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ABSTRACT

The matter cycle between gas clouds and stars in galaxies plays a crucial role in regulating galaxy evolution through feedback
mechanisms. In turn, the local and global galactic environments shape the interstellar medium and provide the initial conditions for
star formation, potentially affecting the properties of this small-scale matter cycle. In particular, spiral arms have been proposed to
play a pivotal role in the star formation life cycle, by enhancing the gas density and triggering star formation. However, their exact role
is still debated. In this study, we investigated the role of spiral arms in the giant molecular cloud evolutionary life cycle and on the star
formation process in a sample of 22 nearby spiral galaxies from the PHANGS survey. We measured the cloud lifetime, the feedback
timescale, the typical distance between independent regions, and the star formation efficiency in spiral arms and inter-arm regions
separately. We find that the distributions of the cloud lifetime as well as the feedback timescale are similar in both environments.
This result suggests that spiral arms are unlikely to play a dominant role in triggering star formation. By contrast, the star formation
efficiency appears to be slightly higher in inter-arm regions compared to spiral arms.

Key words. galaxies: ISM – galaxies: spiral – galaxies: star formation

1. Introduction

Galaxies in the universe show a variety of morphological struc-
tures, which play a pivotal role in galactic evolution due to
the strong link between the local galactic environment and the
ability of gas to form new stars. Examples of this relation
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are the accumulation of molecular gas in spiral structures and
rings (Dobbs 2011) and the morphological quenching of star
formation in galaxy spheroids (Martig et al. 2009; Davis et al.
2014; Gensior et al. 2020). In particular, star formation in the
local universe has been shown to preferentially occur in high-
surface brightness spiral galaxies (Brinchmann et al. 2004). In
this respect, spiral structures have been proposed to enhance
star formation rates by collecting gas from the diffuse galac-
tic medium that falls into its potential well, thereby increasing
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the local gas density and, therefore, creating favourable condi-
tions for star formation (Roberts 1969; Dobbs & Baba 2014).
However, it has long been debated whether galactic dynam-
ics has a triggering effect on the star formation process itself
(Elmegreen & Elmegreen 1986), and our understanding of how
galactic morphological structures affect the conversion of molec-
ular gas into stars remains insufficient (Chevance et al. 2023;
Schinnerer & Leroy 2024).

Recent studies show that the properties (e.g. mass, radius,
and average velocity dispersion) of giant molecular clouds
(GMCs), which are the pivotal sites for star formation, vary
among and within galaxies, as a function of the local (dynami-
cal) environment (e.g. Hughes et al. 2013; Colombo et al. 2014;
Rosolowsky et al. 2021). GMCs, which were long consid-
ered to be quasi-equilibrium structures (Scoville & Hersh 1979;
Koda et al. 2009), are now viewed through a different lens
that acknowledges their connection to the galactic potential
(Meidt et al. 2018; Sun et al. 2020) and their transient nature
shaped by feedback from young massive stars. These young stars
replenish the Inter-stellar Medium (ISM) of material, which will
form new generations of stars and, simultaneously, inject energy
and momentum, which can contribute to globally halting cloud
formation.

The processes regulating the global star formation act on a
wide range of scales, from small to large. High-resolution obser-
vations have shown that the separation between GMCs and Hii
regions (Schruba et al. 2010) can be interpreted as a sign of a
rapid evolutionary cycling between gas clouds and young stars,
as well as stellar feedback acting to destroy the surrounding
molecular gas (Kruijssen & Longmore 2014). These observa-
tions give insights into the action of galactic dynamics at the
cloud scale. For example, in M51 the ratio between star forma-
tion rate (SFR) and molecular gas mass (i.e. the star formation
efficiency, SFE) is much lower in the inner parts of the southern
arm (Meidt et al. 2013; Schinnerer et al. 2013; Leroy et al. 2017;
Querejeta et al. 2019) than elsewhere along the arms. Variations
in SFE of this kind have been attributed to a dynamical suppres-
sion of star formation (Meidt et al. 2013).

However, it is still debated if large-scale dynamical features
can directly regulate the creation and destruction of molecular
clouds. In this respect, spiral shocks are thought to influence the
star formation process in two possible ways. On the one hand,
they are a means of gathering gas and, in doing so, enhancing
the gas mass surface density. In this scenario, the SFE should
remain unaffected by the passage of the spiral density waves.
On the other hand, spiral shocks also modify the dynamical
state of gas clouds (on the ∼100 pc scale), potentially triggering
their collapse (Fukui et al. 2014, see e.g. the case of star forma-
tion induced by GMC-GMC collisions). Turbulence-regulated
star formation models (e.g. Krumholz & McKee 2005) predict
a larger width of the gas density probability distribution func-
tion in environments where the velocity dispersion is larger. This
seems to be the case for spiral structures, which suggests an
increase amount of gas at high densities, and an enhanced effi-
ciency of star formation. Alternatively, the differential gas flows
and shear in spiral arms can provide support against collapse
(Meidt et al. 2018). Tidal forces from nearby clouds can also
tear clouds apart in spiral arms. These effects could in turn limit
the ability of clouds to form stars. In addition, spiral features
are the preferential sites of ongoing high-mass star formation
and, therefore, the location where feedback processes by mas-
sive stars continuously inject momentum (Meidt et al. 2021, and
references therein). To understand the importance of spiral arms
for star formation, we therefore need to determine how the dura-

tion of the star formation cycle (i.e. the lifetime of GMCs and
the duration over which they form stars) and the efficiency of
the conversion of gas to stars may differ between spiral arms and
inter-arm regions.

Previous studies (Scoville & Wilson 2004; Koda et al. 2009;
Koda 2013) have suggested a predominant role of spiral arms
in the star formation life cycle, where GMCs only form
in spiral arms, and the presence of GMCs in the inter-arm
regions is explained by a long cloud lifetime (>100 Myr). How-
ever, short cloud lifetimes have now been measured with a
variety of different methods in nearby galaxies (Blitz 1990;
Engargiola et al. 2003; Kawamura et al. 2009; Meidt et al. 2015;
Kruijssen et al. 2019; Grasha et al. 2019; Chevance et al. 2020;
Kim et al. 2022), and are found to be comparable with the GMC
internal dynamical timescale estimates (∼10−50 Myr). These
results point to a more limited role of the spiral arms in the
evolution of GMCs. Different studies also find contradictory
results for the environmental dependence of the SFE (SFE =
ΣSFR/ΣH2 ) or, similarly, the inverse of the depletion timescale
(τdepl = 1/SFE). While some studies find an enhanced SFE
in spiral structures (Lord & Young 1990; Knapen & Beckman
1996; Seigar & James 2002; Cedrés et al. 2013; Ragan et al.
2018; Yu et al. 2021; Chen et al. 2024), others do not see any
significant difference with respect to the inter-arm regions
(e.g., Henry et al. 2003; Foyle et al. 2010; Kreckel et al. 2016;
Ragan et al. 2018; Querejeta et al. 2021, 2024; Sun et al. 2024).
In addition, the depletion timescale is an instantaneous measure
of the current gas consumption rate within (a region of) a galaxy
and does not probe the integrated SFE per cloud. Both measure-
ments of the cloud lifetime and of the depletion time are nec-
essary to compare the (integrated) SFE between clouds in spiral
arms and inter-arm regions, as well as to assess the role of spiral
arms in the star formation life cycle.

In this paper, we leverage the PHANGS survey (Leroy et al.
2021a)1 and the environmental masks established by
Querejeta et al. (2021) to identify spiral arms and inter-
arm regions to address this question. Before the Atacama Large
Millimeter/submillimeter Array (ALMA), many efforts were
made to trace the molecular gas at the cloud scale in nearby
galaxies (Downes & Solomon 1998; Rosolowsky & Blitz 2005;
Koda et al. 2009; Donovan Meyer et al. 2013; Schinnerer et al.
2013). However, either because of insufficient sample size,
field of view, or sensitivity, the systematic study of the link
between star formation and galactic structures at high resolution
has remained limited. The PHANGS-ALMA survey has now
enabled the study of the molecular gas properties and distribu-
tion in 90 galaxies (covering a wide range of morphologies),
using the CO(2-1) emission line, with a resolution of ∼100 pc
(Leroy et al. 2021a). These cloud-scale observations of the
nearby galaxy population, combined with the statistical method
developed by Kruijssen & Longmore (2014) and Kruijssen et al.
(2018) (the ’Uncertainty Principle for Star Formation’), enable
the systematic characterisation of the life cycle between cloud
formation, cloud evolution, and star formation. This statistical
method quantifies the cloud-scale variations of the flux ratio
between molecular gas and a star formation tracer and translates
these into the durations of the visibility of each tracer. Indeed,
these small-scale departures from the galactic-scale star for-
mation relation (e.g. Silk 1997; Kennicutt 1998) stem directly
from sampling individual regions independently evolving
through the different phases of the same cloud-to-star cycle

1 Physics at High Angular resolution in Nearby Galaxies, www.
phangs.org
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(e.g. Feldmann et al. 2011; Kruijssen & Longmore 2014). As a
result, the break-down of the star formation relation at the cloud
scale is tightly connected to the duration of each phase of the
cycle. We present here the cloud lifetimes, the duration of star
formation, and the spatial distribution of star-forming regions
in spiral arms and inter-arm regions of a sub-sample of 22
spiral galaxies with a pronounced spiral structure (as identified
by Querejeta et al. 2021). Constraining these parameters as a
function of local environment enables us to assess the role of
spiral arms in the cloud evolution and star formation life cycle.

2. Data

2.1. Sample selection

The sample used in this paper is built by selecting galaxies for
which both CO(2-1) and Hα observations are available in the
PHANGS sample (see Leroy et al. 2021a for CO(2-1) and Razza
et al., in prep. for Hα). Furthermore, as a requirement for an
accurate measurement of the cloud evolutionary timeline using
the statistical method developed by Kruijssen et al. (2018), a suf-
ficiently large number of emission peaks needs to be detected in
each of the two emission maps (see Section 3). We therefore
select galaxies for which at least 35 peaks with a signal-to-noise
ratio greater than 5 are detected in each tracer, for both inter-arm
regions and spiral arms. This selection follows the same criteria
as in Kim et al. (2022), which gathered a sample of 54 galax-
ies in which the cloud evolutionary cycle is characterised. Out of
these 54 galaxies, 24 have an environmental mask available from
Querejeta et al. (2021) with clear spiral structures. We further
removed two galaxies (NGC 4731 and NGC 1566) for which
the fitting of the cloud life cycle in the individual environments
(arms and inter-arm regions) did not converge. In the following,
we investigate the environmental dependence of the cloud and
star formation cycle in the 22 galaxies listed in Table A.1. More
details on the properties of the selected galaxies can be found in
Kim et al. (2022).

2.2. Molecular gas tracer

The bright transitions of the CO molecule are commonly
used to trace the molecular gas in extragalactic studies (e.g.
Kuno et al. 2007; Leroy et al. 2013; Saintonge et al. 2017;
Sorai et al. 2019). Here, we use the public release version of
the PHANGS-ALMA CO(2-1) (Leroy et al. 2021a) moment-0
maps with the ‘broad’ masking scheme at native resolution. The
maps have been collected combining the extended and com-
pact ALMA arrays (TP + 7 m + 12 m arrays) and have a res-
olution of ∼1′′, which translates into GMC-scale resolution
(∼80–150 pc) at the distances of the galaxies in our sample and
enables an effective analysis of feedback and cloud lifetimes.
More information on the CO maps can be found in Leroy et al.
(2021a), with details about the data-reduction pipeline provided
in Leroy et al. (2021b).

2.3. Star formation tracer

The Hα line originates from the ionised surroundings of a new-
born high-mass star, and it is a conspicuous feature of Hii
regions. As such, Hα is commonly used as a tracer of the current
star formation rate (SFR, Kennicutt & Evans 2012). To trace the
SFR, we use the continuum-subtracted narrow-band Hα imaging
from PHANGS-Hα (Razza et al., in prep.). Details about the spe-
cific data reduction steps can be found in Schinnerer et al. (2019)

and Kim et al. (2022); here we provide only a brief summary.
The PHANGS-Hα sample consists of 65 galaxies, observed with
a narrow-band filter using the du Pont 2.5 m telescope at the
Las Campanas Observatory and using the Wide Field Imager
(WFI) instrument at the MPG-ESO 2.2 m telescope at the La
Silla Observatory, with a typical resolution of 1′′. All the galax-
ies are corrected for the Milky Way dust extinction, using a
Fitzpatrick (1999) extinction curve with RV = 3.1. However,
we do not correct for internal, spatially resolved extinction from
gas and dust around young stars. Haydon et al. (2020a) verified
that embedded HII regions can potentially affect the measure-
ment of the overlap phase, but only for gas surface densities
above 20 M� pc−2 at solar metallicity. Most of the galaxies in
our sample fall below this threshold (Kim et al. 2022). All Hα
maps are background subtracted, corrected for the loss due to
the filter transmission, and corrected for the contribution of the
[NII] lines at 654.8 and 658.3 nm to the narrow-band filter flux
(see Schinnerer et al. 2019 and Razza et al., in prep. for details).

2.4. Environmental masks

In this paper, we seek to investigate the role of spiral arms in
the cloud and star formation life cycle in galaxies. We therefore
divide the galaxies in our sample into ‘spiral arms’ and ‘inter-
arm regions’ based on the environmental masks established by
Querejeta et al. (2021). These environmental masks were con-
structed based on Spitzer IRAC 3.6 µm observations, with a res-
olution of 1′′.7. The masks are purely morphological and led to
the definition of seven distinct environments for a sample of
74 PHANGS-ALMA galaxies: bars, spiral arms, rings, lenses,
bulges, centres, and discs. For the purpose of this paper, we are
interested in two types of environments: the area that falls within
the spiral structures and its counterpart, the inter-arm regions.
Because the analysed field of view is limited by the rather restric-
tive ALMA coverage, both environments span the full range of
available galactocentric radii for each galaxy. We note that, as
a prerequisite to the application of our statistical method (see
Sect. 3), we exclude the central parts of all galaxies affected by
blending (see e.g. Chevance et al. 2020).

The original masks defined by Querejeta et al. (2021) are
optimised to specifically capture infrared and molecular gas
emission. As a result, for some individual galaxies we enlarge
the width of the spiral arm mask in order to also visually encom-
pass all of the Hα emission associated with spiral arm structures.
To do this, we convolve the original mask with a Gaussian ker-
nel, whose radius was varied to find an optimal value. The opti-
misation was done by visual inspection of the new mask, over-
laid on the Hα map. An example of the final mask is shown in
Fig. 1 for NGC 4321.

We show in Fig. 2 the average molecular gas surface density
as a function of the average SFR surface density in both envi-
ronments for each galaxy. These observations follow the well-
characterised Kennicutt–Schmidt relation (e.g. Schmidt 1959;
Kennicutt 1998).

2.5. Other data products

2.5.1. Global star formation rate maps

Hα emission from young, embedded star-forming regions can
suffer from extinction. In order to recover the global extinction-
corrected star formation rate of each galaxy, we use SFR maps
built from a combination of multi-wavelength observations from
the Galaxy Evolution Explorer (GALEX) in the far-UV and the
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Fig. 1. Example of the environmental masks for NGC4321, overlaid on
the Hα intensity map (Razza et al., in prep.). The width of the orig-
inal spiral arm mask (white contours) from Querejeta et al. (2021) is
adjusted by convolution with a Gaussian kernel (dashed pink contours)
in order to visually encompass all the relevant Hα emission from the spi-
ral structures. The red contour outlines the field-of-view of the ALMA
CO(2-1) map, which limits the region in which our analysis can be per-
formed. White stars mark the position of the identified emission peaks
in the Hα map with the Heisenberg code (see Section 3 and Kim et al.
2022).

Wide-field Infrared Survey Explorer (WISE) W4 band at 22 µm
maps (Leroy et al. 2019), convolved to 15′′. These maps are used
to estimate the global SFR density of Fig. 2 and the global deple-
tion timescale (defined in Sect. 4.4).

2.5.2. Metallicity maps

Gas metallicity enters into two important aspects of our analysis.
Firstly, the CO-to-H2 conversion factor (see Sect. 2.5.3), neces-
sary to estimate the total mass of molecular gas and therefore
estimate the SFE, scales inversely with metallicity. Secondly, the
timescales of the successive phases of the cloud-to-star evolu-
tionary cycle derived using Heisenberg are fundamentally rel-
ative timescales, and the duration of one of these phases needs to
be known to translate all the timescales to absolute ones (the ref-
erence timescale in Kruijssen et al. 2018). Haydon et al. (2020b)
show that this reference timescale is weakly dependent on metal-
licity (also see Sect. 3).

To recover the appropriate CO-to-H2 conversion factor and
reference timescale in each environment, we use the PHANGS
two-dimensional metallicity distribution (Williams et al. 2022).
These metallicity maps are generated at a spatial resolution of
120 pc for the 19 galaxies in the PHANGS sample observed
with MUSE (Emsellem et al. 2022), using the S-calibration by
Pilyugin & Grebel (2016); of these, 13 belong to our sample.
For the galaxies in our sub-sample that do not overlap with
PHANGS-MUSE, we use the metallicity gradients measured by
Pilyugin et al. (2014) when available (which is the case for NGC
1097, NGC 2997, NGC 5248, and NGC 6744). Finally, when no
direct measurement is available, we adopt the metallicity from

Fig. 2. Molecular gas surface density versus SFR surface density aver-
aged over the area enclosed by arm and inter-arm regions. Dashed lines
mark the position of the median of each sample.

the global stellar mass-metallicity relation (Sánchez et al. 2019)
at the effective radius Reff and assume a fixed radial metallic-
ity gradient of −0.1 dex/Reff within the galaxy (Sánchez et al.
2014). We then calculate the CO-weighted average metallicity in
each environment, defined by the masks described in Sect. 2.4.

2.5.3. αCO conversion factor maps

To convert the observed CO flux to a gas mass, we
adopt a metallicity-dependent αCO conversion factor, following
Sun et al. (2020):

αCO = 4.35 × Z−1.6 M� (K km s−1 pc2)−1, (1)

where Z = (O/H) is the oxygen abundance and 12+log(O/H)� =
8.69 (Asplund et al. 2009) is the adopted solar value of refer-
ence. We estimate the gas mass surface density pixel by pixel
as

ΣH2 = αCO × R−1
21 ICO cos(i), (2)

where R21 = 0.65 is the CO(2-1)-to-CO(1-0) line ratio
(Leroy et al. 2013; den Brok et al. 2021), ICO is the intensity
from the moment-0 ALMA-CO maps, and i is the inclination
of the galaxy (Lang et al. 2020). The cos(i) is needed to cor-
rect the derived surface densities to face-on projection, following
Sun et al. (2022).

Total gas masses are estimated pixel by pixel as

MH2 = αCO × R−1
21 ICO Apix. (3)

In this case no correction for inclination is necessary, because
both ICO and Apix are defined in the projected space. We note
that we account for a conservative 50% error on the total con-
version factor, αCO × R−1

21 , given the uncertainties on these two
parameters.

3. Method

In this section, we describe our analysis method implemented
in the Heisenberg code. More detail on theoretical aspects,
code implementation and other observational applications can
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be found in Kruijssen & Longmore (2014), Kruijssen et al.
(2018, 2019), Hygate et al. (2019), Chevance et al. (2020, 2022),
Haydon et al. (2020a,b), Ward et al. (2020, 2022), Zabel et al.
(2020), Kim et al. (2021, 2022, 2023), Lu et al. (2022).

GMCs and star formation regions are tightly correlated on
galactic scales, following the well-known ‘star formation rela-
tion’ (Kennicutt 1998). However, observations at higher resolu-
tion (.1 kpc) provide a less tight correlation between SFR and
gas surface density, with a large scatter of the ‘resolved’ relation
around the ‘global’ one (e.g. Bigiel et al. 2008; Onodera et al.
2010; Feldmann et al. 2011). This scatter is a manifestation
of the independent and rapid evolution of GMCs and star-
forming regions, driven primarily by stellar feedback rather than
by dynamical drift (e.g. Kruijssen et al. 2019; Chevance et al.
2020). More precisely, the spatial decorrelation between GMCs
and star-forming regions at small scales within galaxies arises as
a consequence of resolving out different phases of the GMC-
to-star life cycle (Kruijssen & Longmore 2014), with a GMC
assembly phase, a star formation phase, and eventually a GMC
disruption phase due to stellar feedback. This concept has been
formalised as the ‘Uncertainty Principle for Star Formation’
(Kruijssen & Longmore 2014) and has been provided as a pub-
licly available framework in the form of the Heisenberg code2

(Kruijssen et al. 2018). We note that, while Egusa et al. (2004,
2009) proposed that the observed spatial offset between CO and
Hα peaks could be interpreted as a consequence of the move-
ment of the spiral arm with respect to the gas and used directly
to estimate an evolutionary timescale, this interpretation is not
generalisable, because the offsets could be driven by a combina-
tion of cloud evolution, stellar feedback, and dynamical drift.

To translate this spatial decorrelation into the evolution-
ary timeline of GMCs and star formation, we first identified
emission peaks in gas (here CO(2-1) emission) and SFR tracer
(here Hα emission) maps using the CLUMPFIND algorithm
(Williams et al. 1994). We defined apertures of various sizes
ranging between the spatial resolution of the coarser map, lap,min,
and a scale large enough to recover the correlation between the
gas and stellar flux at the galactic scale (fixed for both spiral
arms and inter-arms at approximately 3000 pc) and place them
around each peak to measure the relative change of gas-to-SFR
flux ratio in a given aperture compared to the galactic average.
This relative change as a function of the aperture size was then
fitted by an analytical function that depends on three indepen-
dent parameters: two timescales describing successive phases of
the GMC life cycle and the characteristic separation distance.

The timescales of the successive phases of this GMC-to-star
life cycle derived from this model are strictly speaking relative
timescales (duration of one phase relative to another). A refer-
ence timescale is therefore needed to obtain absolute timescales
from the measured variations of the gas-to-SFR flux ratios. As in
previous studies, we calibrated the timeline by providing a refer-
ence timescale for the Hα-emitting phase of a simple stellar pop-
ulation (tstar,ref ∼ 4.3 Myr; Haydon et al. 2020b). We accounted
for the variation of tstar,ref with the gas-phase metallicity as:

tstar,ref = (4.32 ± 0.16 Myr) ×
(

Z
Z�

)−0.086±0.017

. (4)

In order to obtain the reference timescale for each environ-
ment, we applied the environmental masks to the metallic-
ity maps, and we computed tstar,ref pixel by pixel. We then
took the CO luminosity-weighted average as a best estimate

2 https://github.com/mustang-project/heisenberg

of the reference timescale for each region. For our sample,
each galaxy shows slight variations of metallicity between its
arms and inter-arm regions. However, when all the galaxies are
grouped together, the range of metallicity values (and there-
fore of reference timescales) is similar for arms and inter-
arm regions. The metallicity is distributed within a range of
log(O/H) + 12 = [8.41; 8.65] both for arms and inter-arms, and
the reference timescale tstar,ref also spans a very limited range
of [4.30; 4.59] Myr. There is therefore no systematic change in
timescales between arms and inter-arm regions due to metallic-
ity variations (see Table A.1).

With this reference timescale, we can translate the relative
duration of each phase into an absolute one. We obtain: the cloud
lifetime (the timescale over which CO is visible, denoted as tCO),
the feedback timescale (during which both CO and Hα are co-
spatial, tfb)3, and λ, the characteristic separation length between
independent regions. From these three main parameters, we also
derive other physical quantities of interest for this study, such as
the depletion time for compact sources, the SFE, and the fraction
of diffuse molecular gas (see Sect. 4).

The presence of large-scale, diffuse emission affects the mea-
sured cloud lifetime, because it includes emission that originates
from unbound structures that do not participate in the GMC-star
evolutionary cycle (Kruijssen et al. 2018; Hygate et al. 2019).
Therefore, diffuse emission on scales much larger than the typi-
cal distance between independent regions must be filtered from
the observed tracer maps to ensure an accurate estimate of the
timescales characterising the cloud life cycle. The origin of this
diffuse emission is very heterogeneous and depends on the trac-
ers used. As a result, many different criteria exist in the literature
to filter it out. Here, we took an agnostic, physics-based approach
by filtering the large-scale emission from both CO(2-1) and Hα
maps using the method presented in Hygate et al. (2019). We
used a Gaussian high-pass filter and filtered out the (spatial) fre-
quencies corresponding to a spatial scale larger than a multiple
(nλ & 10) of the mean separation length (λ) in Fourier space
(see Table 2 in Kim et al. 2022). This process was applied iter-
atively, so we did not make assumptions on the spatial scale at
which the filtering is done. The filtering of the diffuse emission
and the fit of the gas-to-stellar flux ratio as a function of spatial
scale were repeated, until the derived separation scale λ did not
vary for four successive iterations. Because we filtered the dif-
fuse large-scale emission of gas, the derived physical quantities
measured, such as the molecular gas surface density, the deple-
tion timescale, and the integrated SFE derived in Sect. 4, refer to
the compact emission only arising from GMCs.

We performed our statistical analysis to each of the 22 galax-
ies. For each galaxy, the main input parameters are listed in
Table 1 of Kim et al. 2022. Default values from Kruijssen et al.
(2018) were used for other fitting and error propagation param-
eters. Since we used the metallicity maps from Williams et al.
(2022), we also updated the results from Kim et al. (2022), using
the appropriate metallicity-dependent reference timescale for
consistency. This results in variations of tref (and therefore of
tCO and tfb) of 5% on average, which stays comfortably within
the 1-sigma uncertainties reported by Kim et al. (2022). In the
following, figures showing results from Kim et al. (2022) have
been updated accordingly.

We selected galactic substructures by masking each map
with the environmental masks described in Sect. 2.4, in order to

3 Multi-scale analysis of this co-spatial phase shows that it is indeed
the disruptive effect of stellar feedback that causes the separation of CO
and Hα, rather than a form of spatial drift (Kruijssen et al. 2024).
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separate arm and inter-arm regions. On these substructures, we
ran the Heisenberg code each time to extract the parameters
describing the evolutionary timeline of their clouds. We made
sure that the galactic substructures from the masks had a min-
imum width of 1 kpc so that the regions were at least >2λ in
size. This ensured that the realisation of the independent star-
forming regions would approximate a random normal distribu-
tion (Kruijssen et al. 2018). The choice of such broad masks,
each encompassing &100 regions, considerably limits the num-
ber of individual regions being exactly split between two differ-
ent environments to a very small fraction. In the few cases where
this might have occurred, this did not bias our results. Slightly
increasing or decreasing the size of the masks leads to similar
measurements of the cloud lifetime, feedback timescale, and λ.

4. Results

In this section we present the results obtained by performing
our statistical analysis (Kruijssen & Longmore 2014) on 22 spi-
ral galaxies. In Fig. 2 we show the Kennicut-Schmidt relation,
where SFR and the molecular gas mass have been measured by
summing up all the emission in the area effectively covered by
the masks before performing any filtering for diffuse emission.
We measured the emission of CO and Hα peaks and fitted the
underlying bias following the method detailed in Sect. 3. In order
to characterise the environmental dependence of the cloud life
cycle, we applied the method in spiral structures and inter-arm
regions for each galaxy. The results are presented in Table A.1.

Figure 3 shows the cumulative distribution functions (c.d.f.)
of the three independent parameters that characterise the cloud
life cycle (the cloud lifetime, tCO; the feedback timescale, tfb;
and the region separation length, λ), and of the SFE (εSF).
The distributions were estimated using a Kernel Density Esti-
mation algorithm, with a Gaussian kernel, provided by the
Python module statmodels. For each of these parameters,
we assessed whether the two cumulative distributions differ
when split by environment, by conducting a k-sample Anderson-
Darling (AD) test. This modified AD test (Anderson & Darling
1954; Scholz & Stephens 1987) tests the null hypothesis that dif-
ferent samples are drawn from the same population.

In addition, we also show for each parameter in Fig. 4, the
comparison between the value in the arms and in the inter-arm
regions for each galaxy. Overall, we do not see any systematic
shift from the one-to-one relation as a function of the galac-
tic averaged values obtained in Kim et al. (2022). We used the
Wilcoxon signed-rank test (Wilcoxon 1945) for paired samples
to check any differences in the estimated parameter median. This
is a non-parametric alternative to the Student t-test that does not
assume normality for the distribution of the errors. It is a natu-
ral choice to use paired sample statistics in this work because of
the way the two samples (spiral arms and inter-arm regions) are
defined. We report in Table 1 the statistics and p-values associ-
ated with both tests. We caution that, when only an upper limit
could be determined for λ and tfb, we used this upper limit as our
best-guess value to perform these tests and compute the statistics
and associated p-values, in order to maximise the sample size.
In the following sections, we discuss in more detail the results of
these statistical tests for each of the parameters shown in Figs. 3
and 4.

4.1. Cloud lifetime (tCO)

Across all the galaxies, the measured cloud lifetimes in both
environments fall within the range 5–40 Myr, which is in

Table 1. Results of the AD and Wilcoxon tests with the associated p-
values between spiral arms and inter-arm regions for the cloud lifetime
(tCO), the feedback timescale (tfb), the region separation length (λ), and
the integrated SFE (εSF).

tCO tfb λ εSF

AD test –0.17 0.60 5.05 2.95
p-value 0.52 0.21 0.006 0.012
Wilcoxon test 120.0 68.0 1.00 59.0
p-value 0.85 0.06 0.00 0.03

very good agreement with previous applications of the statis-
tical method used here to full galaxies (Kruijssen et al. 2019;
Chevance et al. 2020; Kim et al. 2022), as well as the cloud life-
times estimated with other techniques (Kawamura et al. 2009;
Corbelli et al. 2017). The cumulative distributions of the cloud
lifetime in spiral and inter-arm regions do not show statistically
significant differences according to the AD test, with a p-value
of 0.52 (Fig. 3). In addition, the scatter around the one-to-one
line (Fig. 4) is very broad (0.25 dex), with a root mean square
deviation (RMSD) and maximum absolute error (MAE) equal to
2.2 Myrs and 8.1 Myrs respectively, but there is neither a system-
atic shift towards a preferred environment, nor any trend with the
globally averaged value measured by Kim et al. (2022). Indeed,
the Wilcoxon test does not capture any difference in the medians
of the two distributions (p-value> 0.05), meaning that these two
populations are statistically indistinguishable.

4.2. Feedback timescale (tfb)

The feedback timescale for both spiral arm and inter-arm regions
span a range of 1–10 Myr, which is in agreement with previous
studies for full galaxies (Kruijssen et al. 2019; Chevance et al.
2020; Kim et al. 2022). According to the AD test, the difference
between the feedback timescale distributions in spiral arm and
inter-arm regions is not statistically significant, with a p-value
of 0.21. However, we note that the AD test checks for over-
all differences in the cumulative distributions, and, as seen in
Fig. 3, the feedback timescale shows some variation in the range
of values spanned by both environments, with inter-arm regions
having on average lower values than spiral arm regions. First,
the scatter between galaxies is tighter than for the cloud life-
time (0.20 dex). The RMSD and MAE are equal to 0.38 Myrs
and 1.41 Myrs, respectively. Secondly, there is a small but sig-
nificant difference between the two medians, which is well cap-
tured by the Wilcoxon signed-rank test with a p-value 0.06 (see
Fig. 4). However, we note that this difference might decrease if
exact measurements were obtained instead of upper limits for
some spiral arms.

4.3. Region separation length (λ)

The average separation length between independent star-forming
regions (λ, bottom left panel in Fig. 3) is 259± 79 pc, when con-
sidering entire galaxies (Kim et al. 2022). The separation dis-
tance is defined as the scale at which the gas-to-stellar flux in the
apertures focusing on the gas or stellar peaks significantly devi-
ates from the galactic average. As specified in Chevance et al.
(2020), λ describes the length scale in the immediate vicinity of
a region over which a sufficiently large number of neighbouring
regions is found to wash out the spatial decorrelation between
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Fig. 3. Cumulative distribution function of the cloud lifetime (top left), feedback timescale (top right), region separation length (bottom left), and
SFE (bottom right). Each panel shows the c.d.f. for the parameters calculated in spiral arms (orange) and inter-arm regions (blue), as well as for
the full galaxies (red, Kim et al. 2022) as a thick solid line, and the smoothed c.d.f as a shaded line. In cases where only an upper limit could be
determined, the value indicated in Table A.1 is used. Medians are indicated with solid vertical lines. Anderson-Darling test statistics and p-values
are indicated in the bottom right of each panel.

the gas and stellar flux seen on small scales. This scale length is
therefore a local measurement and is not affected by the area of
the covered field-of-view. This can be further seen by comparing
λ measured by Kim et al. (2021) on the whole disc with respect
to what we obtained in this study: λ in inter-arms and spiral arms
measured in the current work are respectively larger and smaller
than the full galaxy disc estimate, despite both analysed fields-
of-view being smaller than the full galaxy (by construction).

When splitting between environments, the separation length
spans a range of 100–300 pc in spiral arms, with a median of
∼175 pc, and a much wider range of values (up to 400 pc) in
inter-arm regions, with a higher median (∼250 pc). The scatter
around the one-to-one line is 0.08 dex, which is much smaller
than for the timescales described above. The statistically sig-
nificant difference between the two distributions is confirmed
by the AD and the Wilcoxon tests (p-values< 0.05). Specifi-
cally, for the AD test, the null hypothesis (i.e. the two sam-
ples coming from the same distribution) can be rejected at the
0.5% confidence level (Scholz & Stephens 1987). This result
would be strengthened even further by obtaining exact mea-
surements instead of upper limits for λ in some of the spi-
ral arms. This result is expected when doing a simple visual
inspection of the tracer maps and of the distribution of the
emission peaks, as in Fig. 1, where the emission peaks are
more sparsely located in the inter-arm region than in the spiral
arm. This is also in agreement with the lower gas surface den-
sity and lower SFR surface density measured in the inter-arm

regions of spiral galaxies compared to the spiral arm regions (e.g.
Vogel et al. 1988; Garcia-Burillo et al. 1993; Nakanishi & Sofue
2003; Hitschfeld et al. 2009; Sun et al. 2020; Querejeta et al.
2021, 2024).

4.4. Star formation efficiency (εSF)

Following Kruijssen et al. (2018), we calculated the integrated
SFE per cloud as:

εSF =
tCO

tcomp
dep

, (5)

where tcomp
dep = Σ

comp
H2

/ΣSFR is the depletion time-scale of compact
molecular gas structures (clouds), assuming that all star forma-
tion takes place in such structures (after removing the diffuse
CO emission, see Sect. 3)4. We used the global SFR maps
(as defined in Sect. 2.5.1) without filtering the diffuse emis-
sion. The diffuse Hα mostly comes from photons leaking out of

4 We note that the (commonly used) SFE per free-fall time is different
than the integrated SFE per star formation event measured here, follow-
ing Eq. (5) by two aspects. First, we considered only the compact gas
component that actually participates in the star formation process when
estimating the depletion time. Second, we integrated the SFE per cloud
lifetime (tCO), which is typically a few times the free-fall time, with con-
siderable scatter depending on the environment (see e.g. Kruijssen et al.
2019; Chevance et al. 2020, 2023).
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Fig. 4. Cloud lifetime (top left), feedback timescale (top right), region separation length (bottom left), and integrated SFE (bottom right) measured
through our statistical analysis. For each parameter, we report the values calculated in the spiral arms on the x-axis and in the inter-arm regions on
the y-axis for each galaxy. The grey line shows the one-to-one relation. Each data point is colour-coded according to the averaged value obtained
by Kim et al. (2022) for the full galaxy. For the feedback timescale and the region separation length, upper limits in the spiral arms are indicated
with arrows.

Hii regions (e.g. Mathis 1986; Sembach et al. 2000; Wood et al.
2010; Belfiore et al. 2022); therefore, it had to be accounted for
in the total star formation budget. The SFE ranges between 1–7%
in the case of spiral arm regions, with a median of ∼2.9, while
it tends to be on average slightly higher in the inter-arm regions
(2–11%), with a median of ∼3.8. These findings are in agreement
with Kim et al. (2022), who find the εSF between 1–8%, with a
mean of 2.9 in galaxies of the PHANGS sample. The scatter of
the SFE between the two environments around the one-to-one
line is 0.27 dex.

According to the AD test, the two distributions are statisti-
cally different, as shown by the p-value of ∼0.012, with inter-
arm regions having on average higher star formation efficiencies
than spiral arms regions. We can reject the null hypothesis at
the 1% confidence level (Scholz & Stephens 1987). This can be
directly understood from fact that the cloud lifetime does not
systematically differ between the two environments, while the
depletion timescale appears to be systematically longer in spiral
arms (as already visible in Fig. 2. If they exist, systematic dif-
ferences in the conversion factors R21 or αCO between arms and
inter-arm could affect this result, but there is currently no con-
sensus on this point in the literature (see e.g. Koda et al. 2012;

den Brok et al. 2022). We discuss this result in comparison with
other measurements from the literature in Sect. 5.

5. Discussion

We applied the ‘Uncertainty principle for star formation’ to 22
spiral galaxies in the PHANGS sample. We used Hα and CO
emission line maps to trace respectively the star-forming and
molecular gas phases of the matter cycle in galaxies. We mea-
sured the relevant timescales characterising this cycle in both
the spiral arms and inter-arm regions separately using environ-
mental masks in order to assess the role of spiral arms in the star
formation process.

Our main finding is that molecular clouds live for the same
amount of time, independently from their location (within spi-
ral arm or in inter-arm regions). However, there are statistically
significant differences in the spatial distribution of the indepen-
dent regions undergoing this evolutionary cycle between gas
clouds and star-forming regions: the separation length between
regions is shorter by ∼100 pc in spiral arms than in inter-arm
regions. Therefore, molecular clouds and star-forming regions
are on average closer together in spiral arms. This result is
expected, as spiral arms typically show a higher concentration of
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emission peaks. The timescale over which stellar feedback dis-
rupts the parent molecular clouds shows similar distributions in
both environments, as revealed by the AD statistics. However,
we note that the median values of the two distributions differ
significantly, as shown by the Wilcoxon rank-signed test. While
we do not expect a significant impact of extinction at the moder-
ate molecular gas densities present in our sample, the enhanced
gas density in spiral arms compared to inter-arm regions (Fig. 2)
could lead to overestimated timescales in the arms (Haydon et al.
2020a) in cases where Σmol > 20 M� pc−2. At low levels of
extinction, corresponding to mean galactic surface densities
Σmol < 20 M� pc−2, Haydon et al. (2020a) find a slight increase
in the timescales of the extinct map compared to the non-extinct
one; however, the results remain consistent within the 1-sigma
error range. Correcting for extinction could therefore slightly
increase the observed difference between the median feedback
timescales in arms and inter-arms, while in some extreme cases,
it could erase the slight difference. Additionally, we observe
a statistically significant difference in integrated star formation
efficiencies between both environments, with spiral arms having
[25, 50, 75]th percentiles of [2.2, 2.9, 4.5]% in converting gas,
while inter-arms have percentiles equal to [3.3, 3.8, 6.6]%.

The picture of GMC evolution arising from our study is that
clouds in spiral arms live for a similar amount of time and form
stars with a slightly lower efficiency as clouds in the inter-arms5.
This is a strong indication against the suggestion that spiral arms
might trigger star formation in GMCs. However, GMCs are more
closely packed in spiral arms. The concentration of clouds in spi-
ral arms, in combination with a higher gas surface density alto-
gether, results in a lower surface density contrast, εCO, calculated
as the ratio between the average gas mass surface density at the
peak locations (Σpeak,CO) and the global gas mass surface density
over the considered field-of-view for that specific environment
(Σglobal,CO):

εCO = Σpeak,CO/Σglobal,CO. (6)

As shown in Kim et al. (2022), a sparse medium (high surface
density contrast) facilitates the dispersal of the GMCs, while a
denser medium (low surface density contrast) tends to result in a
longer dispersal timescale. This is in agreement with our finding
that the feedback timescale is on average slightly longer in the
spiral arms relative to the inter-arm.

To verify this hypothesis, we show in Fig. 5 the correla-
tion between the feedback timescale and the gas surface den-
sity contrast. We indeed confirm that the lower gas surface
density of inter-arm regions (as already shown in Fig. 2) is
accompanied by a higher εCO, denoting a sparse environment.

5 While we neither define GMCs as bound nor even static objects,
it might be useful to broadly characterise the units that undergo the
evolutionary cycle identified in this work for reference. We extracted
the properties of the emission peaks identified with CLUMPFIND and
modelled as Gaussian profiles, as described in Kruijssen et al. (2018).
Across all the galaxies in our sample, we identify a total of 11 158
CO peaks, with masses log(M [M�]) = [5.17, 5.57, 6.06] (with a lower
limit consistent with the sensitivity limit at 90% sample complete-
ness of 105 M�; Leroy et al. 2021a) and radii R [pc] = [57, 79, 110],
corresponding to the [25,50,75]th percentiles of the distribution.
Slightly larger values are found by Rosolowsky et al. (2021) using
the cloud characterisation algorithm CPROPS, with log(M [M�]) =
[5.92, 6.28, 6.67] and R [pc] = [86, 118, 152] (corresponding to the
[25,50,75]th percentiles, similar in both spiral arms and inter-arm
regions). This is due to the fact that the algorithm in some cases iden-
tifies GMC complexes of several 100 pc in size (larger than λ). See
Chevance et al. (2020) for a more detailed comparison.

Fig. 5. Scatter plot of the feedback timescale as a function of the sur-
face density contrast between the CO emission peaks and the galactic
average (εCO; see text). Spiral arms are represented in orange, inter-arm
regions in blue. The solid lines represent the linear models fitted to the
data in logarithmic space for each of the two environments. The red
line marks the correlation obtained by Kim et al. (2022) for full galax-
ies, on a wider sample of 54 galaxies (including the 22 analysed in this
work). The dashed lines represent the 1σ confidence intervals of the
linear model for spiral arms (orange) and inter-arm regions (blue).

Most of the CO emission appears to be concentrated within
the GMCs, with little molecular gas around them. By compar-
ison, in spiral arms the density contrast is lower, implying that
gas peaks are surrounded by a denser medium. Within both
environments (arms and inter-arms independently), we observe
a decrease in the feedback timescale with increasing surface
density contrast, following the trend identified by Kim et al.
(2022). This seems to support the idea that spiral arms col-
lect molecular gas but do not drastically change the process
of star formation within the GMCs. Clouds live for a similar
amount of time, and star formation occurs within a dynami-
cal time (Chevance et al. 2020), without being specifically trig-
gered by spiral arm passages. Indirectly, the higher gas sur-
face density accumulated in spiral arms is accompanied by a
globally denser medium, where it takes more time to disperse
clouds than in the sparse medium of inter-arm regions. This
leads to the observed increase in the feedback timescale in spiral
arms.

Figures 3 and 4 show that the integrated SFE per star for-
mation event is 40–50% larger in the inter-arm regions than in
the arm itself. This result seems to be in tension with the fact
that the instantaneous SFE is found to be similar in spiral arms
and inter-arm regions for a sample of galaxies almost identical to
the one studied here (Querejeta et al. 2024) and even more with
the increase in the instantaneous SFE in the arms suggested in
several earlier studies (e.g. Vogel et al. 1988; Cepa & Beckman
1990; Lord & Young 1990; Knapen & Beckman 1996). This dis-
crepancy could be (partially) explained by the fact that the esti-
mated εSF in the inter-arms might be slightly overestimated by
including ionising photons from star-forming regions in the arms
leaking in the inter-arm environment (see Sect. 2.5.1). Indeed,
the mean free path of ionising photons is comparable or larger
to the width of our environmental masks (1 kpc; Belfiore et al.
2022). By contrast, photons leaking from star-forming regions
in the inter-arms towards the spiral arm environment would
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only represent a marginal contribution to the measured SFR
surface density in comparison to the local contribution. As a
result, ΣSFR (resp. tcomp

dep ) could be slightly increased (respectively
decreased) due to the contribution of large scale diffuse ionised
gas (Querejeta et al. 2024, see Appendix D). Other factors can
potentially affect our measurement of the SFE. In particular, a
systematic variation of the αCO or the R21 conversion factors
between spiral arms and inter-arms could modify our conclu-
sion on εSF. However, this remains a debated topic, and dif-
ferences in flux calibration of the observations can drive very
different outcomes regarding how R21 varies between arms and
inter-arms, even on the same target (e.g. in M51; Koda et al.
2012; den Brok et al. 2022). In the absence of a definitive
answer, we chose the luminosity weighted averaged R21 pro-
vided in den Brok et al. (2021) across our full sample. The 50%
uncertainties in the light-to-mass conversion factor (αCO × R−1

21 ;
see Section 2.5.3), encompasses these systematics unknown in
the mass estimate.

Despite these points of caution, our results are consis-
tent with observations showing that clouds in spiral arms
have on average lower virial parameters than clouds in the
inter-arm regions (e.g. Hirota et al. 2018; Rosolowsky et al.
2021). Despite the slightly lower SFE in spiral arms than in
inter-arm regions, the higher GMC masses (e.g. Hirota et al.
2018; Rosolowsky et al. 2021) might explain the more mas-
sive, emerging young stellar clusters found in M83 by Knutas
et al. (in prep.) (Kruijssen 2014). This is in contrast with
theoretical prediction of the SFE per free-fall time measured
at the cloud scale, for which it is expected to be anti-
correlated with the virial parameter (Krumholz & McKee 2005;
Padoan et al. 2012). However, as demonstrated in Fig. 4, there
is considerable spread in the SFE between different galax-
ies, and the generalisation of this result would need to be
confirmed.

In conclusion, these observations do not provide evidence
for a strong role of spiral arms in the star formation process
in galaxies. Spiral arms likely have a major role in accumu-
lating the gas (Querejeta et al. 2021), but the clouds forming
inside them live on average for a similar amount of time as
the ones in the inter-arm regions. The exact GMC lifetime in
the arms can be longer or shorter than those in the inter-arm
depending on the galaxy. They are dispersed by stellar feed-
back on a similar timescale (on average, a slightly longer one)
and seem to form stars at a slightly lower efficiency in spiral
arms. In the outskirts of grand design spiral galaxies, molecular
clouds could be more strongly affected by spiral arm crossing
as the gravitational stability and galactic shear support increase
(Jeffreson & Kruijssen 2018). Even though the correct estimate
of the virial parameter depends strongly on the assumptions
made for the determination of the αCO conversion factor, on aver-
age the population of clouds in the inter-arm shows a slightly
higher αvir with respect to those in spiral arms, regardless of
the recipe used to convert CO light to molecular gas mass
(Rosolowsky et al. 2021; Hughes et al., in prep.). This counter-
intuitive result of less bounded clouds forming stars with higher
efficiencies is also observed in Leroy et al. (2025), who find a
mild positive correlation between the SFE per free-fall time and
the virial parameter measured on the cloud scale. This suggests
that the virial parameter measured on ∼100 pc scales, consid-
ering self-gravity only, does not fully account for the amount
of self-gravitating, likely star-forming gas. A broader, more dif-
fuse gas component bound partially by stellar gravity cannot
be ignored to measure the true dynamical state of a cloud (e.g.
Meidt et al. 2018; Liu et al. 2021).
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Appendix A: Best-fitting parameters

Table A.1. Best-fitting parameters obtained from performing our statistical analysis to 22 spiral galaxies.

Galaxy Region tCO[Myr] tfb[Myr] λ[pc] εSF[%] ΣCO,comp ΣSFR εgas tref[Myr]

IC 1954 inter-arm 9.5+4.1
−2.3 2.7+1.7

−1.3 233+108
−52 2.2+2.1

−1.0 2.3+1.2
−1.2 4.0+0.8

−0.8 6.7+3.8
−2.7 4.49+0.07

−0.20
spiral arm (*) 22.4+13.7

−4.1 4.5+4.5
−1.6 163+86

−38 4.7+6.4
−1.9 4.5+2.2

−2.2 6.2+1.2
−1.2 4.1+1.3

−1.1 4.46+0.08
−0.20

NGC 0628 inter-arm 22.0+4.1
−4.4 2.8+0.8

−0.9 111+19
−16 6.8+5.3

−3.0 2.8+1.4
−1.4 6.0+1.2

−1.2 12.9+3.6
−3.0 4.47+0.08

−0.20
spiral arm 27.1+3.3

−2.8 3.7+0.8
−0.6 90+15

−11 6.2+4.6
−2.6 6.7+3.4

−3.4 10.1+2.0
−2.0 7.3+1.1

−1.0 4.47+0.08
−0.20

NGC 1097 inter-arm 16.3+3.6
−2.6 1.0+0.7

−0.6 237+59
−31 3.4+2.8

−1.5 3.6+1.8
−1.8 5.0+1.0

−1.0 6.4+1.5
−1.3 4.35+0.09

−0.22
spiral arm (*) 13.3+5.9

−3.0 1.3+1.2
−0.7 187+43

−20 2.2+2.1
−1.0 5.1+2.6

−2.6 5.6+1.1
−1.1 4.3+0.5

−0.5 4.37+0.09
−0.22

NGC 1300 inter-arm 14.4+3.5
−1.8 2.3+0.7

−0.4 386+84
−63 3.5+2.7

−1.5 1.3+0.6
−0.6 1.8+0.4

−0.4 18.1+8.4
−6.3 4.44+0.08

−0.21
spiral arm 15.5+3.2

−3.6 4.5+1.1
−1.5 255+52

−48 2.1+1.7
−0.9 4.3+2.1

−2.1 4.0+0.8
−0.8 7.7+2.6

−2.1 4.45+0.08
−0.20

NGC 1365 inter-arm 32.1+16.7
−7.9 4.4+2.4

−1.5 360+125
−105 6.8+7.7

−3.0 4.7+2.3
−2.3 6.6+1.3

−1.3 5.7+2.7
−2.0 4.42+0.08

−0.21
spiral arm 11.0+9.7

−2.4 3.8+4.5
−1.5 266+209

−77 2.1+3.0
−0.9 10.0+5.0

−5.0 12.3+2.5
−2.5 4.1+2.0

−1.4 4.44+0.08
−0.20

NGC 1385 inter-arm (*) 18.0+8.5
−4.3 3.2+2.4

−1.2 174+80
−35 7.5+7.8

−3.2 7.1+3.5
−3.5 19.4+3.9

−3.9 7.4+3.2
−2.3 4.55+0.07

−0.18
spiral arm (*) 10.0+3.7

−2.3 2.4+1.6
−1.0 176+99

−37 2.6+2.4
−1.1 7.3+3.7

−3.7 12.0+2.4
−2.4 7.3+3.3

−2.4 4.55+0.07
−0.18

NGC 1512 inter-arm 8.7+2.7
−1.4 1.8+0.4

−0.6 323+95
−99 3.1+2.8

−1.3 0.6+0.3
−0.3 1.5+0.3

−0.3 25.9+22.4
−13.6 4.42+0.08

−0.21
spiral arm 13.9+2.5

−2.3 1.9+0.5
−0.5 245+29

−25 3.0+2.2
−1.4 1.5+0.8

−0.8 2.0+0.4
−0.4 11.2+2.1

−1.9 4.42+0.08
−0.21

NGC 1672 inter-arm 19.7+5.7
−4.7 3.8+1.9

−1.5 324+173
−83 6.1+5.1

−2.8 3.9+2.0
−2.0 8.2+1.6

−1.6 7.2+4.2
−2.8 4.43+0.08

−0.21
spiral arm (*) 37.8+103.5

−7.7 9.2+29.1
−3.5 292+117

−80 7.1+20.4
−2.8 11.1+5.6

−5.6 12.9+2.6
−2.6 4.7+1.6

−1.3 4.44+0.08
−0.21

NGC 2090 inter-arm 7.8+1.7
−1.4 0.8+0.5

−0.4 235+69
−36 2.8+2.0

−1.3 1.1+0.6
−0.6 2.5+0.5

−0.5 12.8+5.9
−4.4 4.43+0.08

−0.21
spiral arm (*) 11.5+8.6

−2.6 1.9+3.2
−1.0 132+47

−24 1.8+2.3
−0.7 5.8+2.9

−2.9 5.7+1.1
−1.1 3.1+0.9

−0.7 4.39+0.08
−0.21

NGC 2283 inter-arm 9.1+1.6
−1.8 2.7+0.5

−0.8 328+102
−74 3.9+2.8

−1.7 1.7+0.9
−0.9 5.2+1.0

−1.0 14.1+9.1
−6.2 4.44+0.08

−0.20
spiral arm (*) 12.2+7.8

−3.5 3.8+4.1
−1.8 152+156

−40 5.4+6.4
−2.4 4.6+2.3

−2.3 13.2+2.6
−2.6 6.1+6.3

−3.2 4.42+0.08
−0.22

NGC 2835 inter-arm 6.6+1.4
−1.1 0.9+0.5

−0.4 167+58
−32 2.0+1.6

−0.9 2.4+1.2
−1.2 4.9+1.0

−1.0 14.9+7.7
−5.6 4.59+0.06

−0.17
spiral arm 10.7+2.6

−2.2 1.9+0.9
−0.7 132+39

−18 2.9+2.4
−1.3 4.6+2.3

−2.3 7.8+1.6
−1.6 8.8+3.6

−2.7 4.59+0.06
−0.21

NGC 2997 inter-arm 15.9+1.8
−1.9 3.4+0.6

−0.7 266+49
−37 4.0+2.9

−1.7 3.7+1.9
−1.9 6.5+1.3

−1.3 10.2+3.0
−2.5 4.43+0.08

−0.21
spiral arm 18.7+6.2

−2.8 5.3+2.5
−1.2 215+64

−37 2.9+2.7
−1.2 14.0+7.0

−7.0 13.7+2.7
−2.7 5.4+1.4

−1.2 4.42+0.08
−0.17

NGC 3507 inter-arm 19.3+5.8
−4.0 2.1+1.5

−0.7 321+156
−59 4.5+3.7

−2.0 2.0+1.0
−1.0 2.9+0.6

−0.6 8.4+5.7
−3.7 4.45+0.08

−0.20
spiral arm (*) 9.1+1.9

−1.3 2.6+1.1
−0.7 242+87

−42 1.4+1.1
−0.6 5.1+2.6

−2.6 4.8+1.0
−1.0 5.2+1.5

−1.2 4.44+0.08
−0.21

NGC 3627 inter-arm 14.2+3.0
−2.2 1.3+0.7

−0.5 224+37
−25 5.1+4.0

−2.2 5.8+2.9
−2.9 13.5+2.7

−2.7 7.7+1.3
−1.2 4.43+0.08

−0.21
spiral arm 17.2+5.6

−3.2 3.1+1.8
−1.2 187+77

−40 3.1+2.7
−1.4 26.8+13.4

−13.4 31.2+6.2
−6.2 4.1+1.4

−1.1 4.44+0.08
−0.21

NGC 4254 inter-arm 17.0+2.6
−2.0 4.6+0.9

−1.0 264+74
−71 3.7+2.7

−1.6 8.4+4.2
−4.2 12.1+2.4

−2.4 7.1+3.1
−2.4 4.46+0.08

−0.20
spiral arm 17.7+7.6

−2.2 5.0+3.1
−1.2 197+62

−39 3.7+3.5
−1.7 16.2+8.1

−8.1 20.6+4.1
−4.1 4.6+1.1

−0.9 4.45+0.08
−0.21

NGC 4303 inter-arm 31.2+11.8
−6.4 6.6+2.9

−1.9 320+77
−49 11.0+17.4

−4.9 6.7+3.4
−3.4 15.1+3.0

−3.0 6.0+2.1
−1.7 4.41+0.08

−0.21
spiral arm (*) 17.4+5.0

−2.9 3.6+2.1
−1.4 233+96

−49 5.2+4.4
−2.2 17.3+8.6

−8.6 33.2+6.6
−6.6 4.2+1.4

−1.1 4.39+0.08
−0.20

NGC 4321 inter-arm 29.9+4.9
−3.7 3.8+1.2

−1.0 265+51
−38 7.9+5.9

−3.4 4.0+2.0
−2.0 6.8+1.4

−1.4 6.3+1.5
−1.3 4.41+0.08

−0.21
spiral arm (*) 15.0+3.2

−2.0 2.6+1.1
−0.6 196+36

−24 2.4+1.9
−1.0 10.6+5.3

−5.3 11.1+2.2
−2.2 4.6+0.7

−0.6 4.39+0.08
−0.22

NGC 4535 inter-arm 33.2+73.0
−5.5 5.0+13.8

−1.1 267+56
−39 8.9+17.1

−3.8 2.4+1.2
−1.2 4.4+0.9

−0.9 8.9+2.4
−2.0 4.43+0.08

−0.21
spiral arm 17.6+86.9

−3.0 4.6+29.0
−1.2 223+101

−51 2.2+10.7
−0.9 9.5+4.7

−4.7 7.7+1.5
−1.5 5.6+2.2

−1.7 4.42+0.08
−0.22

NGC 4548 inter-arm 20.2+5.4
−4.7 2.4+0.9

−1.1 290+91
−66 3.3+2.7

−1.5 1.2+0.6
−0.6 1.3+0.3

−0.3 9.0+4.5
−3.3 4.39+0.08

−0.22
spiral arm (*) 10.5+6.3

−2.4 1.4+1.9
−0.6 178+38

−20 1.0+1.2
−0.4 4.7+2.3

−2.3 2.8+0.6
−0.6 4.7+0.6

−0.5 4.40+0.08
−0.21

NGC 5248 inter-arm 12.9+3.9
−2.6 1.8+1.3

−0.8 177+39
−23 3.4+2.9

−1.4 4.2+2.1
−2.1 7.1+1.4

−1.4 9.2+2.1
−1.8 4.39+0.08

−0.21
spiral arm 21.8+25.6

−5.4 4.2+4.8
−1.6 171+61

−42 3.4+5.0
−1.5 17.8+8.9

−8.9 18.5+3.7
−3.7 4.9+1.1

−0.9 4.39+0.08
−0.19

NGC 5643 inter-arm 17.5+15.1
−4.1 2.4+3.5

−1.1 194+73
−31 3.8+5.0

−1.6 6.8+3.4
−3.4 9.6+1.9

−1.9 7.8+4.3
−3.0 4.46+0.08

−0.20
spiral arm 18.4+3.4

−2.7 3.4+0.9
−0.8 180+30

−22 4.0+3.1
−1.7 8.0+4.0

−4.0 11.1+2.2
−2.2 6.7+1.7

−1.5 4.47+0.08
−0.22

NGC 6744 inter-arm 24.9+4.5
−2.6 3.1+0.8

−0.5 157+18
−13 3.8+3.0

−1.6 3.3+1.6
−1.6 3.3+0.7

−0.7 8.7+1.6
−1.4 4.33+0.09

−0.23
spiral arm 42.8+9.2

−4.7 5.3+1.6
−0.9 152+21

−14 3.1+1.6
−1.6 4.8+2.4

−2.4 3.8+0.8
−0.8 6.5+1.1

−1.0 4.30+0.09
−0.20

Notes. (*) indicates the environments in which the ratio λ/lap,min < 1.5, implying that the independent star-forming regions are not sufficiently
resolved. In these cases the estimates of tfb and λ are only 1-σ upper limits, while the estimate of tCO is unaffected by resolution issues (see section
4.3.6 in Kruijssen et al. 2018). There is a strong bias for this issue to occur preferentially in the spiral arms as the surface density and the number
of regions is higher in this environment.
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