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C. Eibensteiner10, C. Faesi15, A. García-Rodríguez1, S. C. O. Glover7, K. Grasha16, J. Henshaw2, C. Herrera17,
A. Hughes18, 19, K. Kreckel13, J. M. D. Kruijssen13, D. Liu2, E. J. Murphy20, H.-A. Pan2, J. Pety17, 21, A. Razza12,

E. Rosolowsky22, T. Saito2, A. Schruba23, A. Usero1, E. J. Watkins18, T. G. Williams2

(Affiliations can be found after the references)

Received ..... / Accepted .....

ABSTRACT

We identify stellar structures in the PHANGS sample of 74 nearby galaxies and construct morphological masks of sub-galactic
environments based on Spitzer 3.6 µm images. At the simplest level, we distinguish five environments: centres, bars, spiral arms,
interarm regions, and discs without strong spirals. Slightly more sophisticated masks include rings and lenses, which are publicly
released but not explicitly used in this paper. We examine trends with environment in the molecular gas content, star formation
rate, and depletion time using PHANGS–ALMA CO(2–1) intensity maps and tracers of star formation. The interarm regions and
discs without strong spirals clearly dominate in area, whereas molecular gas and star formation are quite evenly distributed among
the five basic environments. We reproduce the molecular Kennicutt–Schmidt relation with a slope compatible with unity within the
uncertainties and without a significant slope differences among environments. In contrast to what has been suggested by early studies,
we find that bars are not always deserts devoid of gas and star formation, but instead they show large diversity. Similarly, spiral arms
do not account for most of the gas and star formation in disc galaxies, and they do not have shorter depletion times than the interarm
regions. Spiral arms accumulate gas and star formation, without systematically boosting the star formation efficiency. Centres harbour
remarkably high surface densities and on average shorter depletion times than other environments. Centres of barred galaxies show
higher surface densities and wider distributions compared to the outer disc; yet, depletion times are similar to unbarred galaxies,
suggesting highly intermittent periods of star formation when bars episodically drive gas inflow, without enhancing the central star
formation efficiency permanently. In conclusion, we provide quantitative evidence that stellar structures in galaxies strongly affect the
organisation of molecular gas and star formation, but their impact on star formation efficiency is more subtle.
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1. Introduction

Galaxies in the local Universe display a wealth of morphological
structures including bars, rings, and spiral arms. These features
are the result of the evolution driven both by internal and exter-
nal mechanisms, and they hold key information to unravel the
assembly history of galaxies across cosmic time. Specifically,
some of these morphological structures have been argued to play
a pivotal role in the so-called secular evolution of galaxies (see
e.g. Kormendy & Kennicutt 2004, for a review). For instance,
bars tend to drive gas inwards and can potentially feed an ac-
tive nucleus (e.g. Sparke & Sellwood 1987; Athanassoula 1992b;
Mundell & Shone 1999; Combes 2003; Jogee 2006). The accu-
mulation of gas in spiral arms or rings can impact the properties
of molecular gas and possibly its ability to form new stars (e.g.
Dobbs et al. 2011; Grosbøl & Dottori 2012; Seo & Kim 2013;
Schinnerer et al. 2013; Sánchez-Menguiano et al. 2017; Sormani
et al. 2020). Another example is the emergence of a spheroidal
stellar component in a disc galaxy, which has been argued to
quench star formation (the so-called morphological quenching
or dynamical suppression; Martig et al. 2009; Gensior et al.
2020; Gensior & Kruijssen 2021). All in all, these stellar struc-
tures shape gas and star formation in galaxies and play a major
role in galaxy evolution.

Far from being rare, bars, rings, and spiral arms are ubiqui-
tous in the present-day Universe. Nearly two out of three galax-
ies in the local Universe host stellar bars (e.g. de Vaucouleurs
1963; Eskridge et al. 2000; Menéndez-Delmestre et al. 2007;
Masters et al. 2011) with some dependence on the morpholog-
ical type (Buta et al. 2015; Díaz-García et al. 2016). On aver-
age, around 35% of nearby galaxies host inner rings; as much
as ∼50% for early-type spirals (Sa-Sbc), with a sharp decline
down to ∼15% for late-type spirals (Sc-Sm; Comerón et al. 2014;
Buta et al. 2015). Outer rings appear somewhat less common
(e.g. 16% measured by Comerón et al. 2014), but their detec-
tion might be compromised by the lower surface brightness of
galaxy outskirts. In the same vein, roughly two thirds of nearby
galaxies display some kind of spiral structure (e.g. Nair & Abra-
ham 2010; Willett et al. 2013; Buta et al. 2015), ranging from
grand-design spirals, with two long symmetric arms, to multi-
armed and flocculent spirals, where the spiral segments become
increasingly weaker, shorter, and less distinct.

There is mounting evidence that the properties of molecular
gas and star formation are regulated by local galactic environ-
ment. Indeed, galactic structures have an influence on molec-
ular gas probability distribution functions (PDFs; e.g. Hughes
et al. 2013; Egusa et al. 2018; Meidt et al. 2021). Galactic en-
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vironment can also affect the properties and evolution of giant
molecular clouds (GMCs; e.g. Colombo et al. 2014; Hughes
et al. 2016; Schruba et al. 2019; Maeda et al. 2020; Henshaw
et al. 2020; Chevance et al. 2020; Sun et al. 2020b; Rosolowsky
et al. 2021). In particular, stellar structures and local dynamical
environment have been recognised as factors that modulate star
formation, either enhancing or suppressing it (e.g. Meidt et al.
2013; Renaud et al. 2015; Meidt 2016; Shi et al. 2018). In this
paper, we study molecular gas and star formation across a rep-
resentative sample of nearby galaxies; specifically, we try to un-
derstand how stellar environments orchestrate the distribution of
molecular gas and its ability to form stars.

The near infrared (NIR) has been exploited as a privileged
wavelength range to identify stellar structures, given that it is
minimally affected by dust extinction and shows only weak
variations in the stellar mass-to-light ratio (e.g. Menéndez-
Delmestre et al. 2007; Sheth et al. 2010; Laurikainen et al. 2011;
Driver et al. 2016). The stellar structures visible in the NIR
constitute the fossil record of the processes that shaped galaxies
to their current state. They are also a proxy for different dynam-
ical regions, each associated with a complex backbone made of
stellar and gaseous orbits within a time-varying potential. Each
type of structure (e.g. bars, rings, spiral arms) can be interpreted
via specific tracers (e.g. Athanassoula 1992a), specific torque
maps or gas flows (e.g. García-Burillo et al. 2005; Haan et al.
2009; Querejeta et al. 2016; Luo et al. 2016), and sometimes
connected with density waves such as spiral arms (Lin & Shu
1964; Elmegreen et al. 1989; Bertin & Lin 1996) and their as-
sociated resonances such as rings (e.g. Buta & Combes 1996;
Comerón et al. 2014; Buta 2017).

Recent observations with deep NIR exposures and large sam-
ples have revealed increasingly diverse stellar structures in local
galaxies (e.g. Buta et al. 2010, 2015; Staudaher et al. 2019). The
Spitzer Survey of Stellar Structures in Galaxies (S4G; Sheth
et al. 2010) has made a significant contribution to this field by
surveying a large set of galaxies in the NIR. With 2352 galaxies,
S4G constitutes the largest detailed inventory of stellar structures
observed so far in the nearby Universe. Here we use S4G and
other NIR observations to construct a detailed, homogeneous set
of morphological masks of sub-galactic environments for galax-
ies in PHANGS.

The PHANGS1 project involves a set of surveys of nearby
galaxies conducted at .1′′ resolution to understand the details
of the star formation process in galaxies. One of the main goals
of PHANGS is to underpin the environmental dependence of the
star formation cycle, observing molecular gas at cloud scales, its
collapse to form stars, and the different forms of feedback associ-
ated with star formation. To that aim, three large programmes on
ALMA (Leroy et al. 2021b), MUSE (Emsellem et al. 2021), and
HST (Lee et al. 2021), as well as a number of smaller focused
programmes, provide complementary viewpoints on the evolu-
tionary stages involved in the process of star formation. The
large census of GMCs, H ii regions, and stellar clusters revealed
by this coordinated effort should provide robust statistics on the
star formation cycle for different environments in a diverse sam-
ple of nearby star-forming galaxies.

To make best use of these data, PHANGS requires a homo-
geneous definition of galactic environments for all targets. This
will allow rigorous comparative analysis and enable measure-
ments that assess the impact of environment on star formation
and feedback processes. In this paper, we present a first approach

1 Physics at High Angular resolution in Nearby GalaxieS; http://
www.phangs.org

to identifying galactic environments based on NIR photometry
that traces stellar structures. We construct a set of 2D environ-
mental masks relying on Spitzer IRAC 3.6 µm images, which are
now homogeneously available for the whole PHANGS sample
at a resolution of ∼1.7′′ (either from S4G or from other archival
or new Spitzer observations). This is usually sufficient to re-
solve the stellar structures in which we are primarily interested
(e.g. stellar bars and spiral arms) and is not far from the typical
PHANGS–ALMA resolution of ∼1′′.

PHANGS–ALMA has mapped a set of galaxy discs that host
molecular gas and star formation, but has also shown that not
all of this molecular gas is instantaneously associated with mas-
sive stars (Schinnerer et al. 2019; Pan et al. 2021). At the high-
est resolution of the PHANGS–ALMA survey (∼100 pc), corre-
sponding to the sizes of massive GMCs, a large fraction of the
sight lines are associated only with CO emission but not with
Hα emission, which traces star formation. This motivates the
main scientific question of this paper: How is molecular gas and
star formation organised across the PHANGS sample of nearby
galaxies? What role does galactic environment play?

This paper is structured as follows. In Sect. 2 we de-
scribe the galaxy sample (Sect. 2.1), the observations from
Spitzer (Sect. 2.2), ALMA (Sect. 2.3), and star formation trac-
ers (Sect. 2.4). Sect. 3 introduces our definition of environments
and how we construct the environmental masks for PHANGS.
Sect. 4 presents the main results of the paper. We discuss our
results in the context of previous observations in Sect. 5, and we
close the paper with a summary in Sect. 6.

2. Data

In this paper, we study the main PHANGS–ALMA sample of 74
nearby galaxies, made up mostly of star-forming spiral discs, as
explained in Sect. 2.1. For all those galaxies, we have gathered
NIR Spitzer IRAC data, as described in Sect. 2.2. Next, Sect. 2.3
describes the ALMA observations, tracing molecular gas, while
our strategy to measure star formation is presented in Sect. 2.4.

2.1. Sample

In this paper, we focus on the nominal PHANGS–ALMA sample
of 74 galaxies, which covers most of the nearby, massive, star-
forming galaxies with moderate inclinations selected to have dis-
tances out to D ≈ 17 Mpc and to be visible to ALMA. The list of
galaxies can be found in Table A.2 along with some basic prop-
erties; a comprehensive description of the sample can be found
in Leroy et al. (2021b).

PHANGS–ALMA galaxies closely follow the z = 0 ‘main
sequence’ of star-forming galaxies, with specific star formation
rates above SFR/M? > 10−11 yr−1. The overwhelming major-
ity of the sample corresponds to spiral galaxies, including both
early- and late-type spirals, and also contains a handful of lentic-
ular (S0) and irregular galaxies. The sample spans stellar masses
in the range 9.25 . log(M?/M�) . 11.25. The PHANGS–
ALMA sample grows up to 90 galaxies if we include a number of
extensions from other programmes, but those are not considered
in this paper (see Leroy et al. 2021b, for details). PHANGS–
ALMA includes galaxies that were excluded from S4G (nearly
always due to the S4G cut in Galactic latitude |b| > 30◦), but
we have assembled archival or new IRAC observations for all of
them.
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Photometric decompositions Visual inspection + fitting

DISCBULGE BAR SPIRAL ARMS RING LENS

Fig. 1. Spitzer IRAC 3.6 µm images illustrating the morphological structures considered in our environmental masks. Sect. 3 explains the mask
construction scheme in detail. Bulges and discs are defined on photometric decompositions of near-infrared images (Salo et al. 2015 for S4G
galaxies; Laurikainen et al. 2004 or new fits otherwise). The sizes of bars, rings and lenses are defined visually and their ellipticity is measured
via ellipse fitting (Herrera-Endoqui et al. 2015 for S4G, with additional measurements from the literature). Spiral arms are identified as peaks on
unsharp-masked 3.6 µm images followed by log-spiral fits in polar coordinates, the width being assigned based on CO emission (Herrera-Endoqui
et al. 2015 and new measurements). The galaxies shown are, from left to right, NGC 2775, NGC 628, NGC 1300, NGC 3627, NGC 3351 and
NGC 4457; they are all displayed using an arcsinh stretch.

2.2. Spitzer IRAC observations

2.2.1. Products from the S4G survey

We identify stellar structures using 3.6 µm images from the
Spitzer Space Telescope, the shortest wavelength channel of the
IRAC camera (Fazio et al. 2004). The majority of the galaxies
in our sample (60 out of 74 galaxies) were mapped by the S4G
survey (Sheth et al. 2010); for those, we rely on the products
publicly released on the NASA/IPAC Infrared Science Archive2

(IRSA).
The final Spitzer IRAC 3.6 µm images for these targets

achieve a depth of µ3.6 µm (AB) ∼ 27 mag arcsec−2 (equivalent
to a stellar surface density of ∼1 M� pc−2). The Spitzer IRAC
point spread function (PSF) has a complex structure with an ap-
proximate FWHM size of 1.7′′ (Sheth et al. 2010). The images
were processed using the S4G pipeline, and here we rely on the
location of galaxy centres determined within Pipeline 3 (Muñoz-
Mateos et al. 2015) and the GALFIT (Peng et al. 2002, 2010)
photometric decompositions from Pipeline 4 (Salo et al. 2015).

2.2.2. Additional archival and new observations

Ten galaxies in the main PHANGS–ALMA sample were not
covered by S4G but had ancillary 3.6 µm observations avail-
able from IRSA, either from the SINGS survey (Kennicutt et al.
2003) or from other individual observations. For those, we
downloaded the SINGS products from IRSA, when available,
or the Spitzer Enhanced Imaging Products otherwise. The latter
are Super Mosaics where contiguous Astronomical Observation
Requests (AORs) were grouped and reduced together using an
automated pipeline on the Spitzer MOsaicker and Point source
EXtractor (MOPEX) package3. We refer the reader to the on-
line documentation on the Spitzer Enhanced Imaging Products
for more details4.

Four PHANGS galaxies did not have any archival Spitzer
IRAC observations at 3.6 µm, so we obtained their imaging in

2 https://irsa.ipac.caltech.edu/data/SPITZER/S4G
3 https://irsa.ipac.caltech.edu/data/SPITZER/docs/
dataanalysistools/tools/mopex
4 https://irsa.ipac.caltech.edu/data/SPITZER/Enhanced/
SEIP/docs/seip_explanatory_supplement_v3.pdf

Cycle 14 via a dedicated programme (pid 14033, PI J. C. Muñoz-
Mateos). The galaxies NGC 2283, NGC 2835, NGC 3059 and
NGC 3137 were observed between 2018-09-18 and 2019-04-03.
We followed the same observing strategy as used by S4G: all
galaxies fit within the IRAC field of view, so we covered them
with a single pointing using a small dither cycling pattern with
4 positions (30 second exposures at each dither position). Each
target was observed with two AORs spaced by several weeks,
yielding a total exposure time per pixel of 4 minutes (the same as
for the SINGS IRAC imaging; Kennicutt et al. 2003), resulting
in a similar depth as S4G. We reduced the data using MOPEX,
starting from the corrected basic calibrated data files (CBCD
files), which is the result of running the IRAC artefact correc-
tion pipeline on the native BCD files for each AOR. We then
ran the MOPEX Mosaicker, initiating a ‘New Overlap Pipeline’
and adding the CBCD files corresponding to the two epochs with
their corresponding uncertainty files. We chose ‘Fiducial Image
Frame’ so that the mosaics follow the usual orientation of north
up, east left. With this strategy, the image quality and character-
istics are very similar to the S4G maps.

Finally, we ran all the IRAC images through astrometry.
net to correct for possible small astrometric offsets (Lang et al.
2010). We used index files 4202 and 4203, which are based on
the Two-Micron All-Sky Survey (2MASS; Skrutskie et al. 2006)
catalogue.

2.3. PHANGS–ALMA data

PHANGS has uniformly mapped 12CO(2–1) emission across a
sample of nearby star-forming galaxies with ALMA, and the
survey is presented in detail in Leroy et al. (2021b). Here we fo-
cus on the main PHANGS–ALMA sample of 74 nearby galax-
ies, excluding extensions from other programmes. Our typical
ALMA angular resolution of ∼1′′ translates into a physical scale
of 50−150 pc. Our observations combine ALMA 12 m-array,
7 m-array and total-power (TP) single-dish data in order to re-
cover emission from all spatial scales. The ALMA field of view,
to which we restricted our measurements, was designed to cover
the star-forming part of the galactic disc (where WISE 12 µm sur-
face brightness exceeds 0.5 MJy sr−1 at 7.5′′ resolution). This
corresponds to a coverage typically extending out to ∼R25 (the
median Rmax/R25 is 0.99), with full azimuthal coverage usually
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out to ∼R25/2 (the median Runiform
max /R25 is 0.55). This area typ-

ically encompasses ∼70−90% of the total CO emission (Leroy
et al. 2021a).

We measured CO integrated intensity as the zeroth-order mo-
ment maps at the native ALMA resolution. These maps were
computed using very simple and inclusive masks, constructed to
span the full velocity coverage of the galaxy along each line of
sight (the specific velocity integration window for each galaxy
is listed in Table A.2). This ensures more uniform noise and
high completeness at the expense of signal to noise. However,
since we are working at relatively low resolution, where signal
to noise is not a major limiting factor for PHANGS–ALMA, we
prefer these simple and inclusive masks (which are even less re-
strictive than the ‘broad’ masks presented in Leroy et al. 2021a).
We use the PHANGS data cubes publicly released in mid-2021
(PHANGS–ALMA version 4.0).

We convert from the observed CO integrated intensities
(in K km s−1) to surface densities (in M� pc−2) as Σmol =
αCO R−1

21 I21
CO cos(i), where i is the inclination of the disc. We

adopt a line ratio of R21 = 0.65 (Leroy et al. 2013; den Brok et al.
2021). Our preferred approach is to use a metallicity-dependent
αCO conversion factor as detailed in Sun et al. (2020a):

αPHANGS
CO = 4.35 M� pc−2 (K km s−1)−1 × Z′−1.6 , (1)

where Z′ is the local metallicity (normalised by the solar metal-
licity), a scaling introduced by Accurso et al. (2017). This lo-
cal Z′ is estimated from the global galaxy metallicity (via the
mass–metallicity relation) and a fixed radial metallicity gradi-
ent in each galaxy (−0.1 dex R−1

e ; Sánchez et al. 2014, 2019), as
explained in Sun et al. (2020a). This means that our adopted
αCO varies only radially, in a smooth way, and is by construc-
tion available for all positions in the galaxy, because it does not
depend on the availability of local metallicity measurements.

To test how sensitive our results are to this choice of αCO, we
also consider alternative prescriptions for the conversion factor
in Appendix A (and Table 4). We investigate the possibility of a
constant αMW

CO = 4.35 M� pc−2 (K km s−1)−1, which is the Galac-
tic value recommended by Bolatto et al. (2013). Following Sun
et al. (2020a), we also take the prescription of Narayanan et al.
(2012, hereafter N12), based on their Eq. 11, which includes a
dependence on metallicity and flux-weighted CO intensity. We
also consider the conversion factor from Bolatto et al. (2013,
hereafter B13), based on their Eq. 31, which depends on the local
cloud-scale molecular gas surface density, metallicity, and the
average kpc-scale disc surface density (including gas and stars).
For consistency, in all of these cases we include a factor 1.36 to
account for heavy elements (Bolatto et al. 2013; even though the
original prescription of N12 did not include it).

We adopt the distances, centre, and orientation parameters
from the PHANGS sample table (release v1.6, late-2020; Leroy
et al. 2021b). The compilation of distances is described in Anand
et al. (2021), while the centre, inclination and position angle of
the disc come from the CO kinematic analysis presented in Lang
et al. (2020). The metallicity-dependent αCO prescription also
relies on the stellar mass and effective radius from the PHANGS
sample table v1.6 (Leroy et al. 2021b).

For most of this paper, we rely on measurements at matched
kpc resolution from the PHANGS multi-wavelength database
presented in Sun et al. (2020b) and J. Sun et al. (in prep.). The
PHANGS–ALMA CO field of view was divided into a regular
tiling of hexagonal apertures, with a separation of 1 kpc in the
plane of the sky between centres of adjacent hexagons. The
measurements were performed at the centre of each hexagonal

aperture by directly sampling a set of intensity maps that were
convolved to a common physical resolution of 1.5 kpc.

2.4. Star formation rate measurements

In this paper, we work with star formation rates (SFRs) mea-
sured at two different resolutions. A high-resolution SFR esti-
mate is employed in Sect. 4.1 to provide a census of star forma-
tion and molecular gas at ∼1′′ resolution; this affords the advan-
tage of completeness, as all pixels are considered and individu-
ally assigned to an environment. However, for most of the pa-
per (Sects. 4.2–4.4), we rely on kpc-scale measurements which
should be more robust estimates of the star formation activity
(with the drawback of sacrificing completeness, as we only re-
tain kpc-scale apertures that are reliably associated with a given
environment, as explained in Sect. 4.2).

The highest resolution available for our SFR estimate (∼1′′)
comes from a PHANGS survey of ground-based narrow-band
Hα images (A. Razza et al. in prep.). A total of 65 galaxies
from the PHANGS–ALMA parent sample were observed be-
tween 2016 and 2019 with the Wide Field Imager (WFI) at the
MPG 2.2-metre telescope in La Silla or with the DirectCCD
camera at the du Pont 2.5-metre telescope in Las Campanas. As
part of the survey, broad-band images were observed alongside
the narrow-band ones to produce Hα continuum-subtracted im-
ages with seeing-limited resolutions ranging from 0.6′′ to 1.3′′.
Hα images were corrected for filter transmission and [N ii] con-
tamination (assuming [N ii]/Hα = 0.3; e.g. Schinnerer et al.
2019). In order to scale them to SFR units, the Hα maps were
convolved to 15′′ resolution and linearly combined with WISE
band 4 (22 µm) from Leroy et al. (2019), which corrects for ob-
scured star formation, following Calzetti et al. (2007) and as-
suming that νLν(22 µm) = νLν(24 µm) (Jarrett et al. 2013; Clu-
ver et al. 2017). The resulting 15′′ resolution maps were then
divided by the 15′′ Hα map, which yields a scaling factor map
that is then applied to the high-resolution (∼1′′) Hα narrow-
band maps. Put another way, this method combines WISE 22 µm
emission and Hα to estimate the Hα extinction at 15′′ resolution;
then, it assumes that this extinction remains fixed or smooth at
higher resolution.

On the other hand, for most of the paper we rely on the SFRs
measured at kpc scales on a hexagonal grid using a hybrid com-
bination of UV and IR images as described in Sun et al. (2020b)
and following Leroy et al. (2019). Specifically, we adopt a lin-
ear combination of GALEX FUV and WISE 22 µm as long as
both bands are available (using NUV when FUV is not avail-
able, and relying only on WISE 22 µm when we lack GALEX
observations). The coefficients that scale the luminosity in each
band (νLν) to SFRs follow the prescription presented in Leroy
et al. (2019). This strategy aims to anchor our SFR estimates to
the large set of nearby galaxies studied in Leroy et al. (2019) and
the SDSS catalogue of Salim et al. (2016, 2018).

3. Construction of environmental masks

Our goal is to construct multi-layer binary masks (where each
layer reflects a different structure) to capture the wealth of mor-
phological environments present across PHANGS galaxies. In
order to outline stellar structures, we rely on Spitzer 3.6 µm
imaging (Sect. 2.2). We emphasise that these masks are purely
morphological, and do not explicitly incorporate the kinematic
information available from PHANGS, which could lead to other
definitions of environments (as an example, the bar region could
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extend to the corotation of the bar). Here we introduce some de-
tailed environmental masks that are publicly released5 and have
been used in other publications (e.g. Bešlić et al. 2021; Pessa
et al. 2021). For the analysis in this paper, we focus on five basic
environments as described in Sect. 3.8.

Next, we explain how we define each of the environments
included in the masks: bars (Sect. 3.1), spiral arms (Sect. 3.2),
rings (Sect. 3.3), lenses (Sect. 3.4), bulges (Sect. 3.5), centres
(Sect. 3.6) and discs (Sect. 3.7). Fig. 1 shows visual examples
of these structures. The interarm regions are defined to be com-
plementary to the spiral masks at the same galactocentric radii.
Since a given pixel in the masks can belong to several morpho-
logical components simultaneously (e.g. a pixel in a nuclear ring
can be on top of a bar), we also propose a simple way to uniquely
assign pixels to a dominant environment (Sect. 3.8).

3.1. Bars

We define the contour enclosing each stellar bar as an ellipse.
For a fixed centre, the bar ellipse is defined by three parame-
ters: semi-major axis (bar size), axis ratio and position angle.
We quote all of these parameters in the plane of the sky, without
any deprojections. Most bars in PHANGS have a projected half-
length of a few kpc (with a median of ∼3 kpc); three PHANGS
galaxies are in fact double-barred systems, where we also imple-
mented a nuclear bar.

For galaxies in S4G, we mostly follow Herrera-Endoqui et al.
(2015, HE15 hereafter), who homogeneously defined the size of
bars visually on Spitzer 3.6 µm images. The visual bar lengths
are in good agreement with automated methods to detect bars
(Muñoz-Mateos et al. 2013), but they tend to be more robust
particularly when the emission associated with the bar is faint.
Ellipse fitting was performed to measure the ellipticity of the
bar given its length and position angle (PA) defined visually (by
carefully varying the contrast of the images). In a few cases,
it was not possible to determine the ellipticity via ellipse fit-
ting in HE15, and for these few cases we estimated the bar el-
lipticity visually. For galaxies outside S4G, we relied on NIR
measurements from the literature whenever possible, mostly
from Menéndez-Delmestre et al. (2007). We inspected the bars
individually and when the bar seemed questionable (typically
small bar candidates with less regular isophotes), we also ex-
amined optical images and kinematic information available from
PHANGS to decide if a bar should be included or not.

For S4G galaxies, we performed some minor modifications
on the bar catalogue of HE15. By default, we included the bars
with good quality flags (1 or 2), excluding bars with quality
flag 3. Some bars with the intermediate quality flag 2 seemed
less reliable than others when considering our multi-wavelength
data, and we decided to exclude bars in the following galaxies:
NGC 1385, NGC 4424, NGC 5042 and IC 5332. There is a sin-
gle target, NGC 4941, where no bar was included in HE15, but
we decided to include it in the masks. This bar is in the cata-
logue of Menéndez-Delmestre et al. (2007), and the photometric
and kinematic information from PHANGS (Lang et al. 2020)
supports its existence. For NGC 5248, we included the large-
scale bar from Jogee et al. (2002) instead of the smaller bar from
HE15. This is because our CO residual velocity map (Lang et al.
2020) is suggestive of such a large-scale bar, but we note that
other classifications did not include it (e.g. Buta et al. 2015).

5 https://www.canfar.net/storage/vault/list/phangs/
RELEASES/PHANGS_env_masks

Outside S4G, we adopted the bars from the catalogue in
Menéndez-Delmestre et al. (2007). We also included bars,
with new visual measurements on Spitzer 3.6 µm images,
for NGC 2566 and NGC 3059. Questionable cases include
NGC 2090, NGC 2997 and NGC 3137, but the multi-wavelength
PHANGS information does not clearly support the existence of
a bar, so we decided not to implement a bar for these galaxies.

Generally, we assumed that the centre of the bar matches
the galaxy centre, which we adopted from Table 1 from Salo
et al. (2015) for S4G galaxies and from the PHANGS sample
table version 1.6 for the remaining galaxies (Leroy et al. 2021b).
There are two galaxies where we adopted a different centre, as
the bar seems clearly offset: IC 1954 (RA = +52.880407 deg,
Dec = −51.904783 deg) and NGC 1559 (RA = +64.398638 deg,
Dec = −62.783728 deg), offset by 1.6′′ and 6.3′′, respectively.
We also included the two nuclear bars present in the sub-sample
of PHANGS in HE15 (NGC 1433 and NGC 4321), and, outside
S4G, the nuclear bar in NGC 1317 (Erwin 2004).

3.2. Spiral arms and interarm regions

Our goal is to define the 2D shape of strong spiral arms when
they are dominant features across the galaxy disc. This is car-
ried out as a three-step process: first, a log-spiral function is
fitted to regions with bright 3.6 µm emission along each arm;
second, these ideal log-spiral curves are assigned a width deter-
mined empirically; and, third, the starting and ending azimuth of
each spiral segment is adjusted by eye to match the observations.
The first step follows HE15, and indeed we rely on their results
for the vast majority of the S4G galaxies. For galaxies outside
S4G, and for a few S4G galaxies, new fits were performed fol-
lowing the same approach.

In detail, to perform the log-spiral fits, we first constructed
a set of unsharp-masked versions of the Spitzer 3.6 µm im-
ages, which highlight spiral features. On the optimal unsharp-
masked image, where the contrast is clearest, bright points along
the arms were visually identified and their coordinates were
recorded. These coordinates were deprojected to the plane of the
galaxy (using the inclination and PA from the PHANGS sample
table; Lang et al. 2020), and linear fits were performed for each
segment in logarithmic polar coordinates. The results of these
log-spiral fits were projected back to the plane of the sky.

The strategy of assigning a finite width to the analytic log-
spiral segments is new. The widths of spiral arms vary depend-
ing on the chosen tracer and resolution, and angular offsets are
possible from one tracer to another (see e.g. Schinnerer et al.
2013; Kreckel et al. 2016; Chandar et al. 2017; Egusa et al. 2017;
Schinnerer et al. 2017). As our main goal is to capture the CO
emission in spiral arms, we iteratively dilated the analytic spiral
curves until a certain empirical threshold was reached. The di-
lated width in the plane of the galaxy was varied in multiples of
half a kpc (500 pc, 1000 pc, 1500 pc, 2000 pc, etc.). For each of
these masks, we measured the total CO flux within the mask on
the ALMA 7 m+TP zeroth-order ‘broad’ moment map (at ∼7′′
resolution) and obtained the ratio with respect to the flux in the
previous mask (i.e. F1000 pc/F500 pc, F1500 pc/F1000 pc, etc.). For
this purpose, we used ALMA 7 m+TP observations (instead of
the higher-resolution 12 m+7 m+TP data) because spiral arms
are more clearly identifiable and less subject to local irregulari-
ties. The final width was established when the ratio of CO flux
from one step to the next falls below an empirical threshold of
1.25 (i.e. the flux increases by less than 25% from one step to
the next). This empirical convergence criterion results in spiral
masks which are typically ∼1−2 kpc wide and capture most of
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centre
bar
bar ends
spirals inside Rbar

spirals outside Rbar

interbar
interarm
outer disc

spiral arms

bar

interarm

centre

Fig. 2. Notation used in the ‘simple’ masks, where each pixel is uniquely assigned to a dominant environment. The background image is the
Spitzer 3.6 µm map of NGC 1300 and the different colours denote different environments. Several of these environments can be grouped together
for further simplicity, as indicated in the bottom-right diagram and in Table 1.

Table 1. Notation in non-overlapping masks and simplified assignments.

Label Environment Label Environment
1 centre (small bulge or nucleus) −→ 1 centre
2 bar (excluding bar ends) }

2+3 bar3 bar ends (overlap of bar and spiral)
5 spiral arms inside interbar (Rgal < Rbar) }

5+6 spiral arms6 spiral arms (Rgal > Rbar)
4 interbar (Rgal < Rbar but outside bar footprint) }

4+7+8 interarm7 interarm (only Rgal spanned by spiral arms, and Rgal > Rbar)
8 outer disc (Rgal > spiral arm ends) in galaxies with spirals masks
9 interbar (Rgal < Rbar) in galaxies without spiral masks }

9+10 disc without spiral masks10 disc (Rgal > Rbar) in galaxies without spiral masks

the 3.6 µm, CO and Hα emission that one would associate with
the arm by eye.

The above criterion is not always robust when a given spiral
segment has limited coverage by ALMA. For spiral segments
where <30% of the pixels in the 3.6 µm spiral footprint have
CO detections from ALMA 7 m+TP, we did not use the above
criterion and instead assigned a representative width as the mode
of the remaining spiral segments in that galaxy. In the absence
of any spiral segments with ≥30% ALMA coverage for a given
galaxy, the median (1.5 kpc) width across the whole PHANGS
sample was assigned.

Finally, we visually adjusted some of the endpoints of the
spiral segments (i.e. the start and finish azimuth of the log-spiral)
in order to provide continuity along coherent arms when there
is a change in pitch angle (two or more segments trace a given

continuous arm); this means that some segments which appeared
to have a gap were merged to form a single spiral arm. This
situation is illustrated by the northern spiral arm of NGC 1300
shown in Fig. 2, where the pitch angle of the spiral arm changes.
By adjusting the endpoints of the segments, we also ensure that
we correctly capture the spiral structures in the different tracers
towards the inner and outer edge of the spiral arm.

We note that the catalogue from HE15 includes many spi-
ral segments that we did not implement in our masks, includ-
ing short and relatively isolated segments in multi-armed spi-
rals. The difference between spiral arms and interarm regions be-
comes increasingly subjective as we move towards smaller and
less continuous segments in multi-armed and flocculent spirals.
This is why we conservatively defined spiral masks only in the
cases where one can clearly trace a continuous and large-scale
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spiral structure covering a significant fraction of the disc (from
the nucleus or end of the bar out to &1.5Re). Often this agrees
with the cases where the galaxy has been defined as grand de-
sign. For example, for S4G galaxies, 62% of the galaxies where
we implemented spiral arms were defined as ‘grand design’ by
Buta et al. (2015), while the remaining ones are mostly multi-
armed (see e.g. NGC 1637 and NGC 4254 in Fig. B.1, which
were classified as multi-armed by Buta et al. 2015 but have
a mask with three spiral arms that span a large radial range).
Conversely, for 35% of the S4G sub-sample classified as grand-
design, no spiral arms were implemented in our masks; this can
be due to their high inclination or because it was difficult to ro-
bustly define a binary spiral mask for other reasons. We opti-
mised and verified our final spiral arms by inspecting the masks
on molecular gas and star formation maps. This involved several
rounds of quality flagging by three co-authors (MQ, ES, SEM),
deciding segment by segment whether to keep it or not, adjust-
ing the start or finish azimuth, and, in a few cases, modifying the
width.

3.3. Rings

We also implemented rings for S4G galaxies based on the visual
measurements from HE15. As shown by HE15, the ring sizes
show good agreement with previous identifications from the
Near-InfraRed S0 Survey (NIRS0S) at 2.2 µm (Laurikainen et al.
2011) and the Atlas of Resonance (pseudo)Rings As Known In
the S4G (ARRAKIS) at 3.6 µm (Comerón et al. 2014), in spite
of small methodological differences (for example, HE15 used
unsharp-masked images while Comerón et al. (2014) relied on
residual images, subtracting a GALFIT model).

We only keep the rings with best quality flags from the cata-
logue of HE15 (flag = 1 or 2), avoiding pseudo-rings altogether,
which are incomplete rings usually made of spiral arms. HE15
did not determine the ring width, so we defined it visually on
Spitzer 3.6 µm images. The resulting width based on 3.6 µm typ-
ically covers well the extent of CO emission associated with the
ring. We removed the nuclear ring in NGC 4536, as the IRAC
image shows a slight central flux depression, but not a real inner
boundary due to the smoothing imposed by the PSF.

For galaxies outside S4G, we performed our own measure-
ments of the size and orientation of the rings on Spitzer 3.6 µm
images, similarly to HE15. Ring-lenses are intermediate struc-
tures between rings and lenses (e.g. Comerón 2013); for prac-
tical purposes, we also delimited the two nuclear ring-lenses
present in our sample (NGC 1300 and NGC 1433) as the ring
that is visible in CO emission, defining the width based on the
CO maps.

3.4. Lenses

Lenses are morphological structures with relatively flat bright-
ness profiles and a characteristic, well-defined outer edge, where
the surface brightness falls off rapidly. They were defined as
early as Sandage (1961) and Kormendy & Norman (1979), but
only recently have they been systematically classified for large
samples of galaxies. HE15 identified lenses across the S4G sam-
ple, visually marking points along the edges of the lens and sub-
sequently fitting them with an ellipse, providing the size, ellip-
ticity and orientation of the structure. We only retain the lenses
with best quality flag for our masks (flag = 1 or 2). For galax-
ies outside S4G, we measured the size and orientation of the

most clear lenses similarly to HE15 on Spitzer 3.6 µm images
(NGC 2566, NGC 5643, NGC 6300).

It is worth distinguishing barlenses, which are lens-like
structures embedded in bars (typically spanning ∼50% of the
bar length). Their surface brightness drops fast at the edges and,
unlike other lenses, they are thought to be the face-on counter-
parts of the vertically thick boxy/peanut structures of bars (Lau-
rikainen et al. 2011, 2014; Athanassoula et al. 2015). In order to
develop, barlenses seem to require a steep inner rotation curve
which can originate from a central mass concentration such as
a nuclear bulge (Laurikainen & Salo 2017; Salo & Laurikainen
2017).

Therefore, for most purposes, barlenses can be considered
part of the bar and should be masked together. The full version of
the masks includes barlenses within the ‘lens’ category, together
with lenses that are not associated with bars. Yet, in the simpli-
fied version of the masks, where pixels are uniquely assigned to a
dominant environment (Sect. 3.8), barlenses are simply included
as part of the bar footprint. The following PHANGS galax-
ies have a barlens (corresponding to the first lens in the masks,
when more than one exists): NGC 1097, NGC 1300, NGC 1512,
NGC 2566, NGC 3351, NGC 4548, NGC 4579, NGC 5134,
NGC 5643, and NGC 6300.

3.5. Bulges

Traditional photometric decompositions of galaxies usually dis-
tinguish an exponential disc from a central component named
bulge that is described by a certain Sérsic index (n). The S4G
Pipeline 4 (Salo et al. 2015) carried out systematic decomposi-
tions of the entire S4G sample with GALFIT (Peng et al. 2002,
2010), including up to two discs (to account for possible breaks),
bulge, bar and an unresolved nuclear point source where applica-
ble; they also used special functional forms for edge-on galaxies.
It is important to emphasise that, since these GALFIT decompo-
sitions did not explicitly account for structures such as nuclear
rings, the bulge component often contains rings and other nu-
clear structures. In this sense, some of the bulges are redundant
with rings or lenses identified in HE15. However, sometimes
it is useful to have a generic bulge flag, to permit simple com-
parisons without necessarily analysing detailed inner structures.
Therefore, we keep bulges even when they clearly overlap with
other structures, and allow the user to choose one component or
the other depending on the specific goal.

In any case, we warn the reader that many of these ‘bulges’
are likely not dispersion-dominated spheroids and might not
even be ‘bulging’ out of the main disc; that is why in this pa-
per we prefer to group small bulges together with unresolved
nuclear components under the deliberately more generic label of
‘centres’ (see Sect. 3.6). Unlike bars, rings, or lenses, bulges do
not have a well-defined morphological outer edge. Therefore,
we arbitrarily define the edge of the bulge mask as twice the ef-
fective bulge radius.

For galaxies outside S4G, we adopt similar bulge measure-
ments from the literature whenever possible. For example, we
follow Laurikainen et al. (2004), who performed bulge-disc
photometric decompositions on the H-band, for the following
galaxies: NGC 1317, NGC 2090, NGC 2566, NGC 5643, and
NGC 6300.
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3.6. Centres

The centre mask captures unresolved or marginally resolved stel-
lar structures that are centrally concentrated (R . 10′′, and most
often R . 5′′). A number of stellar structures can result in an ex-
cess of light on the IRAC images near the nucleus: an unresolved
nuclear bar, a nuclear ring, or a nuclear disc, for example. Most
of the galaxies with a bright nuclear PSF in IRAC are flagged
as nucleus in the S4G Pipeline 4 (Salo et al. 2015). The bright
nuclear region is often larger than the 1.7′′ FWHM of the IRAC
PSF at 3.6 µm, but still cannot be resolved, for example, as a nu-
clear ring (nuclear rings have typical sizes of a few 100 pc, which
makes the smaller rings hard or impossible to resolve for our
most distant targets). For galaxies with unresolved central stel-
lar structures, we visually inspected the data and defined a centre
mask that covers the area with a 3.6 µm and/or CO excess. In
some cases, the centre appears axisymmetric, independent from
the orientation of the galaxy; this is what we would expect, for
example, if a very compact nuclear structure is broadened by the
IRAC PSF. In other cases, however, the central structure appears
elongated, usually with a similar PA and axis ratio as the main
disc; this is expected if the structure is slightly extended and ax-
isymmetric in the plane of the galaxy. Therefore, in each case we
define the PA and axis ratio of the centre, in addition to its size,
in order to accommodate these different possibilities. These nu-
clear masks are typically a few hundred parsec in radius (median
R ∼ 300 pc), corresponding to 2−5% of R25 with a few outliers.

Often we do not know what exact structure (or combination
of structures) is causing the excess of light in the central few hun-
dred parsecs, and this is why we adopt an agnostic approach by
calling this ‘centre’, alluding to the location rather than a physi-
cal component. A similar central excess of NIR flux is captured
by small bulges identified with GALFIT (Sect. 3.5); for many
purposes, it makes sense to combine these small bulges with the
‘centres’ defined here (Sect. 3.8). This ‘centre’ masks likely re-
flect regions similar to the central molecular zone (CMZ) in our
galaxy, which corresponds to a nuclear stellar disc (Launhardt
et al. 2002).

3.7. Discs

For completeness, our masks include the discs identified via pho-
tometric decompositions of NIR images. These are the outer
boundary of all galactic discs, not just what we call ‘discs with-
out spirals’ in this paper; the latter are simply the discs where
we did not explicitly define spiral arms. For S4G, we rely on
the results from Salo et al. (2015), which in a few cases include
two different exponential discs within a given galaxy, implying a
photometric break in the disc, and we also implemented those in
our masks. Similarly to bulges, the edge of the disc was defined
as twice the effective radius (an arbitrary choice, but visually
reasonable). For galaxies outside S4G the disc definitions were
incorporated from the literature (Laurikainen et al. 2004) or from
new GALFIT decompositions of the Spitzer IRAC images. The
disc mask does not play a role in the current paper, because we
perform the analysis inside the ALMA field of view, which is
smaller than this disc definition and therefore more restrictive.
However, the disc component could be useful for future applica-
tions.

3.8. Uniquely assigning pixels to a dominant stellar structure

In our environmental masks, a given pixel can be assigned to
multiple components. For instance, a pixel in a nuclear ring is

also typically part of a bar. For some scientific applications, this
multiple identity of a given position is useful, but in other cases
it is more convenient to uniquely assign each pixel to a dominant
stellar structure, as explained next. We publicly release both the
full environmental masks and this simpler version where each
pixel corresponds to a single environment.

At the simplest level, we define five basic dominant environ-
ments: (1) centre, (2) bar, (3) spiral arms, (4) interarm, and (5)
disc without spiral masks. This is illustrated in Fig. 2 and sum-
marised in Table 1. To construct these simple masks, first we
gave precedence to centres over any other components. Next, we
labelled any remaining pixels within the bar footprint (if present)
as bar. For galaxies with spiral masks, we separated the remain-
ing area into spiral arms and interarm regions. Many galaxies do
not have spiral masks (e.g. flocculent discs) and, in these cases,
all the pixels beyond the centre or bar were flagged generically
as ‘disc’.

We note that the ‘centre’ environment in these simple masks
includes both small bulges (R . 10′′) that come out of bulge-disc
photometric decompositions (Laurikainen et al. 2004; Salo et al.
2015), and the ‘centre’ flag that we introduced in Sect. 3.6. The
‘centre’ often encompasses a nuclear ring, which is explicitly de-
fined in the detailed masks, but embedded within the ‘centre’ el-
lipse here; as mentioned above, these ‘centres’ likely map struc-
tures comparable to the CMZ. These simple masks also con-
sider barlenses as indistinguishable from the bar footprint (see
Sect. 3.4 above for details). Fig. 2 highlights the combined bar
and barlens structure in NGC 1300 in green.

Optionally, these non-intersecting masks also allow for
slightly more sophisticated indexing of some environments, as
shown in the bottom-left panel of Fig. 2. The tips of bars of-
ten overlap with the beginning of the spiral arms, and the over-
lapping pixels are assigned a different label (‘bar ends’). The
masks also permit to isolate the interarm regions that fall within
the bar radius, which some authors prefer to call ‘interbar’ (e.g.
Elmegreen & Elmegreen 1985; Elmegreen et al. 2009). For com-
pleteness, the spiral arms that are inside the bar radius but outside
the bar footprint, which often arch to form pseudo-rings, are also
given a different code. Finally, when spiral arms do not reach out
to the end of the disc, the area beyond the end of spiral masks is
differentiated (‘outer disc’).

It is up to the user whether to merge some of these environ-
ments together, depending on the level of detail required (see
Table 1). For this paper, we uniquely assign pixels to a dominant
stellar structure and focus on the five simple environments de-
fined in this section (centre, bar, spiral arms, interarm regions,
and discs without spiral masks), as in the top-right panel of
Fig. 2.

4. Results

4.1. Census of molecular gas and star formation across
environments

We start by examining how the integrated molecular gas mass,
star formation rates and area are distributed among the environ-
ments that we consider in this paper: centre, bar, spiral arms,
interarm, and discs without spiral masks. Not all galaxies have
each of these environments, but we consider the relative contri-
bution of these regions to the total budget of area, molecular gas
and star formation across the 74 galaxies in the main PHANGS–
ALMA sample. All measurements were restricted to the ALMA
field of view and they were performed at the highest resolution
available to us: the native resolution from ALMA for the molec-
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a) census of area, Mmol, and SFR across environments
data at native resolution, considering all sightliness

consider all emission inside spiral mask

b) robust kpc-scale measurements of Σmol, ΣSFR, τdep

assign aperture if >80% flux in a given environment

aperture assigned to 
spiral arm environment

aperture not assigned 
(mixed spiral-interarm)

Fig. 4 
Table 2

Figs. 5-9 
Tables 3-4

1 kpc

Fig. 3. Strategy followed to assign emission to environments illustrated with NGC 3627. For the census of area, Mmol, and SFR as presented in
Sect. 4.1, we consider all the emission within the mask footprint of each environment (working at our native resolution of ∼1′′). For the analysis
presented in Sects. 4.2–4.4, we turn to measurements on kpc-sized hexagonal apertures, so that we implicitly average over the star-forming cycle
and SFRs are more robustly estimated.

Table 2. Distribution of area, molecular gas mass and SFRs across environments.

centre bar spiral interarm disc all
Area [kpc2] 92 (0.66 %) 1467 (10.5 %) 1495 (10.7 %) 4620 (33.0 %) 6296 (45.0 %) 13972 (100 %)
H2 mass [1010 M�] 2.32 (17.4 %) 2.64 (19.8 %) 2.45 (18.4 %) 2.25 (16.8 %) 3.66 (27.4 %) 13.3 (100 %)
SFR [M� yr−1] 23.9 (25.2 %) 15.6 (16.4 %) 15.6 (16.5 %) 13.1 (13.9 %) 26.2 (27.7 %) 94.6 (100 %)

Notes. These measurements integrate the area or flux across each environment for all PHANGS galaxies at the highest resolution available to us
(∼1′′) within the ALMA field of view. As explained in the text, the SFR budget is dominated by a few outliers, where AGN contamination might
also be an issue; excluding the four most star-forming galaxies, centres would contribute 11% of the total SFR instead of 25.2%.

ular gas and the narrow-band Hα maps described in Sect. 2.4
for the SFRs. As explained in Sect. 2.3, the ALMA field of
view represents the area where we expect to find most molecular
gas and star formation. Fig. 3 illustrates the strategy followed in
this subsection (contrasting it to the approach from the following
subsections), and Table 2 lists these measurements.

The stacked bar charts in Fig. 4 show how the integrated
molecular gas mass, SFRs and areas are split into environments.
We limit this comparison to pixels inside the ALMA field of
view, and consider the area in the plane of the galaxies (i.e.
corrected for inclination). The main contribution in terms of
total area across PHANGS comes from the interarm environ-
ment, closely followed by discs without spiral masks (mostly
multi-armed and flocculent spirals); when added up, these two
environments roughly cover 75% of the area across PHANGS
galaxies. Spiral arms, bars, and centres make up less than one
quarter of the total area spanned by PHANGS–ALMA. How-
ever, when we focus on the contribution to the molecular mass
or star formation, the view is quite different. Molecular gas mass
is quite evenly distributed among the environments that we con-
sider. Centres cover a very small area (0.7%), but their contri-
bution to the global molecular mass and star formation budget is
remarkably high. The contribution of centres to total SFR (26%)
is higher than their contribution to molecular gas mass (18%).

This is largely driven by a few starburst galaxies, where the cen-
tral SFR can exceed the total SFR from other entire galaxies (e.g.
Kennicutt 1998). If we exclude the four most extreme central
star-forming galaxies (NGC 1365, NGC 1672, NGC 2566 and
NGC 7496), in some of which AGN contamination might also be
an issue, the contribution of centres to the star formation budget
across the whole sample drops from 25.2% to 11%. However, if
we exclude those starburst galaxies, the molecular gas mass in
centres only drops from 17.4 to 11%, while the area decreases
from 0.66 to 0.6%. Apart from centres, the other four environ-
ments contribute a similar share of the integrated SFRs, in spite
of the significantly different area they cover. This immediately
points to the idea that the average surface densities in centres,
bars, and spiral arms must be higher than in interarm regions or
discs without spirals, as we show next.

In Appendix A we list measurements analogous to Table 2,
but restricted to the galaxies where ALMA covers a higher rela-
tive fraction of the galaxy discs (FoV > R25). This confirms that
the results in Table 2 and Fig. 4 are not strongly influenced by
differences in the ALMA coverage among galaxies.
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Table 3. Distribution of molecular gas surface density, SFR surface density, and depletion times across environments.

centre bar spiral interarm disc all

Σmol/(M� pc−2)
median 106.1+225.5

−82.97 11.51+27.45
−8.620 9.903+16.91

−6.637 4.492+6.079
−2.924 4.120+7.610

−2.631 5.001+10.57
−3.290

mean 159.4 20.92 14.97 6.589 6.671 10.03
weighted 340.8 56.14 29.82 14.66 15.15 59.26

ΣSFR/(M� yr−1 kpc−2)
median 0.0739+0.3406

−0.0592 0.0057+0.0171
−0.0045 0.0055+0.0100

−0.0037 0.0026+0.0034
−0.0016 0.0025+0.0052

−0.0015 0.0029+0.0061
−0.0018

mean 0.2079 0.0156 0.0094 0.0042 0.0046 0.0074
weighted 0.4956 0.0596 0.0198 0.0094 0.0108 0.0715

τdep/(Gyr)
median 1.177+0.650

−0.652 2.102+1.637
−1.041 1.788+1.038

−0.735 1.677+1.369
−0.872 1.565+1.245

−0.746 1.671+1.309
−0.824

mean 1.188 2.432 2.007 2.459 2.237 2.296
weighted 0.978 2.238 1.949 2.528 2.106 2.083

Notes. The measurements were performed in hexagonal apertures at kpc scales. The median and mean correspond to unweighted measurements
(the uncertainties list the difference between the median and the 16th and 84th percentiles), while the weighted measurements show the CO-
weighted averages.
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Fig. 4. Stacked bar charts showing the relative distribution of area, in-
tegrated molecular gas mass, and integrated star formation rates in each
of the environments that we consider in this paper and across the entire
PHANGS–ALMA sample of galaxies. These measurements consider
the full resolution of the data as explained in Sect. 4.1 and are limited
to the ALMA field of view.

4.2. Molecular gas and star formation rate surface density:
radial trends

Here we examine how local surface densities (of molecular gas
and SFR) vary from environment to environment. Instead of
using the high-resolution maps from Sect. 4.1, the subsequent
analysis is performed at kpc scales, which allows for more ro-
bust estimates of star formation rates; this approach is illustrated
in Fig. 3. We extracted measurements at the centre of each kpc-
scale hexagonal aperture from surface density maps at a common
physical resolution of 1.5 kpc (as explained in Sun et al. 2020a).
As described in Sect. 2.4, the SFR estimates combine GALEX
FUV and WISE 22 µm data to capture both the unobscured and
obscured star formation; the conversion from CO to molecular
gas mass relies on a radially varying prescription based on the
estimated local metallicity. All surface densities are expressed
in the plane of the galaxies, corrected for inclination.

Each of the hexagonal apertures, with a separation of 1 kpc
between adjacent centres, provides a data point to the plots that
follow. A given hexagonal aperture is assigned to one of the en-
vironments considered here (centre, bar, spiral, interarm, or disc
without spiral masks) if at least 80% of the CO emission and
SFR in the hexagon falls within the footprint of a given envi-
ronment (Fig. 3). In this sense, the aperture designation is flux-
weighted; for instance, a hexagonal aperture that overlaps 45%
in area with a spiral arm and 55% with interarm is assigned to
the spiral environment if 80% of the emission it captures actu-
ally arises from the spiral arm (when measured using the high-
resolution maps). In Appendix A we confirm that varying this
flux threshold between 70% and 90% does not strongly impact
our results. For this assignment purpose we use the maps at
native resolution in order to mitigate the potential dilution and
redistribution of flux among environments at lower resolution.
This means that not all 1 kpc measurements are included in the
plots; for instance, a hexagonal aperture where 60% of the flux
comes from a bar and 40% comes from the interarm is not as-
signed to any environments. Specifically, the 80% flux thresh-
old excludes 29% of the hexagonal apertures. This strategy en-
sures that we plot only the measurements that are reliably asso-
ciated with a single environment and avoid those that are mixed.
The following plots also consider the normalised radius for each
aperture, normalised by R25 (the semi-major axis of the B-band
25 mag arcsec−2 isophote). For the centre masks, we use instead
the CO-weighted mean galactocentric radius (in order to avoid
log(R = 0)).

Figure 5 clearly highlights how centres harbour the highest
molecular gas and SFR surface densities in PHANGS. The range
of observed SFRs in the centres is slightly larger than the dy-
namic range in molecular gas surface density, pointing to varia-
tions in SFE in centres. This is not surprising, as some centres
are starbursts while others are relatively quiescent, in spite of
having large molecular gas surface densities.

Beyond centres, there is some trend for lower gas surface
densities at larger radii, particularly in bars. However, even at
fixed normalised radius, surface densities span up to 2−3 dex,
which highlights the huge diversity within and among galaxies.
In other words, molecular gas surface densities do not always
scale analogously with radius, and can be strongly affected by
local environmental conditions (e.g. Querejeta et al. 2019). The
most obvious additional factor driving the spread in molecular
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Fig. 5. Molecular gas and star formation rate surface densities as a function of galactocentric radius (normalised to R25) for kpc-scale mea-
surements across the PHANGS–ALMA sample of galaxies. The colours correspond to the different environments that we analyse in this paper.
For clarity, the middle and right panels display alternative versions of the plots showing contours of data point density for different environments,
highlighting their relative offsets (contours encompass 30%, 50%, and 80% of all data points in each category).

gas and SFR surface density at fixed radius is stellar surface
density. This quantity shows a strong correlation with both the
molecular gas distribution and the SFR (e.g. Regan et al. 2001;
Wong & Blitz 2002; Leroy et al. 2008; Barrera-Ballesteros et al.
2021; Pessa et al. 2021) that has been described as a pressure–
molecular gas correlation (e.g. Wong & Blitz 2002; Blitz &
Rosolowsky 2006; Leroy et al. 2008), an extended star formation
relation (Dopita et al. 1993; Shi et al. 2011; Sánchez et al. 2021),
or a resolved star-forming main sequence (Lin et al. 2019).

The clouds of points corresponding to spiral arms, interarm
regions, and discs without spiral masks largely overlap in the
plane of ΣCO (or ΣSFR) versus normalised radius. Interestingly,
the surface densities in spiral arms are comparable to those in
bars, despite being located at larger radii. If we compare spiral
arm and interarm environments, there is a subtle but noticeable
bulk vertical offset, implying that spiral arms have on average
higher molecular gas and SFR surface densities. The centroids of
the innermost contours are displaced vertically by 0.3−0.4 dex,
which results in median surface densities that are roughly a fac-
tor of two higher in spiral arms than in the interarm environment
(see also Fig. 6 below). This was shown by Sun et al. (2020b)
for PHANGS data on cloud-scales and we further quantify it at
kpc scales in Sect. 4.4. In any case, the overlap between spi-
rals and interarm is large, which means that we can very often

find some surface densities in the interarm environment which
are higher than other spiral arm surface densities at a given nor-
malised radius (see also Vlahakis et al. 2013, for a study of the
radial variation of arm and interarm molecular gas surface densi-
ties in M51). Even if we consider a fixed normalised radius, we
are looking at a mix of sight lines from vastly different kinds of
galaxies, which cover a wide range of stellar masses and Hubble
types.

4.3. Surface densities and depletion time across
environments

In Figure 6 we use violin plots to visualise the distribution across
environments of surface densities and depletion time (τdep =
Σmol/ΣSFR, which is the inverse of the star formation efficiency,
SFE = 1/τdep). We only consider measurements from apertures
with simultaneous detections in Σmol and ΣSFR, to ensure that
we are consistently comparing the same sets of sight lines in
the three panels. Centres clearly stand out as the environments
with the largest average molecular gas and SFR surface densi-
ties; bars and spirals tend to harbour slightly higher surface den-
sities than other environments, but the differences become more
subtle. In spite of the large variation in median surface den-
sity among environments, the range of median depletion times
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Fig. 6. Violin plots showing the distribution of molecular gas and star formation rate surface densities measured in 1 kpc apertures, as well as the
resulting depletion times (τdep = Σmol/ΣSFR). The different colours indicate the range of environments that we examine in this paper. The numbers
on top of the violin plots indicate the median value in linear scale. The thick black bar inside each violin plot shows the interquartile range, the
white dot indicates the median, and the thin black lines show the span of data points beyond the black bar that lie within 1.5 times the interquartile
range.

is quite small (1.18 to 2.10 Gyr). Centres have the shortest de-
pletion times (i.e. they are more efficient at forming stars), with
a median of 1.2 Gyr, while bars have the longest depletion times
(median of 2.1 Gyr). The other environments have intermediate
depletion times (median of ∼1.6−1.8 Gyr). The shorter deple-
tion times found in centres are consistent with previous findings
in M51 (Leroy et al. 2017).

Table 3 lists the medians and scatter in the distributions
shown in Fig. 6. Additionally, it also lists the means and the
CO-weighted averages. The violin plots show the unweighted
distributions, considering all sight lines equally (i.e. weighting
by area), which tells us about the typical expectation if we look at
a random location within each of these environments. Weighting
the kpc-size apertures by their molecular gas content captures the
properties and depletion times that we can expect if we randomly
pick up a molecular cloud in each of these environments. The
unweighted mean for the molecular gas and SFR surface density
is always higher than the median, implying that the distributions
are skewed towards high values; this is not surprising, as there
are substantial local enhancements in the surface densities and
this is also the expectation for gas in a lognormal distribution.
The mean surface densities become even higher if we weight by
CO, which is expected by construction for molecular gas, and
indirectly for star formation, since it follows molecular gas to
first order. Weighted by CO, the characteristic depletion times
tend to be slightly longer.

Finally, we examine the relation between molecular and SFR
surface densities, known as the molecular Kennicutt–Schmidt
relation (Schmidt 1959; Kennicutt 1998). Fig. 7 shows this re-
lation colour-coded by environment, and including the best-fit
power-law regressions to the data using a bisector fit. The slopes
and intercepts that we find for the different environments are
listed in Table 4, relative to the same units as Fig. 7, that is,
log(ΣSFR/[M� yr−1 kpc−2]) = M + N log(Σmol/[M� pc−2]). The
slope for centres appears steeper, but all environments have val-
ues consistent with each other within their uncertainties. Table 4
confirms that there are some differences in the slopes (and in-
tercepts) depending on the adopted αCO prescription; the centre
environment is most sensitive to the choice of αCO. A constant
Galactic conversion factor results in fairly similar slopes and in-

tercepts, with differences of at most a few percent. Adopting the
B13 prescription for αCO that explicitly depends on CO inten-
sity (see Sun et al. 2020a, for details) yields larger departures,
with a slope as high as N = 1.43 (but also with a larger uncer-
tainty) for all PHANGS sight lines. In the Appendix, Fig. A.1
shows alternative plots to Fig. 7 using these different conversion
factors.

In any case, for our preferred PHANGS αCO approach, the
slopes for all of the environments are compatible with a linear
relation within the uncertainties of the fits (within 1σ, except for
the interarm fit, where the offset is 1.6σ). The slope fitted to
all the PHANGS data points together is close to 1 (N = 0.97 ±
0.06). This agrees with previous findings, where the molecular
Kennicutt–Schmidt relation was found to be more linear than
the atomic version; for instance, Bigiel et al. (2008) found N =
1.01 from a combined analysis of a large number of sight lines
from the HERACLES survey (Leroy et al. 2009); Leroy et al.
(2013) further refined these calculations, highlighting the role of
the αCO conversion factor, and consistently find a slope of N ≈
1.0 in agreement with ours. Previous studies based on different
surveys also recover an approximately linear relation between
molecular gas and SFR surface density (e.g. Blanc et al. 2009;
Schruba et al. 2011; Bolatto et al. 2017; Leroy et al. 2017; de
los Reyes & Kennicutt 2019; Dey et al. 2019; Lin et al. 2019;
Ellison et al. 2021; Leroy et al. 2021b). Yet, we warn that the
precise slope of the Kennicutt-Schmidt relation is sensitive to the
masking and sampling scheme followed, as measurements at low
signal-to-noise regions can affect the slope. Thus, comparisons
among surveys must be done with caution.

We also measure the median vertical offset of each envi-
ronment with respect to the global fit to all data points in the
Kennicutt–Schmidt plane. While τdep variations may capture
the key physical quantity, these offsets from an overall scal-
ing remove any zeroth-order dependence of τdep on gas surface
density. The standard deviation in log(ΣSFR) at fixed molec-
ular gas surface density is fairly similar among environments
(0.24−0.35 dex), but there are bulk differences ranging from
a median offset of −0.11 dex for bars and spiral arms, up to
+0.23 dex for centres (interarm and discs without spiral masks
have smaller offsets, −0.06 and 0.06, respectively). This means
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Fig. 7. Molecular Kennicutt–Schmidt relation for kpc-scale measurements across the PHANGS–ALMA sample of galaxies. The straight colour
lines represent the best bisector fit to the data for each environment (for reference, the black dotted line represents the fit to all the data). For
clarity, the various panels show the same plot with data point density contours for each environment and the corresponding bisector fit (contours
encompass 30%, 50%, and 80% of all data points in each category).

that centres tend to have shorter depletion times (as seen in
Fig. 6).

4.4. Surface density contrasts within a given galaxy

In the previous subsections we plotted together kpc-scale mea-
surements arising from potentially very different galaxies, thus
contrasting not only environments within a given galaxy, but also
among galaxies. This highlights the diversity in molecular gas
properties and its ability to form stars in analogous stellar struc-
tures in different galaxies. Now, we pose a related but slightly
different question: ‘Within a given galaxy, do surface densities
and depletion times differ among environments?’

Figure 8 shows the distribution of surface density contrast
within each of the galaxies in pairs of environments. For the arm
to interarm contrast, we restricted this ratio to the galactocentric
radii spanned by the spiral arms in our masks. For each galaxy,
we calculated the mean surface density in each environment and
defined the contrast as the ratio of those mean surface densi-
ties. This yields a single number for each contrast per galaxy.
By examining contrast ratios within galaxies, we avoid being bi-
ased by galaxy-to-galaxy differences driven by large-scale prop-
erties; for instance, it is known that galaxies with higher stellar
masses tend to have larger global molecular gas and SFR surface
densities (e.g. Daddi et al. 2007; Leroy et al. 2008; Elbaz et al.
2011; Saintonge et al. 2016). By focusing on ratios within each

galaxy, we are implicitly normalising for galaxy-to-galaxy bulk
offsets. For an alternative approach to density contrasts within
PHANGS, independent from the environmental masks, we refer
the reader to Meidt et al. (2021).

As expected, the arm/interarm ratio of molecular gas and
SFR surface densities tends to be greater than 1, with a me-
dian value of 2.78 and 2.47, respectively. These two distribu-
tions show a wide range from ∼1 to ∼10, and they combine to
yield an average arm/interarm ratio of depletion times that can
be above or below unity, with a median factor 1.25. This sug-
gests that in some PHANGS galaxies the spiral arms form stars
more efficiently, while in other cases it is the interarm where
star formation is on average more efficient. In any case, deple-
tion times in arm and interarm are typically comparable within a
given galaxy. We emphasise that our spiral masks are quite wide
(typically 1−2 kpc), in order to accommodate for the small local
departures from an ideal log-spiral function (e.g. spurs, etc.); a
more restrictive mask based on high CO emission along the arm
could result in a higher contrast. We also recall that we are per-
forming measurements at kpc-resolution, but the contrast might
be resolution-dependent.

Figure 8 clearly illustrates how centres harbour significantly
higher surface densities than bars, and both centres and bars tend
to have substantially higher surface densities than the disc be-
yond centre and bar (i.e. including spiral arms, interarm, and
discs without spiral masks). This is expected as a result of the
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Table 4. Bisector fits to molecular Kennicutt–Schmidt relation for the different αCO prescriptions.

PHANGS αCO Constant αCO N12 αCO B13 αCO

Centre
slope 1.37 ± 0.96 1.35 ± 0.99 1.82 ± 1.81 1.75 ± 3.65
intercept -3.61 ± 0.18 -3.81 ± 0.19 -4.47 ± 0.27 -3.50 ± 0.51
Spearman ρ 0.87 0.87 0.78 0.19

Bar
slope 0.93 ± 0.16 0.88 ± 0.15 1.04 ± 0.25 1.46 ± 0.68
intercept -3.02 ± 0.03 -2.97 ± 0.03 -3.39 ± 0.04 -3.93 ± 0.08
Spearman ρ 0.88 0.88 0.87 0.72

Spiral
slope 1.08 ± 0.17 1.03 ± 0.17 1.30 ± 0.33 1.99 ± 1.25
intercept -3.17 ± 0.03 -3.22 ± 0.03 -3.80 ± 0.05 -4.52 ± 0.13
Spearman ρ 0.89 0.88 0.86 0.72

Interarm
slope 0.84 ± 0.10 0.79 ± 0.09 0.91 ± 0.18 1.26 ± 0.42
intercept -2.91 ± 0.02 -2.87 ± 0.02 -3.25 ± 0.03 -3.82 ± 0.06
Spearman ρ 0.72 0.77 0.79 0.65

Disc
slope 1.06 ± 0.10 0.99 ± 0.09 1.18 ± 0.18 1.43 ± 0.43
intercept -2.98 ± 0.02 -2.90 ± 0.01 -3.37 ± 0.03 -3.73 ± 0.05
Spearman ρ 0.74 0.71 0.72 0.43

All
slope 0.97 ± 0.06 0.90 ± 0.05 1.10 ± 0.10 1.43 ± 0.27
intercept -2.98 ± 0.01 -2.92 ± 0.01 -3.38 ± 0.02 -3.86 ± 0.04
Spearman ρ 0.79 0.78 0.78 0.54

Notes. The p-values of the Spearman rank correlation coefficients (ρ) shown in this table are very low (always <1%), suggesting that the correla-
tions are significant (except for centres with B13 prescription, p-value=0.44).

radial trend in surface density, given that molecular gas typically
follows a roughly exponential radial profile in disc galaxies (e.g.
Regan et al. 2001; Leroy et al. 2008; Schruba et al. 2011), and
star formation closely follows molecular gas. There are a few ex-
ceptions where the disc has higher mean surface densities than
the bar, but these are cases where ALMA has a limited coverage
beyond the bar, so that the interarm measurements mostly come
from galactocentric radii similar to the bar.

For centres, the molecular gas and SFR surface density are
between a few times and a few ten times higher than in the
bar. This results in depletion times that are most of the times
shorter for centres than for bars, with a median ratio of 0.68.
The shorter depletion times agree with the measurements from
Leroy et al. (2013) in HERACLES, who identify enhanced ef-
ficiency in galaxy centres, as well as significant scatter among
kpc-sized apertures (see their Fig. 13); it also agrees with mea-
surements in the Galactic centre (Longmore et al. 2013; Krui-
jssen et al. 2014). When comparing bar to discs, we find ratios
of depletion times that are both above and below unity, empha-
sising galaxy-to-galaxy diversity, even though we are contrast-
ing the same pairs of environments. The median ratios suggest
slightly longer depletion times in bars than in discs and slightly
shorter depletion times in the centres than in discs, but again with
many exceptions.

5. Discussion

Molecular gas and star formation in the PHANGS sample are
quite evenly distributed across the five environments that we
considered: centres, bars, spiral arms, interarm, and discs with-
out spiral masks. This is in stark contrast with the area covered
by these environments, which is tiny for centres (0.7% of total),
whereas the combined interarm and discs without spiral masks
make up 78% of the area across the PHANGS sample. This dif-
ference between area and molecular gas or SFR agrees with the
expectation that certain stellar structures, such as spiral arms,

tend to pile up gas, which also results in higher star formation
rates without changing the molecular gas depletion time.

5.1. Depletion time

We find a strong correlation between molecular gas and SFR
surface densities, with a global slope of N = 0.97, and sim-
ilar slopes among environments, but with a slight offset to-
wards higher SFR surface densities at fixed molecular surface
density for centres (median τdep = 1.2 Gyr), and an offset to-
wards slightly lower SFR surface densities for bars (median
τdep = 2.1 Gyr). This is in agreement with Leroy et al. (2013)
and many subsequent studies, who find a tight correlation be-
tween molecular gas and SFR surface densities in the HERA-
CLES survey (Leroy et al. 2009), well described by a power-law
with slope N = 1. This implies that molecular gas forms stars
at a roughly constant efficiency across the discs of nearby galax-
ies close to the main sequence. Saintonge et al. (2011) find a
mean molecular gas depletion timescale of ∼1 Gyr across the
COLD GASS sample (confirmed with a more complete sam-
ple in Saintonge et al. 2017), and unveiled a trend with stellar
mass, from ∼0.5 Gyr for galaxies with stellar mass ∼1010 M� to
∼3 Gyr for galaxies with masses of a few 1011 M�. The median
stellar mass in our sample is 2.2× 1010 M�; for that stellar mass,
we would expect a depletion time of ∼1 Gyr based on Saintonge
et al. (2011). Therefore, our median depletion time of 1.4 Gyr is
slightly longer than this, but in reasonable agreement given the
large scatter in the data (see also Fig. 1 in Leroy et al. 2021b).

The shorter median depletion times that we find in centres
(particularly in the weighted mean) are likely a genuine effect,
since a few galaxies in the sample contribute an outstandingly
large share of SFR at the centre (as we commented in Sect. 4.1).
In any case, it is worth emphasising that the choice of αCO con-
version factor, as well as SFR tracers, can especially affect the
measurements for centres (see also Pessa et al. 2021 on the im-
pact of αCO and diffuse ionised gas on the Kennicutt–Schmidt
and other scaling relations). On the other hand, the slightly
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Fig. 8. Violin plots showing the distribution of contrasts between different pairs of environments in terms of mean molecular gas surface density
(blue), star formation rate surface density (orange), as well as depletion time (green). These contrasts are calculated within each galaxy (when the
pair of structures exists) and each contrast results in a data point, plotted as a black circle. We consider the ratios between spiral arms and interarm
(top left); bar and disc (top right), where discs include spiral arms, interarm regions, and discs without spiral masks; centre and bar (bottom left);
and centre and disc (bottom right), again including spirals, interarm, and discs without spiral masks. The numbers under the violin plots indicate
the median ratio in linear scale. The black dots show the distribution of the ratios; an arbitrary offset is introduced in the horizontal axis to improve
visibility.

longer median depletion times in spiral arms than in discs with-
out spiral masks could be attributed to a selection effect: more
massive galaxies tend to have better delineated spirals, and more
massive galaxies tend to have longer depletion times, too (Sain-
tonge et al. 2011). Indeed, PHANGS galaxies with spiral masks
have a few times higher stellar masses (median 3.6 × 1010 M�)
than discs without spiral masks (median 1.0 × 1010 M�).

To avoid being biased by differences due to large-scale
galaxy properties, such as the one that we just commented on,
next we focus on relative differences among environments within
individual galaxies. Specifically, we discuss the implications of
our findings for spiral arms, bars and centres.

5.2. Spiral arms

In optical images, spiral arms stand out due to the presence of
bright young stars, and they also map to a local accumulation of
gas. However, the long-standing question remains as to whether
spiral arms form stars more efficiently. The question dates back

to Elmegreen & Elmegreen (1985). There are theoretical rea-
sons to expect star formation to proceed more efficiently in spi-
ral arms, because the potential well of the arm can create a shock
that compresses gas and thus enhances star formation (Roberts
1969; Roberts et al. 1975; Gittins & Clarke 2004). Star forma-
tion has also been argued to proceed more efficiently in spiral
arms as the result of gravitational instabilities due to reduced
shear (e.g. Elmegreen 1987, 1993; Kim & Ostriker 2002). This
should be applicable to grand-design spirals, but not as much to
flocculent galaxies, and therefore differences could be expected
among these two kinds of galaxies. But do spiral arms really
trigger enhanced star formation?

First of all, our results confirm that spiral arms play a role
in accumulating gas locally and thus star formation. We find
that spiral arms have typically 2 times higher molecular gas and
SFR surface densities than the interarm (with a wide range of en-
hancements from less than a factor of 2 up to a factor of ∼10 in
linear scale). This agrees with results from the literature, where
typical gas surface densities were found to be a few times higher

Article number, page 15 of 28



in spiral arms than interarm regions (e.g. Vogel et al. 1988;
Garcia-Burillo et al. 1993; Nakanishi & Sofue 2003; Hitschfeld
et al. 2009; Sun et al. 2020b). Following an alternative approach
to define azimuthal density contrasts in PHANGS, Meidt et al.
(2021) show that there is a correlation between the arm/interarm
contrasts in molecular gas and stellar mass, consistent with the
expectation from compression driven by large-scale dynamical
structures (such as spiral arms and bars).

Despite the locally enhanced molecular and SFR surface
densities, the overall contribution of arm and interarm to inte-
grated molecular gas mass and SFR is quite similar (Fig. 4),
even though this ultimately depends on the exact definition of
the arm masks. According to our results, one cannot claim that
star formation in spiral galaxies takes place predominantly in
spiral arms or that molecular gas resides mostly in spiral arms.
This is something that has been highlighted in a few galaxies be-
fore (e.g. Foyle et al. 2010); our results confirm and quantify this
with a larger sample.

Some observations have found increased star formation ef-
ficiency in spiral arms by a factor of ∼2−3 relative to the inter-
arm (Lord 1987; Vogel et al. 1988; Lord & Young 1990; Knapen
& Beckman 1996). However, other studies have questioned
this view: Foyle et al. (2010) concluded that the enhancement
in star formation efficiency in two grand-design and one floc-
culent galaxy must be very modest, if any (below 10%). Re-
bolledo et al. (2012) find a generally flat star formation effi-
ciency across spiral arms and the interarm in NGC 6946, even
though a few specific spiral arm regions appear to have higher
efficiency than other arm or interarm structures; a similar con-
clusion was reached by Henry et al. (2003) for M51 (see also
Querejeta et al. 2019). Kreckel et al. (2016) also confirmed with
higher-resolution data that there are no significant differences in
the molecular gas depletion times between arm and interarm in
NGC 628. Using COLD GASS and HERACLES data, Huang &
Kauffmann (2014) show that τdep has a primary dependence on
specific SFR (both on integrated galaxy scales and for kpc-sized
disc apertures). Huang & Kauffmann (2015) further show that, at
fixed specific SFR, τdep tends to be relatively longer for galaxies
with spiral arms. Yet, spiral arms span a wide range of molecular
gas depletion times, with a large overlap among different stel-
lar structures. These findings from Huang & Kauffmann (2015)
broadly agree with our results and highlight the diverse range
of conditions for similar morphological features across nearby
galaxies. This could partially stem from the fact that we observe
different galaxies at different evolutionary stages, in addition to
intrinsic structural differences.

Milky Way studies have also reached similar conclusions:
Eden et al. (2013), Ragan et al. (2018) and Urquhart et al. (2020)
do not find evidence for enhanced star formation efficiency in
Galactic spiral arms. More specifically, observations do not sup-
port a strong connection between shear and star formation effi-
ciency in the Milky Way and M51 (Dib et al. 2012; Meidt et al.
2013); therefore, we should not necessarily expect increased ef-
ficiencies in spiral arms.

In this context, our results confirm that, globally, spiral arms
do not result in shorter depletion times (Fig. 8). However, this
does not mean that depletion times are always identical in the
arm and interarm; as a matter of fact, in some cases the deple-
tion times are longer in spiral arms and in some other cases they
are shorter. These fluctuations in arm/interarm depletion times
are typically within a factor of 2 above or below unity, with a
median centred at 1.25. It is possible to find individual cases of
shorter depletion times in spiral arms, in agreement with some
studies from the literature, but there are more cases where the

efficiency is actually lower in spiral arms. So far, these kinds
of measurements have been considered in individual case stud-
ies, but here we confirm with a much larger sample that spiral
arms on kpc scales do not typically enhance the star formation
efficiency relative to the interarm. Our findings confirm the idea
that spiral arms act to accumulate gas and star formation, but do
not on average trigger more efficient star formation.

Simulations essentially agree with what we find observation-
ally. Bonnell et al. (2006), Dobbs & Pringle (2009), and Dobbs
et al. (2011) used hydrodynamical simulations of a galaxy to
show that, while molecular gas tends to accumulate in spiral
arms, producing more massive GMCs, these do not result in an
enhanced star formation efficiency. The higher velocity disper-
sion of these structures makes them less susceptible to collapse,
and far from triggering star formation, spiral arms simply play
the role of piling up the gas (and therefore star formation), with-
out increasing the efficiency at which the gas forms new stars
(see also e.g. Kim et al. 2020; Tress et al. 2020a). Semenov et al.
(2017) also studied how gas cools but simultaneously increases
its velocity dispersion as it enters a spiral arm, and these two
counter-balancing effects can result in a similar depletion time
between arm and interarm.

One can also wonder if flocculent discs behave differently
from stronger (typically grand-design) spirals. Bigiel et al.
(2008) and Leroy et al. (2008) did not find important differences
in the star formation efficiency of strongly armed spirals as op-
posed to weakly armed spirals. Similarly, Foyle et al. (2010) did
not find significant differences between two grand-design and
one flocculent spiral that they examined; the simulations of Tress
et al. (2020a) also point to comparable star formation efficiency
in a grand-design and a flocculent spiral disc. In our study, Fig. 6
could convey the impression that galaxies with spiral masks (pre-
dominantly grand-design) and the rest of discs (closer to floccu-
lent) behave slightly differently but, as we discussed above, this
is likely a trend driven by stellar mass. This emphasises that one
has to be careful when contrasting environments from different
galaxies.

Our spiral masks are relatively broad by construction (with a
typical width of 1−2 kpc), as our goal is that they encompass
the different tracers that we are interested in (NIR, CO, Hα,
etc.), and accommodate local irregularities relative to a log-spiral
curve, such as spurs. Therefore, a more restrictive definition of
the spiral arm width, following the high surface density ridge of
molecular gas, would naturally result in a higher arm/interarm
ratio for the gas surface density (and possibly star formation).
However, when it comes to depletion times, if they are intrinsi-
cally shorter in the spiral arm than interarm, we do not expect
a spiral mask that is slightly too broad to invert this trend: the
presence of some interarm within the spiral mask could slightly
dilute the shorter depletion times in the arm, but on average they
should still remain shorter than in the interarm. Since we observe
the opposite, with most of our galaxies displaying longer deple-
tion times in the arm, we conclude that our conservatively wide
spiral masks should not affect this conclusion. It is also worth
mentioning that offsets among different tracers are expected in
spiral arms (e.g. Schinnerer et al. 2013; Vlahakis et al. 2013;
Kreckel et al. 2016; Chandar et al. 2017; Egusa et al. 2017), and
this can compromise the measured star formation efficiency lo-
cally for a given position. If arms trigger a time sequence, one
can expect regions of high apparent efficiency where star forma-
tion concentrates. Our measurements intentionally average over
kpc-sized hexagonal apertures in order to minimise such local
biases (azimuthal offsets are typically smaller than 1 kpc), but
this information can be useful in other contexts.
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5.3. Bars

A number of observations support the idea that star formation is
suppressed in strong bars (e.g. James et al. 2009; Momose et al.
2010; Hirota et al. 2014; Hakobyan et al. 2016). Numerical sim-
ulations have also found suppression of star formation along bars
(e.g. Tubbs 1982; Athanassoula 1992b; Emsellem et al. 2015;
Spinoso et al. 2017), suggesting as possible mechanisms for this
effect a combination of the bar quickly funnelling gas towards
the centre (removing the fuel for star formation) and strong shear
making the gas less prone to form stars.

PHANGS provides a homogeneous census of molecular gas
and star formation across a representative sample of local barred
galaxies. Our results suggest that bars are not quiescent struc-
tures devoid of molecular gas; in fact, we find that molecular
gas and SFR surface densities in bars are typically higher than
in the disc (or interarm) and comparable to spiral arms. Deple-
tion times in bars are also comparable to spiral arms or interarm.
The distribution of surface densities is broad, with a range of
values that suggests large diversity within individual bars and
also among galaxies. Using COLD GASS and HERACLES ob-
servations, Huang & Kauffmann (2015) demonstrate that barred
galaxies tend to have shorter molecular gas depletion times at
fixed specific SFR than galaxies without bars, but barred regions
show a wide range of values spanning more than a factor of 10.
Indeed, in our observations, one can also find apertures within
bars where star formation is suppressed, but also other locations
where star formation is enhanced. Indeed, it is known that bar
ends can host significant and efficient star formation, and bar
ends are included within our bar masks (e.g. Kenney & Lord
1991; Martin & Friedli 1997; Beuther et al. 2017). Converging
flows and cloud-cloud collisions have been suggested as possi-
ble triggers of star formation in bar ends (Loren 1976; Tan 2000;
Furukawa et al. 2009; Tasker & Tan 2009; Inoue & Fukui 2013;
Renaud et al. 2015) and even along the bar (Sormani et al. 2020;
Tress et al. 2020b). The star formation distribution in bars seems
to depend on host galaxy morphology, with late-type, gas-rich
galaxies showing more extended star formation along the bar,
possibly as a result of decreased shear (Díaz-García et al. 2020).

While Fig. 6 plots together sight lines from different galax-
ies, Fig. 8 confirms that the high surface density in bars relative
to the disc or interarm environment is not a false impression due
to mixing sight lines across galaxies; when we compute the ratio
of surface densities within individual galaxies we also find that
bars nearly always harbour higher surface densities than the disc
beyond the bar. These high surface density bars represent an
important contribution to the high overall gas surface densities
seen in the inner parts compared to the outer parts of galaxies,
and may largely reflect the overall exponential appearance of gas
discs (e.g. Leroy et al. 2008). It is also worth emphasising that
the magnitude of the bar/disc or centre/disc contrast depends on
the ALMA field of view: if the ALMA coverage extends further
out, the average surface density of the disc will drop, making
the corresponding ratio higher. In any case, the depletion time
circumvents this issue, as it considers the ratio of molecular gas
and SFR surface densities, implicitly normalising for any com-
mon basic radial trend in surface densities. Thus, the comparable
depletion times in bars and discs or interarm confirms that, on
average, molecular gas is not systematically forming stars less
efficiently in the bar environment. This result may have been
unexpected, given the widespread literature claiming that bars
are star formation deserts; our results suggest that bars are com-
plex sites where processes resulting both in relatively strong and
feeble star formation are at play.

For each barred galaxy, we computed the CO-weighted aver-
age galactocentric radius inside the bar footprint (excluding cen-
tres), normalised to the bar length, and found values typically
ranging RCO-weighted/Rbar ∼ 0.4−0.7, with a few outliers around
0.9 or higher. This means that most of the cold gas in our sam-
ple is not sitting at the bar ends, and rather distributed across
the entire bar. Indeed, the expectation for relatively enhanced or
suppressed star formation in bars will likely depend on where the
bulk of molecular gas is located (high SFE in bar ends, low SFE
along dust lanes). This measurement of the CO-weighted radius
tells us that the PHANGS sample contains galaxies with gas lo-
cated throughout the bar, and this helps explain the diversity in
observed SFEs. As shown by Neumann et al. (2019), galaxies
of a given Hubble type can host both star-forming and non-star-
forming bars. Globally, these findings suggest that, rather than
static stellar structures that quickly funnel gas towards centres,
bars typically keep growing in stellar mass as the molecular gas
that they harbour forms new stars. This process sustained in
time agrees with the findings for relatively extended star forma-
tion histories in bars and barlenses (e.g. Laurikainen et al. 2018;
Gadotti et al. 2019; Neumann et al. 2019, 2020). In any case, our
results call for more detailed studies of bars within PHANGS.

5.4. Centres

Early studies already reported higher molecular gas masses and
associated gas mass surface densities in the central kpc of barred
galaxies compared to those of unbarred ones (Sakamoto et al.
1999; Jogee et al. 2005; Sheth et al. 2005; Kuno et al. 2007). A
similar enhancement has also been observed in our Milky Way
centre (Oka et al. 2001; Henshaw et al. 2016). Recently, Sun
et al. (2018, 2020b) showed that the centres of barred galaxies
in PHANGS harbour exceptionally high molecular gas surface
density and velocity dispersion at ∼100 pc scales. The former
is attributable to the large-scale, bar-driven inflow; the latter is
hypothesised to stem from inflow or unresolved orbital motions
as well as the stronger local star formation feedback. These
higher gas masses or surface densities are often accompanied
by higher SFR surface densities as traced by high resolution Hα
imaging and/or imaging spectroscopy (Jogee et al. 2005; Chown
et al. 2019). This difference in SFR between galaxy centres and
galactic discs is also consistent with the findings from radio con-
tinuum imaging by the Star Formation in Radio Survey (SFRS:
Murphy et al. 2012) which is insensitive to attenuation effects,
and which suggest that circumnuclear star formation is charac-
terised by a more extended or continuous star formation history
compared to the younger and more transient star formation oc-
curring in galaxy discs (Murphy et al. 2011, 2018; Linden et al.
2020). Our measurements confirm remarkably high surface den-
sities in centres at kpc scales, up to Σmol ∼ 1000 M� pc−2 and
ΣSFR ∼ 1 M� yr−1 kpc−2. Compared to other environments, the
typical molecular gas and SFR surface densities in centres are
between 10 and 100 times higher. However, it is possible to find
centres with surface densities lower than those of spirals or discs.
This highlights the importance of morphology or galactic envi-
ronment (e.g. bulges, bars) in gas organisation and other global
host galaxy properties such as stellar mass (e.g. Bolatto et al.
2017; Sun et al. 2020b).

If we focus on depletion times, we find that not all centres
are equally efficient at forming stars. The distribution is very
broad and strongly overlaps with other environments, implying
that central depletion times can be a few times shorter or longer
than in other environments. This highlights again the wide range
of conditions and star formation efficiency in centres and agrees
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with previous studies (e.g. Leroy et al. 2013; Utomo et al. 2018).
The median depletion time that we find across PHANGS centres
(1.2 Gyr) is slightly longer than measurements in the Galactic
centre (∼0.6 Gyr; Longmore et al. 2013; Kruijssen et al. 2014).
We caution again regarding the comparison of different galaxies,
which is why a ratio of depletion times in centres to discs might
be more meaningful; this ratio is often (but now always) below
unity, with a median 0.82. Based on observations from HERA-
CLES, Leroy et al. (2013) find a median central-to-disc τdep ratio
of 0.6 with 0.35 dex scatter for a spatially varying αCO conver-
sion factor (similar to our fiducial choice of αCO here), which
goes in line with our results.

In Figure 9 we consider whether centres of barred galaxies
have intrinsically different properties from centres of unbarred
galaxies, relative to the outer discs. The most striking feature is
that barred galaxies show more elevated surface densities, with
a markedly wider distribution (the standard deviations in linear
scale are 122 versus 2.4 and 176 versus 2.9, for Σmol and ΣSFR in
barred and unbarred galaxies, respectively). Despite this remark-
able difference, the median ratios of depletion times are very
similar (0.82 and 0.75 for barred and unbarred galaxies, respec-
tively); the distribution of depletion times is slightly wider in
barred galaxies (standard deviation of 1.12 versus 0.34), but the
difference is nowhere as extreme as for surface densities. Here,
we consider a central measurement for all galaxies, either the en-
tire ‘centre’ mask, or the kpc-sized hexagonal aperture at R = 0
for all the galaxies without an explicit ‘centre’ mask. We do
this in order to avoid being biased towards galaxies with central
(often bar-driven) structures. As the outer reference for the ra-
tio, we consider either discs without spiral masks or spirals plus
interarm.

The large difference in the scatter of Σmol and ΣSFR (and, to
a lesser extent, τdep) is in line with the findings from Kuno et al.
(2007) and Sun et al. (2020b), who show that centres of barred
galaxies behave very differently from the centres of unbarred
galaxies in terms of surface densities and velocity dispersion.
The higher dispersion in centres of barred galaxies is expected
on theoretical grounds, as bars tend to funnel gas episodically
to the centre, and it cycles through bursts of star formation and
more quiescent phases (e.g. Seo & Kim 2013; Kruijssen et al.
2014; Krumholz et al. 2017; Sormani et al. 2020). This could ex-
plain the diversity that we observe. By comparison, the centres
of unbarred galaxies are presumably more uniform and stable as
a function of time, as there is generally not such a strong driver of
(intermittent) gas inflow towards the centre (e.g. García-Burillo
et al. 2005; Haan et al. 2009). Thus, on average, the bar-driven
inflows do not seem to enhance the star formation efficiency per-
manently, but rather trigger intermittent fluctuations (both up and
down) in the depletion time. These fluctuations could be driven
indirectly by bar-built structures such as dust lanes and nuclear
rings, as they evolve with time.

Centres are dynamically complex regions characterised by
high shear. Yet, for a given star formation threshold, we can
expect the gas that reaches higher densities to be more strongly
self-gravitating and thus presumably more efficiently at forming
stars (Meidt et al. 2018, 2020; Kruijssen et al. 2019). Specifi-
cally, gas in a compact nuclear ring is more likely to be forming
stars than gas that is more uniformly distributed, at lower den-
sities. Our kpc-scale measurements average out many of these
small-scale effects, but we plan to revisit this topic in detail in
future PHANGS publications. Indeed, centres are a mixed bag
with potentially very different sub-structures that can only be re-
solved at high resolution.

6. Summary and conclusions

We present a catalogue of two-dimensional masks for PHANGS
galaxies delimiting different morphological environments. The
masks are based on Spitzer 3.6 µm emission, and they iden-
tify stellar structures such as discs, bulges, bars, spiral arms,
rings and lenses (Fig. 1 shows some examples). We mostly rely
on archival Spitzer imaging (largely from the S4G survey), but
we also carried out new Spitzer observations of four PHANGS
galaxies that did not have archival IRAC data (NGC 2283,
NGC 2835, NGC 3059 and NGC 3137), following an observing
and data reduction strategy analogous to S4G.

Bulges and discs are defined based on photometric decom-
positions of near-infrared images via GALFIT or similar tools
(Salo et al. 2015 for S4G galaxies; Laurikainen et al. 2004 or
new fits otherwise). We define the outer edge of bulges and
discs as twice their effective radius. The sizes of bars, rings
and lenses are defined visually and their ellipticity is measured
via ellipse fitting (Herrera-Endoqui et al. 2015 for S4G; other
measurements from the literature otherwise). We identify spiral
arms as peaks on unsharp-masked 3.6 µm images followed by
log-spiral fits in polar coordinates (Herrera-Endoqui et al. 2015
and new measurements), with a width that is empirically estab-
lished based on the spatial distribution of CO emission.

Even though environments often overlap (e.g. a nuclear ring
often lies within the bar footprint), we propose a simple strategy
to uniquely assign pixels to a dominant environment (Fig. 2).
Like this, the environmental masks can be simplified to ‘centre’,
‘bar’, ‘spiral arms’, and ‘interarm’ (or a generic ‘disc’ for galax-
ies without spiral masks), and this is the approach that we follow
in this paper. Our main results are the following:

1. As much as three quarters of the PHANGS–ALMA (depro-
jected) area corresponds to interarm and discs without spi-
rals. However, molecular gas and star formation are quite
evenly distributed among centres, bars, spiral arms, inter-
arm, and discs without spirals (Fig. 4). This highlights the
relevance of centres, despite their very limited area (0.7% of
total), and that star formation is not taking place predomi-
nantly in spiral arms, since bars and interarm have similar
integrated molecular masses and SFRs.

2. There is a trend for components at larger radii to have lower
surface densities, as expected (Fig. 5). We find a large range
of surface density at fixed normalised radius (up to 2−3 dex)
even within a given environment. On top of this, environ-
ments largely overlap in the Σ−R/R25 planes, with an offset
of spiral arms towards higher surface densities (both Σmol and
ΣSFR) relative to the interarm at fixed normalised radius.

3. Our measurements follow a strong correlation between star
formation rate and molecular gas surface densities (molec-
ular Kennicutt–Schmidt relation). The overall slope is very
close to unity (N = 0.97 ± 0.06), and the slopes fitted in-
dependently for each environment are also compatible with
unity within the uncertainties. The largest vertical offset with
respect to the global fit is found in centres (+0.23 dex), point-
ing to slightly shorter average depletion times.

4. Centres harbour remarkably high surface densities (median
Σmol = 106 M� pc−2 and ΣSFR = 0.07 M� yr−1 kpc−2), and a
wide range of depletion times (with a median of 1.18 Gyr).
Surface densities in centres of barred galaxies are more el-
evated (and show a much larger dispersion) relative to the
disc, but the centre/disc ratio of depletion times is similar in
barred and unbarred galaxies. This could be due to bars fu-
elling gas episodically to the centre, which cycles through
bursts of star formation and more quiescent phases. Thus,
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Fig. 9. Violin plots showing the contrast in molecular gas and star formation rate surface density, as well as depletion time, between centres and
discs. The sample is split into barred (green) and unbarred galaxies (grey).

on average, the bar-driven inflows do not seem to enhance
the star formation efficiency permanently, but rather induce
intermittent fluctuations.

5. We find high molecular gas and star formation rate sur-
face densities in bars, comparable to spiral arms and higher
than interarm or discs without spirals (median Σmol =
11.5 M� pc−2 and ΣSFR = 0.006 M� yr−1 kpc−2). Contrary to
claims of suppressed star formation in bars, we do not find
evidence for systematically longer depletion times in bars,
and our measurements rather support the idea that there is
large diversity in the star-forming conditions in bars within
and among galaxies (probably mediated by bar-built struc-
tures such as dust lanes and nuclear rings).

6. When averaged inside our masks, molecular gas and star for-
mation surface densities tend to be higher in spiral arms than
in the interarm (covering a wide range of ratios from ∼1
to ∼10, with medians 2.8 and 2.5, respectively). Contrary
to some previous claims, and in agreement with other stud-
ies from the literature, we do not find evidence for system-
atically enhanced star formation efficiencies in spiral arms.
There are individual galaxies where star formation is more
efficient in arms, but also many others where star formation
is less efficient. Therefore, spiral arms seem to act to pile
up gas, and consequently star formation, but do not prefer-
entially lead to shorter depletion times.

In conclusion, our observations suggest that there can be sub-
stantial diversity in molecular gas and star formation within and
among galaxies, linked to galactic structure. We plan to revisit
some of these topics in detail in future publications, exploiting
the rich multi-wavelength data sets produced by PHANGS. In
this context, the environmental masks that we have presented
here should help illuminate some of the physical processes by
which stellar structures regulate star formation in the local Uni-
verse.
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Appendix A: Sanity checks

In some cases, the ALMA maps cover a slightly larger or smaller
fraction of the galaxy discs (e.g. relative to a characteristic ra-
dius such as R25), and this different coverage could potentially
bias the results that we presented. To confirm this, Table A.1
lists equivalent measurements to Table 2 but restricted to galax-
ies with uniform azimuthal ALMA coverage out to R25. The rel-
ative contribution of discs without spiral masks to molecular gas
mass and SFR increases by a few percent (at the expense of the
other environments dropping slightly, particularly the centres),
but other than this the change is not dramatic.

We also consider another sanity check in Table A.1. In
Sect. 4.2 we explained how kpc-size hexagonal apertures are
assigned to a given environment if at least 80% of the high-
resolution CO emission and SFR in the aperture falls within the
footprint of an environment. Table A.1 shows an alternative to
Table 3 varying this threshold from 70% to 90%. Increasing
the threshold means that we are tossing out a larger number of
‘mixed’ apertures, in order to focus on a smaller subset of aper-
tures that are more uniquely associated with a given environ-
ment. The changes on the median Σmol, ΣSFR, and τdep are typ-
ically a few percent, and only very rarely exceed 10% when we
perturb this threshold within the range 70% to 90%. Some of
these changes are expected: for example, increasing the thresh-
old means that we only retain the innermost apertures for some
centre masks, and, consequently, the surface densities tend to
increase slightly, but never dramatically. Therefore, we can con-
clude that the choice of threshold does not strongly impact our
results.
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Table A.1. Sanity checks showing how results are affected by different choices of some specific parameters.

centre bar spiral interarm disc all
Area [kpc2] 92 (0.66 %) 1467 (10.5 %) 1495 (10.7 %) 4620 (33.0 %) 6296 (45.0 %) 13972 (100 %)
H2 mass [1010 M�] 2.32 (17.4 %) 2.64 (19.8 %) 2.45 (18.4 %) 2.25 (16.8 %) 3.66 (27.4 %) 13.3 (100 %)
SFR [M� yr−1] 23.9 (25.2 %) 15.6 (16.4 %) 15.6 (16.5 %) 13.1 (13.9 %) 26.2 (27.7 %) 94.6 (100 %)
Area [kpc2], FoV > R25 66 (0.59 %) 1215 (10.8 %) 1094 (9.77 %) 3352 (29.9 %) 5468 (48.8 %) 11197 (100 %)
H2 mass [1010 M�], FoV > R25 1.17 (12.8 %) 1.81 (19.8 %) 1.52 (16.6 %) 1.46 (15.9 %) 3.17 (34.6 %) 9.16 (100 %)
SFR [M� yr−1], FoV > R25 14.3 (21.4 %) 11.2 (16.8 %) 8.68 (12.9 %) 8.01 (11.9 %) 24.5 (36.7 %) 66.8 (100 %)

Σmol/(M� pc−2)
median 106.1+225.5

−82.97 11.51+27.45
−8.620 9.903+16.91

−6.637 4.492+6.079
−2.924 4.120+7.610

−2.631 5.001+10.57
−3.290

mean 159.4 20.92 14.97 6.589 6.671 10.03
weighted 340.8 56.14 29.82 14.66 15.15 59.26

ΣSFR/(M� yr−1 kpc−2)
median 0.0739+0.3406

−0.0592 0.0057+0.0171
−0.0045 0.0055+0.0100

−0.0037 0.0026+0.0034
−0.0016 0.0025+0.0052

−0.0015 0.0029+0.0061
−0.0018

mean 0.2079 0.0156 0.0094 0.0042 0.0046 0.0074
weighted 0.4956 0.0596 0.0198 0.0094 0.0108 0.0715

τdep/(Gyr)
median 1.177+0.650

−0.652 2.102+1.637
−1.041 1.788+1.038

−0.735 1.677+1.369
−0.872 1.565+1.245

−0.746 1.671+1.309
−0.824

mean 1.188 2.432 2.007 2.459 2.237 2.296
weighted 0.978 2.238 1.949 2.528 2.106 2.083

Σmol thr 70%
median 105.3+111.7

−83.50 11.45+27.31
−8.599 10.30+15.99

−6.958 4.588+6.246
−3.000 4.109+7.627

−2.625 5.119+11.02
−3.376

mean 142.7 20.94 14.92 6.829 6.688 10.32
weighted 314.9 57.02 29.06 16.04 15.25 58.31

ΣSFR thr 70%
median 0.0732+0.3272

−0.0601 0.0058+0.0168
−0.0047 0.0056+0.0100

−0.0037 0.0027+0.0035
−0.0017 0.0025+0.0053

−0.0015 0.0030+0.0064
−0.0019

mean 0.1913 0.0161 0.0094 0.0043 0.0047 0.0078
weighted 0.4603 0.0634 0.0191 0.0101 0.0108 0.0705

τdep thr 70%
median 1.174+0.653

−0.694 2.077+1.616
−1.045 1.772+0.981

−0.732 1.685+1.332
−0.876 1.564+1.245

−0.744 1.671+1.289
−0.820

mean 1.171 2.391 1.973 2.433 2.229 2.271
weighted 0.986 2.188 1.944 2.483 2.100 2.055

Σmol thr 90%
median 118.9+267.4

−93.65 11.31+27.26
−8.462 10.29+16.95

−7.106 4.398+5.981
−2.882 4.130+7.605

−2.636 4.889+10.03
−3.224

mean 183.6 20.49 15.26 6.458 6.670 9.555
weighted 386.6 55.50 30.70 14.57 15.09 55.40

ΣSFR thr 90%
median 0.1043+0.3555

−0.0828 0.0056+0.0160
−0.0044 0.0055+0.0102

−0.0037 0.0026+0.0033
−0.0016 0.0025+0.0052

−0.0015 0.0028+0.0059
−0.0018

mean 0.2510 0.0147 0.0098 0.0041 0.0047 0.0070
weighted 0.5872 0.0570 0.0209 0.0093 0.0107 0.0674

τdep thr 90%
median 1.177+0.362

−0.697 2.146+1.720
−1.046 1.798+1.064

−0.725 1.677+1.377
−0.878 1.564+1.245

−0.747 1.670+1.320
−0.827

mean 1.138 2.480 2.017 2.485 2.245 2.321
weighted 0.948 2.310 1.933 2.567 2.110 2.135

Σmol – αMW
CO

median 163.6+366.4
−126.7 14.43+39.21

−11.23 9.715+17.60
−6.524 4.312+7.189

−2.975 3.768+8.619
−2.519 4.924+11.85

−3.409
mean 251.6 28.31 15.96 6.835 6.883 11.64
weighted 552.3 84.21 35.10 16.85 18.48 110.5

ΣSFR – αMW
CO

median 0.0739+0.3406
−0.0592 0.0057+0.0171

−0.0045 0.0055+0.0100
−0.0037 0.0026+0.0034

−0.0016 0.0025+0.0052
−0.0015 0.0029+0.0061

−0.0018
mean 0.2079 0.0156 0.0094 0.0042 0.0046 0.0074
weighted 0.5030 0.0628 0.0209 0.0101 0.0115 0.0931

tdep – αMW
CO

median 1.875+0.660
−1.050 2.548+2.174

−1.228 1.861+0.868
−0.804 1.675+1.224

−0.911 1.537+1.174
−0.837 1.709+1.250

−0.912
mean 1.844 3.084 2.008 2.209 2.114 2.227
weighted 1.539 3.107 2.028 2.310 2.138 2.303

Σmol – αN12
CO

median 87.23+86.73
−55.65 25.30+36.89

−16.70 19.01+19.62
−11.06 12.42+13.72

−7.212 10.77+13.33
−5.941 13.49+17.73

−7.904
mean 109.1 34.67 23.54 16.01 14.05 19.43
weighted 174.9 64.52 36.78 26.84 22.33 42.97

ΣSFR – αN12
CO

median 0.1043+0.3103
−0.0828 0.0065+0.0180

−0.0049 0.0064+0.0102
−0.0041 0.0039+0.0045

−0.0020 0.0036+0.0063
−0.0019 0.0042+0.0077

−0.0024
mean 0.2110 0.0183 0.0105 0.0059 0.0061 0.0101
weighted 0.4052 0.0481 0.0184 0.0105 0.0104 0.0405

tdep – αN12
CO

median 0.945+1.319
−0.550 3.737+2.993

−1.884 2.886+1.442
−1.192 3.070+1.793

−1.318 2.736+1.837
−1.178 2.925+1.905

−1.303
mean 1.184 4.322 3.107 3.338 3.063 3.274
weighted 0.860 3.631 2.858 3.439 3.049 3.105

Σmol – αB13
CO

median 31.97+17.05
−18.73 18.12+13.26

−8.696 15.98+11.72
−7.995 15.25+10.98

−7.713 12.27+6.921
−5.883 14.33+10.44

−7.070
mean 33.38 21.66 17.94 16.89 12.87 16.27
weighted 45.14 33.82 23.96 22.61 16.06 23.13

ΣSFR – αB13
CO

median 0.0694+0.1495
−0.0547 0.0070+0.0156

−0.0053 0.0059+0.0098
−0.0037 0.0039+0.0052

−0.0023 0.0036+0.0060
−0.0019 0.0042+0.0076

−0.0024
mean 0.1351 0.0184 0.0098 0.0064 0.0058 0.0096
weighted 0.2310 0.0419 0.0150 0.0090 0.0078 0.0199

tdep – αB13
CO

median 0.454+0.515
−0.275 2.664+2.899

−1.539 2.560+2.045
−1.150 3.595+2.580

−1.721 2.958+2.477
−1.516 2.991+2.546

−1.531
mean 0.549 3.651 3.033 4.250 3.535 3.639
weighted 0.435 3.135 2.718 4.207 3.534 3.447
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Table A.2. Galaxy sample studied in this paper.

log(M?/M�) log(SFR/[M� yr−1]) Vmin/[km s−1] Vmax/[km s−1] centre bar spiral
IC1954 9.7 -0.44 900 1175 1 1 1
IC5273 9.7 -0.27 1150 1400 1 1 0
IC5332 9.7 -0.39 625 750 1 0 0
NGC0628 10.3 0.24 600 700 1 0 1
NGC0685 10.1 -0.38 1225 1450 0 1 0
NGC1087 9.9 0.12 1375 1625 0 1 0
NGC1097 10.8 0.68 1000 1550 1 1 1
NGC1300 10.6 0.07 1400 1700 1 1 1
NGC1317 10.6 -0.32 1825 2025 1 1 0
NGC1365 11.0 1.23 1400 1850 1 1 1
NGC1385 10.0 0.32 1350 1600 0 0 1
NGC1433 10.9 0.05 925 1175 1 1 0
NGC1511 9.9 0.36 1150 1475 1 0 0
NGC1512 10.7 0.11 725 1025 1 1 1
NGC1546 10.4 -0.08 1050 1450 1 0 0
NGC1559 10.4 0.58 1100 1450 0 1 0
NGC1566 10.8 0.66 1325 1650 1 1 1
NGC1637 9.9 -0.19 600 825 1 1 1
NGC1672 10.7 0.88 1200 1450 1 1 1
NGC1792 10.6 0.57 1050 1375 1 0 0
NGC1809 9.8 0.76 1125 1400 1 0 0
NGC2090 10.0 -0.39 700 1100 1 0 1
NGC2283 9.9 -0.28 725 925 1 1 1
NGC2566 10.7 0.94 1475 1775 1 1 1
NGC2775 11.1 -0.06 1100 1575 1 0 0
NGC2835 10.0 0.09 750 975 1 1 1
NGC2903 10.6 0.49 300 775 1 1 0
NGC2997 10.7 0.64 925 1225 1 0 1
NGC3059 10.4 0.38 1150 1325 0 1 0
NGC3137 9.9 -0.31 950 1225 1 0 0
NGC3239 9.2 -0.41 648 848 0 0 0
NGC3351 10.4 0.12 625 950 1 1 0
NGC3507 10.4 -0.00 875 1075 1 1 1
NGC3511 10.0 -0.09 925 1250 1 1 0
NGC3521 11.0 0.57 550 1050 1 0 0
NGC3596 9.7 -0.52 1100 1275 1 0 0
NGC3621 10.1 -0.00 575 875 1 0 0
NGC3626 10.5 -0.67 1200 1675 1 1 0
NGC3627 10.8 0.58 500 950 1 1 1
NGC4207 9.7 -0.72 480 720 0 0 0
NGC4254 10.4 0.49 2250 2525 1 0 1
NGC4293 10.5 -0.29 775 1075 1 1 0
NGC4298 10.0 -0.34 1000 1275 1 0 0
NGC4303 10.5 0.73 1450 1675 1 1 1
NGC4321 10.7 0.55 1425 1725 1 1 1
NGC4424 9.9 -0.52 350 550 0 0 0
NGC4457 10.4 -0.51 786 986 1 1 0
NGC4496A 9.5 -0.21 1625 1825 0 1 0
NGC4535 10.5 0.33 1800 2100 1 1 1
NGC4536 10.4 0.54 1600 2000 1 1 1
NGC4540 9.8 -0.78 1200 1375 1 1 0
NGC4548 10.7 -0.28 350 650 1 1 1
NGC4569 10.8 0.12 -425 0 1 1 0
NGC4571 10.1 -0.54 225 450 1 0 0
NGC4579 11.1 0.34 1300 1725 1 1 1
NGC4654 10.6 0.58 850 1225 0 1 0
NGC4689 10.2 -0.39 1500 1800 1 0 0
NGC4694 9.9 -0.81 1060 1300 0 0 0
NGC4731 9.5 -0.22 1375 1600 0 1 1
NGC4781 9.6 -0.32 1100 1400 0 1 0
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Table A.2. Continued.

log(M?/M�) log(SFR/[M� yr−1]) Vmin/[km s−1] Vmax/[km s−1] centre bar spiral
NGC4826 10.2 -0.69 200 625 1 0 0
NGC4941 10.2 -0.35 900 1300 1 1 0
NGC4951 9.8 -0.45 1025 1350 1 0 0
NGC5042 9.9 -0.22 1250 1525 1 0 0
NGC5068 9.4 -0.56 625 725 1 1 0
NGC5128 11.0 0.09 200 850 1 0 0
NGC5134 10.4 -0.34 1625 1860 1 1 0
NGC5248 10.4 0.36 1000 1325 1 1 1
NGC5530 10.1 -0.48 1025 1350 1 0 0
NGC5643 10.3 0.41 1050 1325 1 1 1
NGC6300 10.5 0.28 900 1300 1 1 0
NGC6744 10.7 0.38 625 1025 1 1 1
NGC7456 9.6 -0.43 1050 1310 1 0 0
NGC7496 10.0 0.35 1525 1750 1 1 0

Notes. Stellar mass and star formation rates of the galaxies studied in this paper (Leroy et al. 2021b). Vmin and Vmax indicate the velocity range
(LSRK) over which the ALMA cubes were integrated in order to obtain the intensity maps used in this paper. The last three columns indicate the
morphological components included in the environmental masks. All galaxies with a spiral mask have a corresponding interarm mask, whereas
the rest have a generic disc component.
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Finally, the bottom part of Table A.1 and Fig. A.1 show
the properties and molecular Kennicutt–Schmidt relation on
kpc scales for alternative prescriptions of the αCO conversion
factor. The numerical results of the Kennicutt–Schmidt fits
are listed in Table 4. For each αCO prescription, we con-
sider only simultaneous detections in both surface densities (i.e.
Σmol > 0, ΣSFR > 0). A constant Galactic conversion factor
(4.35 M� pc−2 (K km s−1)−1; Bolatto et al. 2013), which is a rel-
atively widespread choice, results in slopes that are very sim-
ilar to the ones that we find for our preferred PHANGS αCO,
but they tend to be slightly smaller (i.e. minimally less linear).
The largest discrepancy arises if we follow the prescription from
B13, with a conversion factor that depends on the local cloud-
scale molecular gas surface density, metallicity, and the aver-
age disc surface densities at kpc scales, including the gas and
stellar components. This results in considerably steeper power-
laws, but also reduces the dynamical range in molecular gas sur-
face densities and the fits have large uncertainties. We note that
the plots and fits for the B13 prescription only show a subset of
51 galaxies (out of 74), as H i data are not yet available for all
PHANGS galaxies. Similarly, for the N12 recipe, three galax-
ies were discarded due to lack of CO data at 150 pc resolution
(given the newest distance estimates).

Appendix B: Atlas

Figure B.1 is available as supplementary online material, and
contains an atlas of the main PHANGS–ALMA sample of galax-
ies showing the footprint of environments. This includes the
Spitzer 3.6 µm images, tracing stellar mass, and which the en-
vironmental masks are based on. Next to it, we show CO(2–1)
emission tracing molecular gas, as well as Hα emission, tracing
star formation. The contours highlight the various environments,
with the same colour-coding as used in the rest of the paper.
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