGC 7496) with MIRI JWST.
In this Letter, we extend our previous analysis by Kim et al.
(2021) by characterizing the duration of the early phase of star
formation in one of these initial galaxies, NGC 628, which is
the most nearby (yet 3 times further away than the most distant
galaxy analyzed in Kim et al. 2021), and for which the duration
of the CO- and Hα-bright phases have already been obtained in
our previous works (Chevance et al. 2020a; Kim et al. 2022).
Following previous works using Spitzer 24 μm as a tracer for
embedded massive stars (Calzetti et al. 2015; Corbelli et al.
2017; Kim et al. 2021), we define the duration of “embedded
star formation” probed at 21 μm with JWST as the total phase
during which CO and 21 μm are found to be overlapping,

34 The Physics at High Angular resolution in Nearby GalaxieS project: http://
phangs.org.
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whereas the “heavily obscured phase” refers to the phase where
both CO and 21 μm are detected without associated Hα
emission.

2. Observations

In order to trace embedded star formation, we use the 21 μm
emission map observed with MIRI on board JWST as a part of
PHANGS–JWST survey. This data was obtained from the
Mikulski Archive for Space Telescopes (MAST) at the Space
Telescope Science Institute.35 This mid-infrared wavelength
has been widely used as a tracer of embedded star formation,
because a substantial fraction of the emission, especially that
with compact morphology, originates from dust excitation by
radiation from surrounding massive stars and empirically
exhibits a correlation with tracers of massive star formation
(Kennicutt & Evans 2012; Galliano et al. 2018; Hassani et al.
2022; Leroy et al. 2022; Thilker et al. 2023). In particular,
using four initial targets, Hassani et al. (2022) have found that
90% of compact 21 μm sources are associated with H II regions
detected in extinction corrected Hα maps from MUSE.
Furthermore, Hassani et al. (2022) have shown that background
galaxies and evolved stars identified in the 21 μm map are faint,
only constituting ∼3% of the total 21 μm emission flux and
therefore they are unlikely to affect our measurements, because
the quantities constrained with our methodology are flux
weighted (see Section 3). The JWST map has a physical
resolution of ∼30 pc at the distance of NGC 628 (9.84Mpc;
Anand et al. 2021a, 2021b) and a 1σ surface brightness
sensitivity of ∼0.3 MJy sr−1 at the native resolution of 0 67.
Details on the data reduction can be found in Lee et al. (2022b).

In Figure 1, we show a comparison between the Spitzer
MIPS map at 24 μm and the JWST MIRI map at 21 μm of
NGC 628. The increase in resolution by a factor of almost 10
allows us to resolve individual regions in the galaxy. A
composite three-color image of the CO, 21 μm, and Hα
emission maps is also provided, where the spatial small-scale
decorrelation of these tracers is illustrated by the color
variations.The Hα emission map is from PHANGS-Hα
(Preliminary version; A. Razza et al. 2022, in preparation)
observed using the Wide Field Imager instrument at the MPG-
ESO 2.2 m telescope at the La Silla Observatory.

We use the 12CO(J= 2–1) transition (CO hereafter) from
PHANGS–ALMA as a tracer of molecular gas. A detailed
description of the full sample and data reduction can be found
in Leroy et al. (2021b, 2021a). The observations were carried
out with the 12 m array, as well as with the 7 m and total power
antennas of the Atacama Large Millimeter/submillimeter
Array (ALMA). We use the moment-0 map at the native
resolution reduced with an inclusive signal masking scheme
with high completeness (the “broad” mask; see Leroy et al.
2021a) The resulting CO map has a resolution of 1 12
(∼50 pc) and a 5σ molecular gas mass sensitivity of
5× 104Me (Leroy et al. 2021b). After the removal of diffuse
emission (see Section 3), the faintest identified CO emission
peak has a mass of 105Me.

In order to perform the next steps of the analysis (see
Section 3), we first convolve and then reproject the 21 μm
emission map to match the resolution and the pixel grid of the
CO map. During the convolution, we use a kernel that

translates the JWST MIRI point-spread function to a Gaussian,
matched to the beam of the CO map and generated using the
method of Aniano et al. (2011). Our statistical method
(described in Section 3) makes use of the relative spatial
distribution of the molecular clouds and young stellar regions
to derive their associated timescales and therefore the
astrometric precision of the CO and 21 μm map must be
sufficient to detect offsets. Extensive experiments of the
method with simulated data show that an acceptable astro-
metric precision is 1/3 of the beam (Kruijssen et al. 2018;
Hygate et al. 2019), which corresponds here to ∼0 4. Lee et al.
(2022b) have shown that MIRI images, aligned using
asymptotic giant branch stars and PHANGS-HST data (Lee
et al. 2022a), have astrometric uncertainties of±0 1, comfor-
tably satisfying the required precision. The astrometric
precision of the Hα map is also measured to be within the
acceptable precision with 0 1–0 2 by matching stellar sources
to the Gaia DR2 catalog (Gaia Collaboration et al. 2018) or
SINGS and Wide Field Imagerdata (Chevance et al. 2020a; A.
Razza et al. 2022, in preparation).
Following our previous analysis (e.g., Kim et al.

2021, 2022), we further mask very bright regions that can
potentially bias our measurements of timescales (yellow circles
in Figure 1). These bright peaks represent outliers in the
luminosity function of the peaks identified using CLUMPFIND
(Williams et al. 1994) and also seen in Hassani et al. (2022).
The galactic center (white circle) is also excluded from our
analysis, because crowding of sources makes it difficult to
identify star-forming regions and molecular clouds in this
environment.

3. Method

We now briefly describe our analysis method (the “uncer-
tainty principle for star formation,” formalized in the HEISEN-
BERG36 code) and the main input parameters used. We refer
readers to Kruijssen et al. (2018) for a full description and
rigorous validation of the code using simulated galaxies and
Kruijssen & Longmore (2014) for an introduction of the
method. This method has been applied to ∼60 observed
galaxies (Kruijssen et al. 2019a; Chevance et al. 2020a, 2022a;
Haydon et al. 2020; Ward et al. 2020, 2022; Zabel et al. 2020;
Kim et al. 2021, 2022; Lu et al. 2022), including NGC 628,
using CO and Hα as tracers of molecular gas and SFR. Unless
stated otherwise, here we adopt the same input parameters for
this galaxy as in Chevance et al. (2020a) and Kim et al. (2022),
describing the main properties of the galaxy and the CO and
Hα observations.
Our method exploits the relative spatial distributions of

tracers of successive phases of the evolution from GMCs to
young stellar regions. Contrary to the observed tight correlation
on approximately kiloparsec scales between molecular gas and
SFR tracers (e.g., CO and Hα) that defines the well known
“star formation relation” (e.g., Kennicutt 1998; Bigiel et al.
2008), small-scale (∼100 pc) observations resolving galaxies
into independent star-forming regions and clouds reveal spatial
offsets between them, increasing the observed scatter of the star
formation relation. This small-scale decorrelation can be
naturally explained by galaxies being composed of “indepen-
dent” regions, each undergoing independent evolution from

35 The specific observations analyzed can be accessed via doi:10.17909/
9bdf-jn24.

36 The HEISENBERG code is publicly available at https://github.com/
mustang-project/Heisenberg.
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molecular cloud assembly to star formation and feedback,
which disperses the natal clouds and leaves young stellar
regions without associated molecular gas (Onodera et al. 2010;
Schruba et al. 2010; Kruijssen & Longmore 2014). Our
methodology assumes that the spatial distribution of such
regions is locally isotropic on the scale of the mean separation
length between regions (a few 100 pc), which is the largest
scale that our measurements are sensitive to. This means that

our measurements are not affected by galactic-morphological
features, such as gaseous spiral arms that produce linear
features on kiloparsec scales (Kruijssen et al. 2018).
To translate the observed decorrelation of cold gas and star

formation tracers into the underlying evolutionary timescales
associated with each tracer (Kruijssen et al. 2018), we first
identify peaks in the CO and 21 μm maps using CLUMPFIND
(Williams et al. 1994). This algorithm uses contours on the map

Figure 1. Top: comparison between the Spitzer 24 μm map (left) and the JWST 21 μm map (middle), which has 10 times better resolution (0 67) compared to Spitzer
(6″). Orange circles show the beam in each panel. Bottom: composite three-color images obtained by combining CO (blue), 21 μm (green), and Hα (red). The bottom
right panel shows the zoomed-in image of the white rectangular region marked in the bottom left panel, with symbols indicating the distribution of emission peaks
using the same color scheme. Emission peaks of CO (indicated with ×), 21 μm (+), and Hα (!) show spatial offsets, indicating that these represent distinctive stages
of star formation. The JWST field of view is outlined in green. The crowded galactic center (white circle), as well as extremely bright star-forming regions (yellow
circles) are excluded from our analysis (see text).

4
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for a set of flux levels separated by a step size d log10 , with a
full range D log10 starting from the maximum flux level. For
the 21 μm emission map, we adopt d =log 0.0510 and

D =log 2.010 , where the choice of this full range is well
justified given the distribution of 21 μm peaks in Hassani et al.
(2022, after excluding bright outliers). For the CO emission
map, we adopt d =log 0.0510 and D =log 1.110 , similar to
our previous analysis (Chevance et al. 2020a; Kim et al. 2022).
On each identified peak, we then center apertures with a range
of sizes from the cloud scale ( =l 50 pcap,min , similar to 1 beam
size) to the galactic scale ( =l 1.5 kpcap,max ). For each aperture
size, we measure the deviation of the gas-to-SFR tracer flux
ratio around all peaks compared to the galactic average value.

We then fit an analytical function (see Section 3.2.11 of
Kruijssen et al. 2018) to the measured flux ratios as a function
of aperture size, which depends on the relative duration of
emission of each tracer, the relative duration for which they
overlap, and the typical separation length between independent
regions (λ). The absolute values of the timescales are obtained
by multiplying the best-fitting relative timescale by a known
reference timescale (tref). Here, we use the cloud lifetime (tCO)
derived in our previous analysis (Chevance et al. 2020a; Kim
et al. 2022) as tref. Since we mask four regions that are
extremely bright in 21 μm (see Section 2 and Figure 1), we
repeat our previous analysis of NGC 628 using narrowband Hα
as an SFR tracer (Chevance et al. 2020a; Kim et al. 2022) to see
how the masking impacts the measurements. The results are
consistent within the uncertainties, and our new measurements
for the masked map are shown in Table 1 (discussed below).
Masking additional bright regions only results in negligible
differences in our measurements of the timescales obtained
with Hα emission (again within uncertainties).

Having obtained the lifetime of the CO-bright emission, we
can derive the absolute lifetimes of the 21 μm emission. The
fitted model is described by three independent quantities: the
timescale over which CO and the SFR tracer are found to be
overlapping (tfb,21 μm), the 21 μm emitting timescale (t21 μm),
and the typical separation between independent regions
(λ21 μm). The overlapping timescale represents the time over
which embedded massive star formation takes place, as well as
the time it takes for stellar feedback to disperse the surrounding
gas. The fit to the observations returns a three-dimensional
probability distribution function (PDF) of the free parameters,
which is then marginalized to obtain the one-dimensional PDF
of each parameter. The uncertainties quoted here are defined as

the 32nd percentile of the part of the PDF below the best-fitting
value, and the 68th percentile of the part of the PDF above the
best-fitting value (Kruijssen et al. 2018).
As part of the analysis process, we filter out potential diffuse

emission in both CO and 21 μm maps using the method
presented in Hygate et al. (2019). This is necessary as the
presence of diffuse emission can bias our measurements by
adding a reservoir of large-scale emission that is not associated
with the identified peaks within the aperture, and therefore does
not participate in the cycling that is being characterized here.
Similarly to our previous analysis of NGC 628 (Chevance et al.
2020a; Kim et al. 2022), we iteratively remove emission on
scales larger than 15 λ21 μm using a Gaussian high-pass filter in
Fourier space. The threshold of 15 λ21 μm was chosen to ensure
that the flux loss from the compact region is about 10%,
following the prescription by Hygate et al. (2019), Kruijssen
et al. (2019b), Chevance et al. (2020a), and Kim et al.
(2021, 2022). However, we note that using a higher or lower
multiples of λ21 μm (from 10 to 20) do not significantly impact
our measurements (within 1σ uncertainties).
In the CO map, filtering extended structures (that constitute

∼60% of the emission) results in lowering the signal-to-noise
ratio of small, faint clouds, allowing us to focus on molecular
clouds that are likely to form massive stars. Before filtering, the
faintest identified CO emission peak has a mass of 104Me,
whereas after filtering the faintest identified CO emission peak
has a mass of 105Me, which is likely to give birth to massive
stars when assuming a standard initial mass function. In the
21 μm map, this removes large-scale emission (constituting
∼50% of the total emission) originating from the interstellar
radiation field, which is not related to recent massive star
formation but has a nonnegligible contribution to the dust
heating (Draine & Li 2007; Verley et al. 2009). Thilker et al.
(2023) report a fraction of mid-infrared emission arising from
filamentary structures (∼30%) that is qualitatively similar to
the ∼50% obtained here. The fraction of large-scale emission
removed is also broadly consistent with the contribution of the
interstellar radiation field to Spitzer 24 μm wavelength
measured in the Milky Way and in Local Group galaxies
(20%–85%; Koepferl et al. 2015; Viaene et al. 2017; Williams
et al. 2019). Leroy et al. (2012, 2022) also measure 40%–60%
of the mid-infrared emission to originate from molecular gas
heated by the interstellar radiation field.

4. Results

Table 1 lists results from the application of our method to the
CO and 21 μm maps, tracing molecular gas and embedded star
formation, respectively. In Figure 2 (left) and Appendix B, we
present the measured variation of gas-to-SFR tracer flux ratio
compared to the galactic average, as a function of aperture size.
Toward small scales, the flux ratios increasingly diverge from
the galactic average, illustrating the spatial decorrelation
between CO and 21 μm emission on cloud scales. The right
panel of Figure 2 shows the constrained timeline after
combining our results for both SFR tracers. At first, clouds
are only detected in CO emission for a duration of

- =m -
+t t 18.8CO fb,21 m 3.6

2.7 Myr. Then, after the onset of the
heavily obscured phase of star formation, 21 μm emission is
detected together with CO emission (but without associated
Hα) for = -

+t 2.3obsc 1.4
2.7 Myr. Feedback from these newly

formed stars progressively disperses the surrounding gas,
revealing young stars emerging from their natal GMC in Hα

Table 1
Derived Characteristic Properties of the Evolutionary Cycle Traced by the CO

and Hα Emission Maps, as well as the CO and 21 μm Emission Maps

Hα as an SFR Tracer

tCO -
+23.9 2.8

2.5 Myr
tfb,Hα -

+2.7 0.6
0.5 Myr

λHα -
+96 11

13 pc

21 μm as an SFR Tracer

t21 μm -
+8.8 1.4

3.6 Myr
tfb,21 μm -

+5.1 1.4
2.7 Myr

λ21 μm -
+90 17

51 pc

Duration of Heavily Obscured Phase

tobsc -
+2.3 1.4

2.7 Myr
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emission for =a -
+t 2.7fb,H 0.6

0.5 Myr. Finally, the molecular gas is
completely dispersed, leaving only the young stellar regions to
be detected through both SFR tracers for about t21 μm− tfb,21 μm
or tHα− tfb,Hα of ∼4Myr on average. In Appendix A, we
verify that the measured timescales are reliable with an
accuracy of 30% or better. This implies that these measure-
ments achieve a similar level of confidence to those for the
more nearby galaxies presented in Kim et al. (2021), despite
having been made for a galaxy at a much greater distance.

4.1. Duration of the Embedded (tfb,21 μm) and Heavily Obscured
(tobsc) Phases of Star Formation

Because star formation can only continue until molecular
clouds have been dispersed, we define the duration of the
embedded phase of star formation as the time during which CO
and 21 μm emission are found to be overlapping (i.e., the
feedback timescale, tfb,21 μm). We measure =m -

+t 5.1fb,21 m 1.4
2.7

Myr in NGC 628, which represents ∼20% of the cloud lifetime
(tCO). These two values fall into the range of those constrained
in five nearby galaxies (2–7Myr, 20%–50%) by Kim et al.
(2022).

The feedback timescale measured with 21 μm ( -
+5.1 1.4

2.7 Myr)
is longer than the one obtained using Hα ( -

+2.7 0.6
0.5 Myr) as an

SFR tracer. This difference can be explained by the fact that the
earliest stages of star formation are invisible in Hα emission
due to the extinction from the surrounding dense gas and dust,
while 21 μm is detected as it originates from the reemission of
absorbed stellar light by small dust grains (e.g., Kennicutt et al.
2007; Galliano et al. 2018). We find that this heavily obscured
phase of star formation (tobsc= tfb,21 μm− tfb,Hα) lasts for

-
+2.3 1.4

2.7 Myr,37 showing a good agreement with the range of

values constrained in five nearby galaxies (1–4 Myr) by Kim
et al. (2021).
The short durations of tfb,21 μm and tobsc support our previous

claim that presupernova feedback likely drives the dispersal of
molecular clouds, as supernovae take longer to detonate
(4–20Myr; Chevance et al. 2020a, 2022a, also see Barnes
et al. 2022; Della Bruna et al. 2022). Similar values of tfb,21 μm
and tobsc have been measured using ages of stellar clusters and
their association with neighboring GMCs (Whitmore et al.
2014; Grasha et al. 2018, 2019), as well as using H II region
morphologies (Hannon et al. 2019, 2022). We note that the
“heavily obscured phase” is also referred to as “embedded” in
other works in this Issue, which report qualitatively similar
durations of this phase (Rodriguez et al. 2022; Whitmore et al.
2023).

4.2. Duration of the Total 21 μm Emitting Phase

In NGC 628, we measure the total duration of the 21μm
emitting phase (t21 μm) to be -

+8.8 1.4
3.6 Myr, which falls into the

range of our previous measurements of this timescale in nearby
galaxies (4–14Myr; Kim et al. 2021). After the star formation is
terminated by the dispersal of molecular clouds, the emission at
21 μm can still be detected for ∼4Myr, due to the remaining dust
in the H II region, which is heated by the high-mass stars that have
not yet ended their lives. As shown in Figure 2, the end of this
isolated 21μm emitting phase (after CO has disappeared)
corresponds broadly to the end of the Hα emitting phase,
indicating that our diffuse emission-filtered 21 μmmap effectively
traces emission related to recent massive star formation.
Furthermore, as shown in Figure 2, almost 80% of the total
21 μm emitting timescale coincides with the Hα emitting
timescale, showing a good agreement with Hassani et al. (2022)
who find that 90% of the 21 μm emission peaks in four initial
PHANGS–JWST galaxies are associated with Hα emission. Our
result also agrees with those of Linden et al. (2022), who find that

Figure 2. The left panel shows the measured deviation of gas-to-SFR tracer (CO-to-21 μm) flux ratios compared to the galactic average as a function of the size of
apertures centered on CO and 21 μm emission peaks. The data underlying this figure can be found in Appendix B. The error bars show the 1σ uncertainty of each
measurement whereas the shaded region within the error bar indicates the effective 1σ error, considering the covariance between data points. Our best-fitting model
(dashed line), as well as the galactic average (horizontal line) are also shown. The constrained λ is indicated with a downward arrow and other best-fitting parameters
(t21 μm and tfb,21 μm) are listed in Table 1. The right panel illustrates the evolutionary sequence from inert molecular clouds to embedded star formation, partially
exposed star formation, and finally to fully revealed young stellar regions. The duration of the CO emitting phase (tCO) is shown in orange while the time during which
21 μm and Hα emission are detected without associated CO emission are shown in dark blue and dark purple, respectively. The feedback timescale, which is the time
for which both CO and an SFR tracer are found coincident, is shown in light blue (for 21 μm) and light purple (for Hα). The error bars indicate the 1σ uncertainty for
each measurement.

37 The uncertainties on tobsc are obtained using formal error propagation and
therefore are similar to those on tfb,21 μm, which shows larger errors than tfb,Hα.
These uncertainties on tobsc should be considered as an upper limit, because no
covariance between tfb,Hα and tfb,21 μm is assumed, which is unlikely to be true.
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80% of young massive star cluster candidates identified with
JWST near-infrared emission also have an optical counterpart.
This also explains why 21 μm and Hα emission show a tighter
correlation than 21μm and CO emission (Leroy et al. 2022).

4.3. Characteristic Distance between Independent Regions

Figure 2 shows that GMCs and young stellar regions are
spatially decorrelated on small scales, illustrating that galaxies
are composed of independent regions in different phases of
their evolution from gas to stars. Our method measures the
characteristic distance between these regions, which we denote
as λ21 μm and λHα depending on which SFR tracer is being
used. We find l =m -

+90 pc21 m 17
51 , showing a very good

agreement with l =a -
+96 pcH 11

13 . This λ21 μm falls into the
range of values found in five nearby galaxies using Spitzer
MIPS 24 μm as an SFR tracer (70–200 pc Kim et al. 2022), as
well as that found in a larger sample of 54 galaxies using Hα as
an SFR tracer (100–400 pc; Chevance et al. 2020a; Kim et al.
2022).

5. Conclusion

Using novel observations of NGC 628 at a wavelength of
21 μm from MIRI on JWST, together with CO from ALMA
and narrowband Hα emission maps at matched resolution, we
have characterized the evolutionary cycle of GMCs from their
inert phase, to the onset of embedded massive star formation,
the partially exposed star-forming phase, and finally to H II
regions free of cold molecular gas. This is the first time that the
start and the duration of the embedded phase of star formation
can be characterized at a distance greater than 3.5 Mpc,
unlocking the necessary statistics and dynamic range for
characterizing the environmental dependence of the physical
processes driving the earliest phases of massive star formation.

We find that the time during which GMCs in NGC 628 are
truly free from massive star formation (=tCO− tfb,21 μm) is

-
+18.8 3.6

2.7 Myr. The duration of the embedded phase of star
formation (tfb,21 μm) is -

+5.1 1.4
2.7 Myr, representing ∼20% of the

cloud lifetime. The Hα emission is heavily obscured during
almost the entire first half of this phase, resulting in tobsc of

-
+2.3 1.4

2.7 Myr. Then, the star-forming region partially reveals
itself from its natal GMC, causing the CO emission to be
detected in association with 21 μm and Hα emission for a
duration of =a -

+t 2.7fb,H 0.6
0.5 Myr. Finally, the molecular cloud is

completely dispersed by stellar feedback, and only SFR tracers
are detected for another ∼5Myr without associated CO
emission.

In Figure 3, the distribution of our PHANGS–JWST target
galaxies as well as the five galaxies from Kim et al. (2022) are
shown in the plane spanned by the galaxy stellar mass
(M*,global) and the galaxy-wide SFR (SFRglobal). As a proof of
concept, we have measured the timescales of the embedded and
heavily obscured phases of star formation in one of the JWST
target galaxies, NGC 628. No trend is found between the
duration of the embedded phase (here denoted by tfb,MIR
because the figure combines measurements from Spitzer at
24 μm and from JWST at 21 μm) and the galaxy properties
(e.g., mass, SFR, offset from the main sequence), but NGC 628
represents an important extension of the parameter space
shown here. Our results highlight the power of JWST by
demonstrating that the quality of the data enables the embedded
phase of star formation to be systematically characterized for a

galaxy located at 9.8 Mpc. With the arrival of JWST, the
volume where such measurements can be done has increased
by a factor of >100 (with D< 25 Mpc), compared to what was
possible with Spitzer (with D< 3.5 Mpc). Our measurements
are in good agreement with those from our previous work in the
small sample of five nearby galaxies (at D< 3.5 Mpc; Kim
et al. 2021) for which such measurements were possible
previously, and our results also achieve a comparable
uncertainty of 30%.
In the near future, a systematic determination of these

timescales will become possible with the PHANGS–JWST
survey, significantly increasing the total number of galaxies
where this measurement can be performed to 24, where 19
of them come from PHANGS–JWST and have distances up
to 20 Mpc. This will for the first time cover a wide range of
parameters (e.g., galaxy masses, morphological types, and
interstellar mediumproperties) across a statistically repre-
sentative sample. Specifically, with the addition of the full
PHANGS–JWST galaxy sample, the ranges of GMC
properties where we can characterize this early phase of
star formation become much wider. For example, the range
of average internal pressure of GMCs in our previous
galaxy sample (Kim et al. 2021) was 104–105 K cm−3 and
will be expanded up to 107 K cm−3. Similarly, the average
molecular gas surface density was 101–102 Me pc−2 and
now can be probed up to 103 Me pc−2 (Rosolowsky et al.
2021; A. Hughes et al. 2022, in preparation). This will allow
us to characterize how the processes regulating the early
stages of massive star formation depend on the galactic
environment.
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Appendix A
Accuracy of Our Measurements

Kruijssen et al. (2018, Section 4.4) have outlined a set of criteria
that our measurements have to satisfy in order to be considered
reliable with an accuracy of 30% or better. Here, we verify that
these requirements are fulfilled, demonstrating that the constrained
t21 μm, tfb,21 μm, and λ21 μm are accurate. We refer to our previous
papers (Chevance et al. 2020a, 2022a; Kim et al. 2022) for a
validation of our measurements using Hα as an SFR tracer.

1. The emitting timescale of molecular gas and SFR tracer
should not differ by one order of magnitude. This is
satisfied by =m� ( )�t tlog 0.3510 21 m CO .

2. Individual regions within a galaxy should be sufficiently
resolved and this is ensured by l =m l 1.921 m ap,min .

3. We confirm that the number of identified peaks in each
CO and 21 μm map is more than 35 peaks and is ∼400 on
average.

4. The CO-to-21 μm flux ratio measured locally when
focusing on CO (respectively, 21 μm) peaks should not
fall below (respectively, above) the galactic average. This
is visibly satisfied in Figure 2 and confirms that any
diffuse, large-scale emission has been appropriately
filtered in both maps.

5. In order to ensure that the identified peaks represent a
temporal manifestation of regions undergoing independent
evolution from gas to stars, the galaxy-wide SFR during the
last GMC cycle (τ= tCO+ t21 μm− tfb,21μm= 27.5 Myr)
should not vary by more than 0.2 dex, when averaged over
a bin size of tCO or t21 μm. This is confirmed by the star
formation history derived using MUSE data and spectral
fitting by I. Pessa et al. (2022, in preparation), where the
SFR is found to not vary significantly during the most
recent ∼30Myr, when time averaged by t21 μm≈ 10Myr.

6. Individual regions should be observable in both
molecular gas and the SFR tracer at some point in their
evolution. This implies that the CO and 21 μm maps
should be sensitive to similar regions. In order to
confirm this, we first compute the minimum mass of the
young stellar population that is expected to form within
the observed clouds, by multiplying the 5σ sensitivity of
the CO map (5× 104Me) by the integrated star
formation efficiency ( -

+5.5 2.3
4.0%), measured for clouds in

NGC 628 (Kim et al. 2022). Then, this value is
compared to the mass of a hypothetical young stellar
population that emits photons at the 5σ sensitivity of the
21 μm map on the scale of star-forming regions (λ21 μm).
We use the STARBURST99 model (Leitherer et al. 1999)
to estimate Hα luminosity, which is converted to 21 μm
using the conversion factor from Leroy et al. (2022) to
estimate the mass, assuming instantaneous star forma-
tion, 5 Myr ago. As a result, we find a reasonable
agreement of the expected minimum mass of the stellar
population between that obtained from CO map
(∼2500Me) and that from 21 μm map (∼1500Me).
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However, we note that the resolution and sensitivity of
the ALMA map may quickly become the limiting factor
to these measurements using JWST observations.

7. When peaks are crowded and potentially overlapping
with each other, the flux contrast used for peak
identification ( d log10 ) should be small enough to pick
out adjacent peaks, and avoid overestimating the feed-
back timescale. Kruijssen et al. (2018) have prescribed an
upper limit of this value as a function of the average
filling factor of gas and SFR tracer peaks (ζ). This ζ is
defined as 2r/λ, where r is the mean radius of the peaks
of a given tracer. The total ζ is obtained by averaging the
filling factor for the gas and SFR tracer peaks, weighted
by their associated emission timescales. In Figure 4, we
show that our selection of d log10 for both CO and
21 μm is below the upper limit determined by Kruijssen
et al. (2018).

8. Even when the previous condition is met, peaks can be
overlapping with neighboring peaks due to high filling
factors, and this can falsely cause a longer feedback
timescale to be measured. In this case, the measured
feedback timescale would only be an upper limit. In
Figure 4, we compare our measurements of tfb,21 μm/τ
and ζ to the analytic prescription by Kruijssen et al.
(2018), in which the shaded area represents the parameter
space where crowding of peaks are affecting our
measurements of the feedback timescale. Our measure-
ments are well outside of this shaded region, indicating
that peaks are sufficiently resolved.

9. We confirm that the conditions tfb> 0.05 τ and tfb<
0.95 τ are satisfied by tfb≈ 0.2 τ, as shown in the lower
panel of Figure 4.

10. With a similar reasoning as for condition 5, we do not
expect the galaxy-wide SFR to vary more than 0.2 dex
during the last course of τ, when time averaged over the
feedback timescale.

11. After masking the crowded galactic center, we confirm
that visual inspection does not reveal regions with
abundant blending.

Appendix B
Data Used in Figure 2

The left panel of Figure 2 shows the measured deviation of
CO-to-21 μm flux ratio relative to the galactic average, as a
function of the size of apertures centered on CO and 21 μm
emission peaks. The measured flux ratios increasingly diverge
from the galactic average value toward smaller scales,
illustrating that molecular gas and young stellar regions are
spatially decorrelated. Table 2 lists the measured flux ratios as a
function of the aperture size used to make the left panel of
Figure 2.

Figure 4. The top panel shows the flux contrast ( d log10 ) used to identify
peaks on CO (blue) 21 μm (red) map as a function of the average filling factor
ζ. The bottom panel shows the ratio of the feedback timescale (tfb,21 μm) and the
total duration of the GMC life cycle (τ) as a function of ζ. In both panels, the
shaded region shows the parameter space where crowding of sources can lead
to an overestimation of the feedback timescale. Our data points are well outside
of this region, confirming that we sufficiently resolve star-forming regions and
our measurement of tfb,21 μm is reliable.
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Data Used in Figure 2

Aperture Centered on smin smax smin
shade smax

shade Centered on smin smax smin
shade smax

shade

Size (pc) CO Peaks 21 μm Peaks

50 1.37 0.16 0.18 0.03 0.03 0.41 0.03 0.04 0.01 0.01
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131 1.22 0.13 0.14 0.03 0.03 0.60 0.06 0.06 0.01 0.01
166 1.22 0.13 0.15 0.03 0.04 0.67 0.06 0.07 0.02 0.02
211 1.20 0.13 0.15 0.04 0.04 0.77 0.08 0.09 0.02 0.02
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Note. Relative changes of the CO-to-21 μm flux ratio compared to the galactic average as a function of the size of apertures focused on CO and 21 μm emission peaks.
The downward and upward 1σ uncertainties of each measurement (smin and smax), as well as those accounting for the covariance between data points are listed (smin

shade

and smax
shade).
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Chapter 5

Conclusions

The aim of this thesis is to improve our current understanding of the processes regulating
the cycle of matter between molecular gas and young stars and how they differ in various
environments. My work has been focused on tackling these major questions in star formation
by systematically determining the characteristic timescales of the successive phases of star
formation.

In the first section of this chapter, we provide a brief overview of the main results
presented in this thesis (Section 5.1). In the second section, we discuss the findings of our
research and present possible future directions (Section 5.2).

5.1 Summary

Following the introduction in Chapter 1, this section summarises the key points and
conclusions of each chapter, while readers are referred to the original articles for technical
details.

Chapter 2

Observations at GMC scales (⇠ 100 pc) have shown distinct distributions of molecular gas
and young stellar regions, tracing different phases of star formation (Kawamura et al., 2009;
Corbelli et al., 2017; Kruijssen et al., 2019; Schinnerer et al., 2019; Chevance et al., 2020a;
Pan et al., 2022). We have characterised the relative spatial distributions of GMCs and Hi i
regions by applying the robust statistical method developed by Kruijssen and Longmore
(2014) and Kruijssen et al. (2018) to cloud-scale CO and narrowband H↵ observations
from the PHANGS survey, tracing molecular clouds and exposed young stellar regions
respectively.

By doing so, we have established systematic measurements of the evolutionary sequence
of GMCs from an inert molecular gas phase to Hi i regions, across 54 main-sequence galaxies,
which is the largest and most statistically complete sample to-date. Specifically, we have
provided constraints on the cloud lifetime, the feedback time-scale (i.e., the duration over
which CO and H↵ emission overlap), and characteristic separation length between star-
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forming regions, independently undergoing their evolution from gas to stars. Furthermore,
we derive other physical quantities such as the star formation efficiency per cloud lifetime,
feedback velocity, and diffuse emission fraction.

Across these galaxies, GMC lifetime is measured to be about 1�3 times the GMC
turbulence crossing timescale (5�30Myr), with an average of 16± 6Myr. We have found
that CO and H↵ emission overlap for 1�5Myr, with an average of 3.2 ± 1.1Myr. This
overlapping time-scale represents the time it takes for emerging massive stars (visible
in H↵) to disrupt the surrounding molecular gas (either by kinetic dispersal or by the
photodissociation of CO molecules). The short time-scale indicates that cloud dispersal
is primarily driven by pre-supernova feedback, such as photoionisation and stellar winds.
Supernovae then explode in a pre-processed environment and have an effect on kpc-scales.
This fast transition from gas to stars on GMC-scale spatially offsets GMCs and young stellar
regions, which are found to be separated by 100�400 pc on average. We have demonstrated
that measured star formation efficiencies in these clouds are low (1�8%), illustrating that
rapid stellar feedback strongly restricts the conversion of gas to stars by limiting their
lifetime. The feedback velocity is measured to be 10�30kms

�1. Finally, the average diffuse
emission fraction in each CO and H↵ map is 45 ± 10 and 53 ± 19 per cent, respectively.
In general, these findings align with those obtained in our earlier works, which were based
on a much smaller sample of galaxies (Kruijssen et al., 2019; Chevance et al., 2020a; Kim
et al., 2021a).

With this large sample, covering a wide range of galaxy environmental properties, we
were able to quantify links between the small-scale GMC evolution and the large-scale host
galaxy properties. Namely, GMC lifetimes are measured to be shorter in lower mass and
lower molecular gas surface density galaxies. These trends are in part due to the presence
of significant molecular gas not detected in CO in such environments (e.g. Bolatto et al.,
2013; Madden et al., 2020). In addition, more massive galaxies, which tend to have a
higher molecular gas surface density, have a higher mid-plane pressure (Sun et al., 2020b),
providing an external pressure that allows clouds to survive for a longer time. Our results
also indicate that the feedback time-scale decreases as the CO emission becomes sharper (a
larger density contrast between to CO emission peak and the galactic average), which can
be explained as an effect of feedback where the CO emission becomes undetectable more
quickly after the onset of massive star formation when surrounding interstellar medium is
sparser. Finally, we have identified a strong correlation between the fraction of diffuse H↵
emission and the average virial parameter of GMCs. This can be physically understood
as a more pervasive medium of GMCs allows more ionising photons to escape from the
star-forming region and reach further into the surrounding gas.

Chapter 3

The earliest star-forming phases are heavily-obscured and thus H↵ emission is attenuated
by gas and dust within the cloud. After the formation of massive stars, the young stellar
region progressively reveals itself through various stellar feedback processes (photoionisation,
winds, supernovae, and radiation pressure). In order to understand physical mechanisms
responsible for this in more detail, characterisation of the earliest stages is crucial. As
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shown in Chapter 2, the evolutionary timeline between molecular clouds and exposed young
stars has been constrained in numerous nearby galaxies, but the duration of the embedded
massive star-forming phase, including the phase missed in H↵ emission, remains elusive.

In Chapter 3, for five nearby galaxies (with distances less than 3.5 Mpc), we have refined
the GMC evolutionary sequence, previously defined using CO and H↵, by measuring the
duration of the (heavily) obscured star formation with Spitzer 24µm, using the methodology
from Kruijssen and Longmore (2014) and Kruijssen et al. (2018). We find that molecular
clouds undergo a rapid dispersion within 2 to 7 Myr after the onset of massive star formation
(indicated by 24µm emission). The feedback time-scale includes the duration of the massive
star-forming phase and makes up 20�50% of the overall cloud lifetime (10�30Myr). This
is in good agreement with previous works using different methods (Lada and Lada, 2003;
Whitmore et al., 2014; Calzetti et al., 2015; Corbelli et al., 2017). The first half of this
embedded phase, 1�4Myr, is heavily obscured and therefore is invisible in H↵ emission.
Once the feedback processes have dispersed the cloud, the 24µm emission no longer indicates
ongoing massive star formation. However, the 24µm emission from ambient gas remains
detectable for an additional 2�9Myr, possibly origination from dust excited by interstellar
radiation field or radiation from relatively low-mass stars.

Chapter 4

Prior to the launch of JWST, such measurements of the embedded phase (as shown in Chap-
ter 3) could only be conducted for a small number of the closest galaxies, due to the limited
angular resolution and sensitivity of Spitzer. Using initial data from PHANGS–JWST (Lee
et al., 2022b), in Chapter 4, we have further demonstrated that the (heavily) obscured
phase can be reliably characterised in NGC628, located at D = 9.8Mpc. For the first
time, we were able to constrain the beginning and duration of the embedded phase of
star formation at a distance greater than 3.5 Mpc, paving the way to achieve the statistics
and dynamic range required to understand the relationship between the physical processes
driving massive star formation and their environment.

We have shown that the interval during which GMCs in NGC628 are devoid of young
massive stars is 18

+2.7

�3.6
Myr. The embedded phase of star formation lasts for 5.1+2.7

�1.4
Myr

and constitutes 20% of the total GMC lifetime. During almost the initial half of this phase,
star-forming regions are heavily obscured (2.3+2.7

�1.4
Myr), thus undetected in H↵ emission.

Subsequently, the star-forming region becomes partially exposed, enabling the detection
of H↵ emission along with CO and 21µm emission for 2.7+0.5

�0.6
Myr. Finally, the molecular

clouds are completely dispersed by the stellar feedback, leaving behind only SFR tracers
to be detected for an additional ⇠5 Myr, without accompanying CO emission.

5.2 Discussion and future directions

The interstellar medium is shaped by galaxies and is reshaped rapidly by feedback from
stars formed within. There are still improvements in various directions that can be made
to foster our understanding of star formation, feedback, and ultimately galaxy evolution.
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One of the greatest questions yet to be resolved in the field is the identification of the
physical mechanisms responsible for the full cycle of star formation, that is, starting from
the assembly of atomic gas (Hi) into giant molecular clouds (GMCs), followed by (heavily)
embedded star formation, and culminating in feedback-created Hi i regions and termination
of further star formation. As presented in this thesis, the evolutionary timeline between
molecular clouds and exposed young stellar regions has recently been measured in various
galaxies, showing that GMCs are rapidly dispersed by stellar feedback exposing the young
stellar population. Despite these new insights, the question of how atomic gas, dust, and
molecular gas interact and how feedback and star formation proceed in various environments
remain unanswered. The main limitation in expanding and refining this GMC timeline
to include the multi-phase and complete picture of star formation has been the lack of
cloud-scale Hi and embedded star formation observations. This severely limited the range
of environments in which these processes could be characterised and therefore hindered our
capacity to fully understand and describe them.

These limitations can now be overcome with the Near Infrared Camera (NIRCam)
Instrument and the Mid-Infrared Instrument (MIRI) aboard JWST, opening a new era
in infrared astronomy. In particular, ongoing large programme on JWST, targeting star-
forming discs of 19 galaxies with distances of D = 5�20Mpc at 2�21µm wavelength
(PHANGS-JWST; Lee et al., 2022b), as well as ancillary data (ALMA, AstroSat, HST,
MUSE) can all be used to trace distinct parts of the multi-phase baryon cycle. By capital-
ising on this data, an important step forward is to (1) obtain environmental dependences
of the neutral gas cloud lifetime, (2) describe the heavily obscured phase of star formation
(3) probe the destruction and growth of dust grains during this early phase, and (4) put
realistic constraints on interstellar medium conditions that allow globular cluster formations
by extending my analysis to extremely high density environments.

This will answer critical questions like: What characterises the complete picture of star
formation, starting from diffuse atomic gas to fully revealed young stellar regions? How do
these processes depend on environments?

5.2.1 Environmental dependence of neutral cloud lifetime

As shown in Chapter 2, we have found that the GMC lifetime is longer for galaxies with
higher mass (higher metallicity) and higher molecular gas surface density (molecular gas-
dominated). These trends can be explained by two physical arguments, 1) a large fraction
of GMCs in a low-mass (low-metallicity) and low-molecular gas surface density (atomic gas-
dominated) environments is not detected in CO emission (CO-dark molecular gas), resulting
in apparently short-lived GMCs and/or 2) high-mass galaxies, which have higher molecular
gas surface density, have higher mid-plane pressure, creating conditions for longer-lived
GMCs.

To distinguish how much this trend is affected by the presence of CO-dark molecular gas,
high-resolution tracers of the neutral gas, which are independent of their ability to emit CO,
are crucially needed. This is possible with the polycyclic aromatic hydrocarbon emission
at 7.7 and 11.3µm observed with MIRI JWST for 19 galaxies, reaching physical scales of
10�20 pc. Using the first four targets, Sandstrom et al. (2022) have recently demonstrated
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that this polycyclic aromatic hydrocarbon emission, arising from excitation of small dust
grains, effectively traces both the cold and warm neutral media. These two components
can be separated using their morphology. Firstly, the necessary step is to constrain the
neutral gas cloud lifetime, not affected by the potential presence of CO-dark molecular gas,
and traces the assembly of GMCs from the relatively diffuse Hi by applying the statistical
method (Kruijssen and Longmore, 2014; Kruijssen et al., 2018) to this polycyclic aromatic
hydrocarbon emission. Furthermore, these neutral cloud lifetimes can be directly compared
to the time-scales of galactic dynamical processes (e.g. shear, epicyclic motion) influencing
cloud lifetime (e.g. Meidt et al., 2015; Jeffreson et al., 2020; Sun et al., 2022), using
rotational curve measurements (Lang et al., 2020), allowing the identification of physical
mechanisms regulating the matter cycle between gas and stars. Furthermore, in low-mass
and/or low-molecular gas surface density envrionment, observations of the nearest galaxies
(mostly dwarfs and the Milky Way) suggest that atomic hydrogen is more vulnerable to
stellar feedback compared to molecular gas, where atomic gas shows unique distributions of
bubbles or shells of colder gas and dust, which have been carved out by expanding pockets
of hot gas (Kim et al., 1999; Walter et al., 2007; Dawson et al., 2013; Lim et al., 2020).
Expansion of the environmental axis with PHANGS-JWST, will provide important insights
into the interaction between gas and stellar feedback (Watkins et al., 2022).

The polycyclic aromatic hydrocarbon emission maps can be separated into cold and
warm neutral media components using their morphology. Again using the same method-
ology, measuring how fast the transition from Hi to molecular gas phase takes place will
have important implications on the cooling rate and fragmentation scale of the interstellar
medium (Jappsen et al., 2005). Similarly to environmental dependences found in Chapter 2,
the important next step will be to identify environmental dependences of these time-scales
and complete the multi-phase timeline of cloud-scale star formation, from Hi to the fully
revealed Hi i regions, using 19 PHANGS-JWST galaxies.

Lastly, direct measurements of atomic gas will also shed light on obtaining these time-
scales. For the Local Group, Very Large Array and Australian Square Kilometre Array
Pathfinder started to capture the Hi distributions and kinematics, offering our current
best views on the physical state, substructure, and its link to the stellar feedback. Soon
the Next Generation Very Large Array and Square Kilometer Array will carry this view to
other galaxies.

5.2.2 Characterization of the heavily obscured massive star formation

In Chapter 2, we have demonstrated that GMCs are quickly dispersed by stellar feedback
within 1�5Myr, after a long inactive phase before massive star formation is detected in
H↵ emission. However, the earliest phases of star formation are heavily obscured, and not
detected in H↵, due to the extinction from the surrounding dense gas and dust. Measuring
the time clouds spend being truly inactive is important to distinguish whether star formation
is delayed by the decay of initial turbulence (Padoan et al., 2017) or suppressed by galactic
scale dynamics (Meidt et al., 2018).

To start answering this question, in Chapter 3, we have reported that the duration of
star formation doubles (1�4Myr longer) when the heavily obscured phase is taken into
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account by using Spitzer 24µm as an SFR tracer, instead of H↵ only. Later in Chapter 4,
I illustrate that this key time-scale of the heavily obscured phase of star formation can
be obtained at similar accuracy as in Chapter 3, using the novel MIRI JWST 21µm
observations of NGC628 (D = 9.8Mpc). This shows that the cosmic volume where such
measurements can be performed increases by a factor of ⇠200 and in distances up to
⇠ 25Mpc, in principle.

So far, based on the analysis of six galaxies shown in Chapter 3 and Chapter 4, we
have not identified any statistically significant trend between the duration of (heavily)
obscured phase and galaxy properties, but this can change by including the rest of 18
more PHANGS-JWST targets, which span wide ranges in parameter space (e.g. galaxy
mass, morphology, interstellar medium conditions). For example, only when using nearby
galaxies, the range of average internal pressure of GMCs is 10

4�10
5
Kcm

�3, which will
be expanded up to 10

7
Kcm

�3. The average molecular gas surface density (measured at
GMC-scale) only ranged from 10

1�10
2M�pc

�2 and now will be investigated further up to
10

3M�pc
�2 (Rosolowsky et al., 2021). A systematic determination of this heavily obscured

star formation time-scales with the PHANGS–JWST survey will enable the investigation
of environmental dependences of the processes regulating the early stages of star formation.
Understanding this phase is important as this is when early feedback mechanisms such as
photoionisation, radiation pressure, and stellar winds are at work. Several studies, using
physical properties of feedback-driven Hi i regions, have shown that the pressure induced
by pre-supernovae feedback increases at lower metallicity and lower density environments
(Lopez et al., 2014; McLeod et al., 2021; Barnes et al., 2022; Della Bruna et al., 2022).
Measurements of the heavily obscured phase will be able to provide additional constraints
on the properties of the stellar population driving this feedback, as well as pinpoint the time
when the leakage of energy and ionising photons starts to happen, allowing more robust
and realistic estimates of the pressure term. Furthermore, ages of optically identified stellar
associations from PHANGS–HST (Lee et al., 2022b), as well as the degree of local dust
extinction derived from the PHANGS–MUSE data (Emsellem et al., 2022) can be used to
achieve a better understanding this phase.

5.2.3 Probing the formation and destruction rate of dust grains

While dust hinders our view of star formation in ultraviolet and optical wavelengths, the
evolution of dust size is closely linked to the recent star formation. For example, small dust
grains facilitate molecular gas formation by catalytic reactions on their surfaces (Hollenbach
and Salpeter, 1971), dust grows from stellar ejecta (supernova, asymptotic giant branch
stars), but is also destroyed by strong radiation and shocks from young stars (Galliano
et al., 2018). Understanding how dust grains and star-forming regions co-evolve is crucial
to determine the local reddening curve, efficiency of cooling, and chemical reaction rates
(Wolfire et al., 2022).

Using the statistical model from Kruijssen and Longmore (2014), Figure 5.1 shows
results from preliminary analysis of the Large Magellanic Cloud in far-infrared wavelengths
(100�500µm) from Herschel, tracing warm and cold dust where shorter the wavelength the
warmer the dust is. We can already point out interesting findings. Far infrared emission at
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Figure 5.1: Multi-tracer timeline of star formation in the Large Magellanic Cloud. Far-
infrared emission (250�500µm) tracing cold dust covers the whole duration of Hi and CO
emitting timescale. Far-infrared emission at shorter wavelengths (160 and 100µm bands)
traces warm dust and therefore the gas component more directly related to star formation.
This far-infrared is emitted for ⇠ 4Myr, after the CO emission has disappeared (vertical
dashed line), suggesting that dust takes longer to be destroyed by stellar feedback than CO
molecules.

500, 350, and 250µm, tracing cold dust overdensities covers the whole duration of Hi and
CO emitting timescale, without huge dependence on the wavelength. This is in agreement
with our expectations where cold dust is tracing both the atomic as well as molecular gas
(Sandstrom et al., 2022). As the wavelength becomes shorter tracing warmer dust (160
and 100µm), the emission no longer fully correlates with Hi but does still fully cover
the molecular cloud lifetime, tracing gas component that is more directly related to star
formation. The overlapping timescale between far-infrared at all wavelengths and H↵ is
longer than that measured between CO and H↵. This illustrates that dust takes 4Myr
longer to be destroyed by stellar feedback compared to the CO molecules (Kim et al. in
prep.).

Similar to this preliminary work, the high-resolution JWST maps of strong polycyclic
aromatic hydrocarbon emission at 3.3, 7.7, and 11.3µm can be used as tracers for dust. In
particular, the flux ratio 3.3µm/11µm can be used as a powerful diagnostic tool to trace
sizes of the PAHs (Lai et al., 2020; Draine et al., 2021). By separating small and large
dust grains using 3.3µm/11µm colors, the lifetime of each dust grain with different sizes
can be obtained. This can be further used to determine how long these dust grains survive
after the onset of massive star formation. It will be possible to study the evolution of
dust grains and determine whether the supernovae explosions act as an important source
for dust growth or whether radiation and shocks from Hi i regions are more powerful in
destroying the grains.
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5.2.4 Linking local constraints of time-scales to the origin of globular

clusters

Globular clusters are thought to form from GMCs residing in high-pressure and high-
density discs, which are prevalent in the high-redshift universe (Kruijssen, 2015). One of
the things that prominently makes globular clusters different from normal young stellar
clusters is the existence of multiple stellar populations. Almost all the globular clusters in
the Milky Way host multiple stellar populations that are distinctively separated in their
Hertzsprung–Russell diagram as well as in their light element abundances (Bastian and
Lardo, 2018). The most well-known light element variation phenomenon is the observed
anticorelation between Na and O abundances, while almost no variation in heavy elements
is observed (Carretta et al., 2009).

In order to explain this light element variation, most models invoke a self-enrichment
scenario where multiple bursts of star formation take place within a gas that has been
polluted by ejecta from a previous generation(s) of stars. This requires proto-globular
clusters to survive the multiple episodes of star formation. Depending on the enrichment
sources, the required characteristic time-scales for the chemical enrichment differ. It can be
< 5Myr for models using massive stars as the polluting source (fast rotating massive stars,
Decressin et al., 2007; Krause et al., 2013; massive interacting binaries, de Mink et al., 2009;
Bastian et al., 2013; supermassive stars, Denissenkov and Hartwick, 2014; Gieles et al.,
2018) or much longer (⇠ 10� 100Myr) for models adopting asymptotic giant branch stars
as the source of enrichment (D’Antona and Caloi, 2004; D’Ercole et al., 2010; D’Antona
et al., 2016; Kim and Lee, 2018).

It is possible to put realistic constraints on the interstellar medium conditions required
to form globular clusters by measuring the evolutionary timeline of proto-globular clusters.
The obvious place to start is GMCs in the Antennae galaxies located at 22 Mpc (Schweizer
et al., 2008), which is a starburst system undergoing a galaxy merger, resembling star
formation processes in the early universe (Wilson et al., 2000). The GMCs in the Antennae
show a much higher molecular gas surface density of ⌃H2 ⇡ 10

3 � 10
4M�pc

�2, compared
to the typical value of normal disk galaxies (⌃H2 ⇡ 10

1 � 10
2M�pc

�2; Sun et al., 2022).
All the high-resolution observations required to measure time-scales are publicly available:
CO, radio continuum at 345 GHz, 100 GHz from the Atacama Large Millimeter Array, H↵
from the Hubble Space Telescope, respectively tracing molecular gas, dust, embedded, and
exposed SF. Whitmore et al. (2014) were the first to attempt to constrain the GMC lifetime
in this galaxy. However, no measurement has been made with the statistical rigor and
precision needed to time-resolve the star formation histories of massive clusters. Expanding
and improving this previous attempt will provide key constraints on how long the proto-
globular clusters can survive and form chemically enriched stars. By directly comparing this
key value to the survival time expected from the models described above, it will be feasible
to determine whether these GMCs are likely forming sites for multiple stellar populations
and also test the existing models for the globular cluster formation. Furthermore, in the
future, publicly available JWST data will allow a wider search for other candidate clouds
that are likely to be undergoing globular cluster formation.

In the era of JWST offering a new view of galaxies, a key next step is providing a
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complete picture of star processes and their environmental dependence, from the assembly of
diffuse Hi into compact molecular clouds, followed by the (heavily) obscured star formation,
and finally to feedback-created Hi i regions. From the strong emission of polycyclic aromatic
hydrocarbon and small dust grains, we can trace dust, star formation, and interstellar
medium conditions. This emission contains a lot of information, such as radiative transfer,
dust properties, heating sources, and interstellar medium structure, which can be used
to probe the formation and destruction of dust grains in star-forming regions, as well as
put realistic constraints on the environments allowing the formation of globular clusters,
connecting how the dominant modes of star formation changed from the early to the
present-day universe. It is a very exciting time ahead to obtain a detailed evolutionary
timeline, incorporating the multi-phase nature of star formation.
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