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ABSTRACT

Spiral arms, as those of our own Milky Way, are some of the most spectacular features in disc galaxies. It has been argued that star formation
should proceed more efficiently in spiral arms as a result of gas compression. Yet, observational studies have so far yielded contradictory results.
Here, we examine arm/interarm surface density contrasts at ~100 pc resolution in 28 spiral galaxies from the PHANGS survey. We find that
the arm/interarm contrast in stellar mass surface density (X,) is very modest, typically a few tens of percent. This is much smaller than the
contrasts measured for molecular gas (X)) or star formation rate (Xgrr) surface density, which typically reach a factor of ~2—-3. However, X,
and Xgpr contrasts show a significant correlation with the enhancement in X, , suggesting that the small stellar contrast largely dictates the stronger
accumulation of gas and star formation. All these contrasts increase for grand-design spirals compared to multi-armed and flocculent systems (and
for galaxies with high stellar mass). The median star formation efficiency (SFE) of the molecular gas is 16% higher in spiral arms than in interarm
regions, with a large scatter, and the contrast increases significantly (median SFE contrast 2.34) for regions of particularly enhanced stellar contrast
(Z, contrast > 1.97). The molecular-to-atomic gas ratio (Zp01/2Za0em) 15 higher in spiral arms, pointing to a transformation of atomic to molecular
gas. As a consequence, the total gas contrast (X0 + Zuom) slightly drops compared to X, (median 4% lower, working at ~kpc resolution),
while the SFE contrast increases when we include atomic gas (median 8% higher than for Z,,). The contrasts show important fluctuations with
galactocentric radius. We confirm that our results are robust against a number of effects, such as spiral mask width, tracers, resolution, and binning.
In conclusion, the boost in the SFE of molecular gas in spiral arms is generally modest or absent, except for locations with exceptionally large stellar

contrasts.
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1. Introduction

Spiral arms stand out as some of the most iconic features of
galaxies, including our own Milky Way. Approximately two out
of three galaxies in the local Universe display some kind of
spiral structure (e.g. Nair & Abraham 2010; Willett et al. 2013;
Buta et al. 2015), including well-delineated grand-design spirals
(like M51 or NGC 1365) or more sparse multi-armed (e.g. M100
or NGC 4254) and flocculent spiral components (e.g. NGC 2775
or NGC4298). While spiral arms are recognised as active sites
of star formation, it is still unclear if this results from the mere
accumulation of large amounts of gas or if it is due to a more effi-
cient conversion of gas into stars in spiral arms than in interarm
regions.

There are a few reasons we would expect spiral arms to
lead to enhancements in the star formation process. By collect-
ing gas, spirals elevate star formation rates (SFRs) by locally
increasing the gas density on scales of several hundreds of pcs.
They may also more actively ‘trigger’ star formation by boost-
ing the star formation efficiency (SFE), such that more stars are
formed per unit mass of gas than in regions of comparable den-
sity elsewhere in the galaxy. This ‘triggering’ of star forma-
tion is believed to either reflect a reduction in shear in spiral
arms, which promotes gravitational collapse and the forma-

tion of stars (e.g. Elmegreen 1987, 1993; Kim & Ostriker 2002;
Duarte-Cabral & Dobbs 2017), or the development of shocks in
the gas in response to spiral density waves (Roberts 1969, 1975;
Gittins & Clarke 2004).

Several observational studies have quantified the increase of
gas and star formation rate surface density in spiral arms (e.g.
Vogel et al. 1988; Garcia-Burillo et al. 1993; Nakanishi & Sofue
2003; Hitschfeld et al. 2009; Sun et al. 2020; Querejeta et al.
2021). Leveraging the high resolution of PHANGS-ALMA
maps (Leroy et al. 2021b) that probe CO emission on ~100 pc
scales, Meidt et al. (2021) found evidence that gas density con-
trasts scale non-linearly with contrasts in the underlying stellar
spiral density, consistent with shocks actively elevating the den-
sity in the arm. Even so, observational evidence suggests that
the existence of a spiral shock may not immediately lead to an
enhancement in the SFE. Studies comparing SFE in spiral arms
and the interarm region lead to ambiguous, inconsistent results,
with some pointing to enhanced SFE in the arms (e.g. Lord 1987;
Vogel et al. 1988; Cepa & Beckman 1990; Lord & Young 1990;
Knapen & Beckman 1996) and some suggesting overall similar
SFE between spiral and interarm regions, despite local fluctu-
ations (Henry et al. 2003; Foyle et al. 2010; Moore et al. 2012;
Rebolledo et al. 2012; Eden etal. 2015; Kreckel et al. 2016;
Ragan et al. 2018; Querejeta et al. 2021). This might reflect
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additional mechanisms that act in opposition to a potential boost
in SFE. For example, cloud-cloud collisions, sometimes seen
as triggers of star formation, can also lead to elevated gas
velocity dispersions that shift gas out of a self-gravitating state
(Dobbs & Bonnell 2007a; Dobbs & Baba 2014). Shear and dif-
ferential gas flows in the arm can be another source of stabil-
ity against gravitational collapse that suppresses star formation
(Meidt et al. 2013).

To unambiguously determine the efficiency of star formation
in spiral arms, it is crucial to first control for as many indepen-
dent factors as possible. The measured SFE can critically depend
on the employed tracer, conversion factors, observational reso-
lution, and the definition of spiral arms. Yet, even for a con-
sistent definition of arms, different galaxies seem to show a
divergent behaviour regarding SFE in spiral arms, as we recently
showed for the PHANGS sample of galaxies (Querejeta et al.
2021). Here, we aim to examine this problem in greater detail by
assembling a comprehensive set of homogeneous measurements
of spiral arm-to-interarm contrasts in stellar mass, gas, SFR, and
SFE, applying a single consistent strategy to all spiral arms and
employing state-of-the art calibrations for the gas density and
star formation rate from PHANGS.

PHANGS' is a multi-wavelength effort to map nearby
galaxies at <1” resolution to study the star formation cycle.
Spanning large programmes on ALMA (Leroy et al. 2021b),
MUSE (Emsellem et al. 2022), HST (Leeetal. 2022), and
JWST (Lee et al. 2023; Williams et al. 2024) and further com-
plemented by a large number of ancillary observations (includ-
ing atomic gas), PHANGS provides a unique view on the
distribution of molecular clouds in galaxies, their collapse to
form stars, and the feedback associated with the star formation
process.

This paper is a natural follow-up companion to Meidt et al.
(2021), where a study of the relation between azimuthal con-
trasts in stellar mass and molecular gas was presented, with-
out explicitly identifying spiral arms. The present paper builds
on Querejeta et al. (2021), where we presented environmental
masks of morphological features for PHANGS galaxies (includ-
ing spirals) and discussed how molecular gas and star formation
are distributed across environments. In Querejeta et al. (2021),
the distribution of surface densities, efficiency, and contrasts was
studied at kpc resolution. Here, we examine the effect of higher
resolution (~100 pc instead of ~1 kpc) on arm and interarm con-
trasts. We also consider how contrasts change if we employ
thinner arm masks, with an alternative arm definition that we
introduce here. While in Querejeta et al. (2021) we measured a
single arm/interarm contrast per galaxy, here we study the con-
trast in individual spiral segments, and we also analyse variations
with galactocentric radius. Another novelty of this paper is that
we account for the spiral arm enhancement in stellar mass sur-
face density and its relation to the contrast in molecular gas and
star formation rate surface densities. We also consider the effect
of including atomic gas.

The structure of this paper is the following. In Sect. 2, we
describe our tracers of molecular and atomic gas, star formation,
and stellar mass, as well as the environmental masks and bin-
ning approach. The main results of the paper are presented in
Sect. 3 and discussed in Sect. 4. We conclude with a summary in
Sect. 5.

! Physics at High Angular resolution in Nearby GalaxieS; http://

www.phangs.org
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2. Data and methods

We focus on the 28 spiral galaxies from PHANGS-ALMA
where a spiral mask was explicitly defined in Querejeta et al.
(2021). This choice limits our study to galaxies with long and
continuous spiral segments, which can be traced over most of
the star-forming disc (the remaining galaxies do not have a spi-
ral mask defined in Querejeta et al. 2021, as the identification
of arms becomes increasingly subjective and less meaningful).
This results in a sample made up predominantly of grand-design
spirals, excluding a larger fraction of multi-armed and flocculent
spirals, where the distinction between arm and interarm becomes
fuzzier. We perform this study at a cloud-scale resolution of
~100 pc, working with the highest-resolution maps available to
us in each case?, which typically corresponds to ~1” for CO and
Ha. In Sect. 2.1, we explain how the PHANGS—-ALMA sample
was selected. We measure molecular gas surface densities based
on the ALMA observations of CO(2—-1) as explained in Sect. 2.2.
In Sect. 2.3 we outline our measurement of star formation rates.
We describe the HI data in Sect. 2.4. We determine stellar mass
surface densities based on near-infrared (NIR) observations as
explained in Sect. 2.5. The masks that we use are presented in
Sect. 2.6 including a new, thinner alternative for spiral arms. In
Sect. 2.7, we introduce our nominal approach to measure con-
trasts in radial bins.

2.1. Sample

The galaxies studied in this paper are part of the nominal
PHANGS-ALMA sample of 74 galaxies, excluding extensions
(Leroy et al. 2021b). PHANGS-ALMA targeted virtually all the
massive, star-forming galaxies out to D ~ 17 Mpc, which are
not highly inclined and which are visible from the ALMA site.
The galaxies are representative of the z = 0 star formation
‘main sequence’ (e.g. Noeske et al. 2007). We refer the inter-
ested reader to Leroy et al. (2021b) for a detailed description of
the sample selection and properties.

This sub-sample of 28 galaxies with well-defined spiral arms
spans stellar masses 9.5 < log(M, /M) < 11.1, with a median
log(M, /M) = 10.5, which is very similar to the median stellar
mass in the whole PHANGS—-ALMA sample (10.4). In terms of
molecular gas mass (8.6 < log(Myo1/Ms) < 10.2), the median
of this spiral sub-sample (log(Mmo1 /M) = 9.5) is slightly higher
than the median in PHANGS-ALMA (9.2); for star formation
rates (—0.44 < log(SFR/[Myyr~']) < 1.23), the median is
moderately higher (log(SFR/[Myyr~']) = 0.36) than across
PHANGS-ALMA (0.00). We list the galaxies studied in this
paper in Table A.1 along with some basic properties.

2.2. Molecular gas surface densities

We measure molecular gas surface densities from the 2Co(2-1)
transition using the public data from the PHANGS-ALMA sur-
vey. The observations cover the star-forming disc (typically close
to the ~0.5R,s radius®) and accounting for ~70% of all the CO
emission (Leroy et al. 2021a). To determine the CO integrated
intensity, we employ the zeroth-order moment maps based on
the ‘broad’ masks presented in Leroy et al. (2021a) and publicly

2 We note that matching to the best common CO physical resolution
(180 pc) has a minimal effect on the contrasts (scatter of ~3%, without
systematic offsets), because this is still small compared to the width of
the spiral masks (~1-2kpc).

3 R,s is the radius where the average surface brightness is ug =
25 mag arcsec™>.
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Fig. 1. Cartoon illustrating the region covered by the spiral mask on the Z,, X, and Xsgr maps of NGC 4535, and the nominal binning approach
used in this paper. We consider uniform bins in galactocentric radius (assuming the inclination and PA from Lang et al. 2020); the blue-shaded
ring illustrates one of these bins at R,; = 3.5 kpc. The right panels show the radial profiles of the arm/interarm contrast (in log scale) for Z,, X,

and ZSFR .

released in July 2022 (PHANGS-ALMA version 4.0). These
masks feature high CO flux completeness at the expense of
somewhat higher noise and thus are more suitable for our pur-
pose.

The conversion of the CO(2-1) integrated intensity (in
K kms™") to molecular gas surface density (in M, pc™?) requires
adopting both a conversion factor, @co, and a line ratio,
Ry; = COQ2 - 1)/CO(1 - 0). We employed the aco prescrip-
tion adopted in many previous PHANGS studies, which includes
a radial trend according to the metallicity gradient in galax-
ies (Sun et al. 2020, based on Accurso et al. 2017). We calcu-
lated azimuthal arm/interarm contrasts in radial bins (Sect. 2.7
and Fig. 1); thus, in practice, any radial dependence of aco
is effectively cancelled out (other than very small variations
within each radial bin). This means that we would measure
nearly identical contrasts if we assumed a constant Galactic of
aco = 4.35Mypc? (Kkms™!)™! or any other prescription that
varies only with radius. However, azimuthal variations in the
real aco are not completely negligible and next we estimate the
uncertainty introduced by assuming a purely radial conversion
factor.

Under the assumption that aco primarily tracks metal-
licity variations within galaxies, we indeed expect a pre-
dominantly radial trend with much more limited azimuthal
effects. Systematic arm-to-interarm gas metallicity variations
have been found in some galaxies (e.g. Ho et al. 2017, 2018;

Sanchez-Menguiano et al. 2020), typically of the order of
~0.05dex in 12 + log(O/H), while in other cases such arm-to-
interarm variations were found to be even more limited or absent
(e.g. Kreckel et al. 2019; Williams et al. 2022). According to
the metallicity-dependent PHANGS a o prescription (Sun et al.
2020), a change of 0.05 dex in metallicity would imply a change
of 0.07-0.09 dex in aco. Therefore, we conservatively assume a
0.1 dex uncertainty on the molecular surface density contrasts as
a consequence of neglecting azimuthal changes in aco.

Teng et al. (2024) recently put forward an aco prescription
that depends on CO velocity dispersion, tracing the CO opti-
cal depth (while, for near-solar metallicities, the correlation of
aco with metallicity is interpreted as coincidental, as both tend
to drop with increasing radius). The CO velocity dispersion
measured on 150 pc scales and averaged (intensity-weighted)
over 1.5kpc-sized apertures, (Av)is5opc, does not vary too much
between arm and interarm regions. For our sample, the median
(Av)150pc is only 13% higher in spiral arms (with a scatter of
~25%), which has an impact of only ~10% on aco. This is well
within the 0.1 dex uncertainty that we assume (but could intro-
duce a systematic effect on X,,; and SFE contrasts at the ~10%
level).

For simplicity, we adopted a constant line ratio of
Ry; = 0.65 (Leroyetal. 2013; den Brok etal. 2021). The
latest studies examining R;; variations in galaxies, albeit
at coarser resolution, measure a typical azimuthal scatter
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of ~20% in R, as long as we exclude galaxy out-
skirts (den Brok et al. 2021; Leroy et al. 2022). This roughly
agrees with previous studies, which typically found stan-
dard deviations of around 0.1dex in R, within a given
galaxy (Leroy et al. 2013; Yajimaetal. 2021). The CO(2-1)
line ratio is known to vary with local conditions, typically
increasing towards galaxy centres and, more generally, mildly
increasing with Xgpgr. Leroy et al. (2022) suggest a power-law
dependence, Ry; o Zggg, comparing measurements across dif-
ferent galaxies. As a corollary, this could suggest slightly higher
R» in spiral arms than in matched interarm regions, since Xgpr
is typically higher in spirals. However, den Brok et al. (2021)
found very limited differences in R,; between arm and inter-
arm within galaxies (if any, paradoxically larger R;; in inter-
arm regions, as seen in M51; den Brok et al. 2022). Therefore,
there is no clear indication for a systematically higher R;; in spi-
ral arms, and the observed variations are well within the 0.1 dex
azimuthal scatter that we assume. Thus, we take 0.1dex as a
reasonable uncertainty on the molecular contrast due to arm-to-
interarm variations in R;;. Adding this in quadrature with the
uncertainty in aco, we consider a global uncertainty of 0.14 dex
in our estimate of molecular gas surface density contrast.

2.3. Star formation rate measurements

Razza et al. (in prep.) obtained ground-based narrow-band Ha
images for a total of 65 galaxies from the PHANGS-ALMA par-
ent sample. These were observed with the Wide Field Imager
(WFI) at the MPG 2.2-m telescope in La Silla or with the
DirectCCD camera at the du Pont 2.5-m telescope in Las
Campanas between 2016 and 2019 (these maps have appeared
previously, e.g. in Pan et al. 2022). Both broad-band and narrow-
band images were obtained, which allowed us to derive Ha
continuum-subtracted images. The resolution, limited by seeing,
is typically ~1” at a full width at half maximum (FWHM) rang-
ing from 0.6 to 1.3, ~100 pc. The He maps were corrected
for filter transmission as well as [NII] contamination (assuming
[N11]/Ha = 0.3; see Schinnerer et al. 2019).

A robust conversion from Ha fluxes to SFR should also
account for obscured star formation; otherwise, extinction will
make us underestimate SFRs in regions that are strongly
obscured by dust. We use narrow-band He observations to trace
star formation, and calibrate the impact of extinction using
Balmer-corrected Ha maps. This is possible for a subset of 13
galaxies, and for a smaller field of view than the narrow-band
maps, where we have extinction-corrected Hoe SFR maps from
PHANGS-MUSE (Emsellem et al. 2022; Belfiore et al. 2023) at
~1” resolution. These rely on the Balmer decrement (see e.g.
Groves et al. 2012), which allows us to measure extinction based
on the Ly, /Lyg ratio (assuming case B recombination, temper-
ature T = 10*K, and density n, = 10?> cm™3; see Belfiore et al.
2023 for details).

As shown in Appendix B, there is a tight correlation between
the MUSE SFR contrasts with and without extinction (Spear-
man rank coefficient 0.97), with a systematic amplification of
contrasts when extinction is accounted for. We find that the fol-
lowing power-law captures this systematic amplification very
well:
ey

contrast contrast

log (SFRES<0T) = —0.0013 + 1.1799 log (Halgnext ).
where SFREN €T i the arm/interarm contrast of SFR from
MUSE, including the extinction correction based on the Balmer
decrement, and Ha29 <X is the arm/interarm contrast of Ha
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from MUSE, switching off the extinction correction. The scatter
around this relation (~0.1 dex) gives us an idea of the uncertainty
associated with this empirical approach.

Additionally, in Appendix B we also consider the uncer-
tainty due to narrow-band Hea calibration. We estimate this by
comparing the narrow-band Ha contrasts to the MUSE-based
He contrasts (ignoring extinction). The scatter in this case is
slightly smaller than the effect of extinction, but not negligible
(0.059 dex). Therefore, we add both in quadrature to obtain a
representative uncertainty on the SFR contrasts of 0.122 dex. In
Appendix D we discuss that diffuse ionised gas (DIG) is unlikely
to have a major impact on SFR contrasts according to our obser-
vational strategy.

2.4. Hi data

In Sect. 3.5, we consider the effect of including neutral atomic
gas in the contrast measurements. We employ 21 cm interfero-
metric maps from a number of surveys from the Karl G. Jansky
Very Large Array (VLA). Most of them come from new VLA
observations for PHANGS (data that have previously appeared
in Sun et al. 2022 and Chiang et al. 2024), while others come
from THINGS (Walter et al. 2008), VIVA (Chung et al. 2009),
HERACLES (Leroy et al. 2009), or specific programs on indi-
vidual galaxies. The resolution of the HI maps ranges from
~10-60" (FWHM), depending on the target, which translates
into a physical resolution of ~0.5—4kpc for our spiral galaxy
sample.

We apply the following equation to transform HI observa-
tions to atomic gas surface density, which assumes an optically
thin 21 cm emission:

Eatom

I
W =2.0x% 10_2 (L—l) cosi,
©

@)
Kkms

where X,om includes the 1.36 factor to account for helium and
heavier elements. The cosi term corrects for galaxy inclina-
tion (adopted from the PHANGS Sample Table 1.6, following
Lang et al. 2020).

2.5. Stellar mass surface densities

For most galaxies, we use a set of stellar mass maps based on
Spitzer 3.6 um imaging obtained from the Spitzer Survey of Stel-
lar Structure in Galaxies (S*G; Sheth et al. 2010), with a PSF of
1.7”. The mass maps rely on an Independent Component Anal-
ysis (ICA) correction for dust emission, present at 3.6 um on top
of the photospheric emission from old stars. The method, intro-
duced in Meidt et al. (2012), was applied to the entire S*G sam-
ple in Querejeta et al. (2015). It makes use of the neighbouring
4.5 pm band and exploits the fact that stellar and dust emission
are expected to have very different [3.6]-[4.5] colours. Then,
ICA (similar to principal component analysis, PCA) identifies
the global stellar and dust [3.6]—-[4.5] colours that best describe
the two underlying components. Since dust emission at 3.6 um is
strongest around star-forming regions, the arm/interarm contrast
nearly always decreases when shifting from the original IRAC
3.6 um to the ICA-based dust-corrected stellar mass map. For
the galaxies which are not in S*G, we use the original IRAC
3.6 um maps (not corrected with ICA, see Querejeta et al. 2021
for details).

The conversion from IRAC fluxes to stellar mass surface
densities requires adopting a mass-to-light (M/L) ratio. We
assume a constant M/L on the ICA-corrected 3.6 um maps
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following Meidt et al. (2014), which is expected to provide a
reliable conversion to stellar masses within 0.1 dex (accounting
for unconstrained age and metallicity differences, Meidt et al.
2014). For our purposes, we do not care about the exact normal-
isation of M/L, or about possible radial variations, as they will
cancel out in the arm/interarm contrasts. We still conservatively
assume an uncertainty of 0.1 dex on the arm/interarm stellar
surface density contrasts to account for possible arm/interarm
variations in M/L (the range of M/L expected at 3.6 um after
correcting with ICA; Meidt et al. 2014). To test the robustness of
our choice for the M/L and our adopted error bar, for 13 galaxies
we compare the IRAC contrasts with contrasts measured from
the MUSE stellar mass map and we find excellent agreement (see
Appendix C). We also consider the typical change of 0.04 dex on
the arm/interarm contrast due to the ICA correction as a conser-
vative error bar. Adding both in quadrature, we obtain a global
uncertainty of 0.11dex for the stellar arm/interarm contrasts.
Figure C.1 confirms that the stellar contrasts based on the ICA-
corrected maps agree well with independent estimates from stel-
lar population fitting in PHANGS-MUSE, and that the uncer-
tainty of 0.11 dex assumed here is reasonable (see Appendix C
for details).

2.6. Spiral masks
2.6.1. Original spiral masks

Throughout this paper, we use the spiral component of the
environmental masks defined in Querejeta et al. (2021). These
masks delimit morphological features visually identified on NIR
images which, in addition to spiral arms, include centres, bars,
rings, lenses, bulges, and discs.

Specifically, spiral masks were constructed following three
steps. Firstly, regions of bright 3.6 um emission were identified
along each spiral arm (using an unsharp-mask approach) and fit-
ted with an analytic log-spiral function in the plane of the galaxy.
Secondly, analytic log-spiral curves were assigned a width deter-
mined empirically based on CO emission. Finally, the resulting
masks were visually inspected and the starting and ending point
of some segments were extended in order to enforce continu-
ity. For most galaxies, the near-infrared (NIR) images and the
analytic log-spiral fits come from S*G (Herrera-Endoqui et al.
2015), but we also relied on archival and newly obtained Spitzer
3.6 wm observations in some cases, where we also performed the
log-spiral fitting, as explained in Querejeta et al. (2021).

The spiral masks from Querejeta et al. (2021) consist of per-
fectly smooth, dilated log-spiral segments, with a typical width
of ~1-2kpc in order to accommodate most 3.6 um, CO, and He
emission along the arm. Locally, the distribution of molecular gas
or star formation in the arms often looks thinner, but the presence
of kinks and irregularities requires this width in order to warrant
full coverage along the entire arm (Fig. 1). In this paper, we also
consider a more restrictive strategy that results in thinner (and
more irregular) spiral masks, as explained next. In Appendix E,
we show that contrasts are not strongly affected by the width of
the spiral masks, and thus, for simplicity, across this paper we use
the original masks presented in Querejeta et al. (2021).

2.6.2. A set of thinner spiral maskss

To test how the width of the adopted spiral regions affects the
arm/interarm contrast, we construct a set of narrower spiral
masks?. These masks are not used for the main measurements in

4 https://www.canfar.net/storage/vault/list/phangs/
RELEASES/Querejeta_etal_2024
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)
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Fig. 2. Construction of narrow spiral masks, illustrated with NGC 628.
The top panels show the original (left) and new narrow mask (right).
The bottom panel illustrates the construction of the narrow mask on the
north-western spiral segment of NGC 628 (green colour). The ridge of
peak emission for each tracer (CO, He) is identified along successive
cuts perpendicular to the analytic log-spiral function (grey arrows), and
limited to the original spiral mask footprint. The ridge is dilated to pro-
vide a narrower mask, which is by construction always a subset of the
original mask. The final mask is the union of the narrow masks based
on the CO and Ha peaks.

this paper, which rely on the public masks from Querejeta et al.
(2021). The alternative narrow masks introduced here are used
in Appendix E to quantify the effect of mask width, concluding
that it should not significantly affect our main conclusions.

The strategy to build narrower masks is illustrated in Fig. 2.
Along the log-spiral curve that defines the backbone of the spiral
masks from Querejeta et al. (2021), we determine the line per-
pendicular to the log-spiral function at each point, and identify
the position of the maximum CO or He intensity along this per-
pendicular line within the boundaries of the original spiral mask.
This process is repeated for all the pixels along the log-spiral
curve, resulting in a distribution of pixels of peak intensity from
each of these cuts perpendicular to the spiral arm. The corre-
sponding set of pixels are assigned a value of 1, while the rest is
set to zero, and the image is smoothed with an empirically cho-
sen Gaussian kernel of FWHM = 7.5”, on which we impose
a threshold of 0.01. This is essentially equivalent to dilating the
ridge of peak emission, ignoring isolated outliers.

This process is applied independently to the CO and Ha
maps, resulting in two narrow masks that are very similar, but
not identical. We take the union of the two masks to yield a final
narrow mask. By construction, the narrow mask is always a sub-
set of the original spiral mask, as we force the dilated mask to
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be within the original mask. The narrow mask typically covers
~50% of the area of the original mask. In Appendix E we show
how this choice of spiral mask affects the arm/interarm contrast
measurements.

2.7. Strategies to measure arm/interarm contrasts

There are different approaches to derive arm/interarm contrasts
in nearby galaxies. As illustrated in Fig. 1, our nominal method
splits each galaxy into a number of radial bins in the plane of the
galaxy; for each radial bin, we consider the mean’ surface den-
sity within the footprint of each spiral segment at that radius (arm
value), and divide it by the mean surface density within the ring
outside the spiral mask (interarm value). We considered the inten-
sity maps without clipping and, therefore, we should not be biased
by non-detections. At the outermost radial bins, we require at least
50% of the spiral and interarm pixels in the ring to lie within the
PHANGS-ALMA field of view for the measurement to be con-
sidered. The width of the radial bins is chosen to be 500 pc in the
plane of the galaxy to mitigate stochastic sampling effects®, which
results in elliptical annuli in the plane of the sky (according to
the disc inclination and position angle from the PHANGS sample
table 1.6, which follow Lang et al. 2020). This allows us to plot
each radial bin independently and examine trends with galacto-
centric radius. Each galaxy typically contributes around a dozen
measurements in 500 pc-wide radial bins. Additionally, we also
plot with a different symbol the average contrast across each spiral
segment (typically two or three datapoints per galaxy, depending
on how many spiral arms the galaxy has).

This radial approach has the advantage of simplicity, being
easily reproducible, and assigning each pixel uniquely to one
bin. To zeroth-order, gas in a spiral galaxy moves on approxi-
mately circular orbits, and stellar or gas surface density follow
roughly exponential radial profiles; this motivates the interest of
splitting bins by radius. However, since the pitch angle of spi-
ral arms varies considerably from galaxy to galaxy, this method
implies that, sometimes, a 500 pc radial bin will encompass a
very large area of a spiral, spanning a large interval in azimuth
(see Fig. 1), while in other cases, when the spiral is nearly per-
pendicular to the elliptical annulus, the resulting spiral bin will
have a much smaller area. Thus, despite providing a uniform
sampling in galactocentric radius, this method yields an inho-
mogeneous sampling in terms of spiral arm area.

In Appendix F, we consider two alternatives for the sam-
pling of the arm/interarm contrasts. They both consider regu-
larly spaced ‘boxes’ along each spiral segment, whose bound-
aries cut the log-spiral spine perpendicularly at regular intervals
of 500 pc. The first alternative defines the interarm as all non-
spiral pixels at matched galactocentric radii for each bin. In the
second alternative approach, the spiral bins are defined exactly
the same way, but the interarm is measured as adjacent boxes,
on both sides immediately next to each spiral bin, to provide a
more local reference for the interarm region. Even though the
sampling method affects the actual values of the contrasts, our
results remain qualitatively the same independently of these dif-
ferent choices.

3 Using the median instead of the mean does not qualitatively affect
our conclusions. We prefer the mean as we find that it is more robust,
particularly for the interarm region, where the median often falls below
the noise level (as already pointed out by Meidt et al. 2021).

6 This is just slightly above the maximum characteristic separa-
tion length between independent star-forming regions measured for
PHANGS galaxies by Kim et al. (2022); we consider the effect of vary-
ing this bin width in Appendix F.
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‘We note that these methods differ from the arm/interarm con-
trasts presented in Querejeta et al. (2021). In that paper, the arm-
to-interarm contrast was calculated as the ratio of the mean sur-
face density within the spiral mask (considering all spiral seg-
ments simultaneously) to the mean surface density in the area
outside the spiral mask at matched galactocentric radius. This
results in a single number for each contrast per galaxy, and there-
fore differs from the present approach, which examines each
spiral segment separately and considers the radial variation of
the contrast. Our approach here is also different from the one in
Meidt et al. (2021), who examined contrasts based on percentiles
of stellar and molecular gas surface brightness as a function of
radius, without explicit reference to the spiral morphology. Since
we want to specifically study the role of spiral arms in this paper,
we instead use the spiral masks from Querejeta et al. (2021). Our
results yield a consistent picture with Meidt et al. (2021) regard-
ing the relation between stellar and gas contrasts.

3. Results

We start by presenting our measurements of arm/interarm con-
trasts at ~100 pc scales in stellar mass, molecular gas, and star
formation surface density, as well as the SFE (in Sect. 3.1). In
Sect 3.2, we demonstrate that grand-design spirals tend to have
larger contrasts. In Sect. 3.3, we examine how contrasts strongly
correlate with each other. In Sect. 3.4 we address the question
of whether spiral arms systematically boost star formation effi-
ciency, and we consider the role of atomic gas in Sect. 3.5. We
examine the radial variation of contrasts in Sect. 3.6 and sym-
metry between opposite spiral segments in Sect. 3.7. Finally, we
assess the effect of resolution in Sect. 3.8. More technical details
are presented in the Appendices, including an empirical calibra-
tion to account for extinction on SFR contrasts (Appendix B), a
comparison with alternative stellar mass tracers (Appendix C),
assessing the impact of DIG (Appendix D), and mask width
(Appendix E), as well as additional sanity checks (Appendix F).

3.1. Range of arm/interarm contrasts in X, o1, Xspr, and
SFE

For each spiral segment, we measure the arm/interarm contrast
in the surface density of stellar mass (X,), molecular gas (X01),
star formation rate (Zggr), and SFE of the molecular gas (which
we define as the inverse of the depletion time, SFE = 1/74¢p, =
ZSFR/Zmol)- The measurements are performed on radial bins fol-
lowing elliptical annuli of matched galactocentric radii with a
width of 500 pc, as explained in Sect. 2.7 and illustrated in Fig. 1.
We only consider measurements if at least 50% of the pixels in a
given spiral bin (and 50% of the corresponding interarm region)
fall within the PHANGS-ALMA footprint, which is typically
rectangular. This condition excludes NGC 1365 completely, as
the CO coverage beyond the bar is very limited. When perform-
ing this analysis, we also lacked narrow-band Ha data for six
galaxies7, for which we could only consider £, and Zy,,. This
results in a total of 27 spiral galaxies (excluding NGC 1365, as
explained above) and 59 spiral segments with £, and Z,,; mea-
surements, out of which 21 galaxies (44 spiral segments) also
have Zspr information. Table 1 summarises the contrast distribu-
tions that we obtain for different galaxy subsets and approaches.
To make measurements more directly comparable, in Table 1 and
the following figures involving SFRs, we only include stellar and

7 The galaxies without high-resolution PHANGS SFR maps are:
NGC 1097, NGC1637, NGC3507, NGC4536, NGC4579, and
NGC 5643.
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Table 1. Arm/interarm contrast measurements.

e Zinol ZsFr SFE
Nominal contrasts 1287090 2.22'%80  2.56*17)  1.16%)%
Contrasts from MUSE 1217095 2287242 2727135 1.21°90%
Low resolution (1.5 kpc) 1157038 1494035 1.50*220  1.04%03°
Narrow masks 1287033 253483 31195 12143
Thinner radial bins (250 pc) 1274957 2257418 254410 11558
Wider radial bins (1000 pc) 1271030 2147580 2347130 11459
Perpendicular bins along spiral arms 1347098 2317390 2647730 116762
Perpendicular bins with adjacent interarm 1.14f8% 2.19’:?:;1 2.76t?:;§ 1.171‘3;
Nominal — Grand design spirals 1344037 273996 3124500 116738
Nominal — Rest of spirals 12370490 1.90%09%  2.00*315  1.17+,9%
Nominal - High M, 1345050 27005 30455 L1754
Nominal — Low M, 124207 18005 185558 113553
Nominal — High SFR 1337050 2467273 3.075%  1.18*)3%
Nominal — Low SFR 1.19f8:§3 2-023:88 2~13ﬁj?2 1.1 1i$;2§’
Nominal — High AMS 1.41#048 2304292 3054333 123+1%7
Nominal — Low AMS L1750 206755, 2167388 1.0970%

Notes. Arm/interarm contrasts in the surface density of stellar mass, molecular gas, star formation rates, and SFE (median and 16th—84th percentile
range, measured on galactocentric rings of 500 pc width). The nominal contrasts rely on the masks from Querejeta et al. (2021), while the narrow
masks refer to those introduced here in Sect. 2.6.2. The two alternative sampling schemes based on perpendicular bins are explained in Appendix F
(Fig. F.1). Low and high M, refer to the bottom or top 50% of stellar masses in the sample (threshold 3.4 x 10'° M,); analogously for SFRs

(threshold 2.3 M, yr™!) and AMS (threshold 0.234 dex).

CO contrasts for galaxies where SFR is available (i.e. the Z, and
2 mol ranges correspond to the same set of radial bins as the SFR
contrasts).

Figure 3 shows the median and dispersion of arm/interarm
contrasts for each spiral segment across PHANGS galaxies
ordered by decreasing stellar mass. The stellar contrast tends to
be smaller and with more limited fluctuations, whereas the CO
or SFR contrasts tend to span large ranges (their x axis covers
different ranges), implying that, even within a given galaxy and
along a single spiral segment, there are significant fluctuations
with galactocentric radius. In some cases, these fluctuations even
lead to negative contrasts in the logarithmic scale, which is not
necessarily unphysical, and simply points to radial bins where
the mean interarm value is slightly higher than the mean arm
value. Looking at the distribution of SFE contrast, we see that
it is not systematically positive; while some galaxies do seem to
show a slight preference for either enhanced or suppressed SFE
in spirals, in most cases, the SFE contrast shows values both
above and below unity within a galaxy. This already highlights
the diversity of physical conditions in spiral arms; we examine
SFE in more detail below in Sect. 3.4.

Figure 4 shows the aggregated distribution of contrasts
across all the PHANGS radial bins in our sample at ~100 pc
resolution. For a more fair comparison, here we only include
bins for which X,, X0, and Xsgr measurements exist simul-
taneously at a given radius. It immediately stands out that the
range of stellar mass contrasts is fairly modest compared to the
contrast in molecular gas or star formation. The stellar contrast is
typically between a few percent and around 50%, much smaller
than X, or Xgrr contrasts, which often reach factors of ~2—3
(see Table 1). This is because even a moderate spiral potential

can trigger a strong response in the gas (as shown by Roberts
1969). Meidt et al. (2021) also found much smaller stellar than
molecular gas contrasts in the PHANGS sample (based on flux
percentiles in galactocentric radial bins, without explicitly defin-
ing spiral masks).

The X, and Zsrr contrasts follow a wide distribution, from
just a few percent up to ~10 in the most extreme cases. The
median contrast is slightly higher for Zgpg than X, but the
scatter is also particularly pronounced, exceeding the 16th—84th
percentile range of X, contrasts by as much as a factor of two
(Table 1). This implies that the fluctuations in arm/interarm con-
trast are larger for star formation than for molecular gas. This
could reflect the fact that spiral arms act directly on the gas, and
indirectly on star formation, involving additional physics that
controls the collapse of gas to form stars and which introduces
scatter. We discuss this further in Sect. 4.1.

One of the main questions that motivate this paper is quanti-
fying whether star formation proceeds more efficiently in spiral
arms than in interarm regions when examined at 100 pc scales.
The right panel of Fig.4 provides an answer to this: in some
cases SFE is indeed enhanced in spiral arms, but in (many) other
cases the opposite happens. We examine this problem in greater
detail below in Sect. 3.4.

The magnitude of the molecular and SFR contrasts that
we measure broadly agrees with previous results from the
literature (most of them at lower spatial resolution), where
typical gas surface densities were found to be a few times
higher in spiral arms than in interarm regions (e.g. Vogel et al.
1988; Garcia-Burillo et al. 1993; Knapen & Beckman 1996;
Nakanishi & Sofue 2003; Hitschfeld et al. 2009; Sun et al.
2020). In Querejeta et al. (2021) we also measured for PHANGS
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Fig. 3. Range of contrasts for each spiral segment per galaxy, ordered by decreasing stellar mass of the host galaxy from top to bottom. The circles
indicate the median value along each segment and the error bars extend from the 25th to the 75th percentile. For easier visual differentiation, all
spiral segments within a given galaxy have the same colour hue. Grand-design spirals have their names highlighted in pale blue.

galaxies, using the same nominal masks albeit at lower
resolution, that spiral arms have typically ~2 times higher
molecular gas and SFR surface densities than the interarm, with
arange from less than a factor of 2 up to a factor of ~10 on a lin-
ear scale. Our results are also in qualitative agreement with the
analysis presented in Pessa et al. (2021, 2022), who examined
star formation scaling relations involving Zggr, Zmol, and Z, in
the PHANGS-MUSE sample (18 galaxies). Their main conclu-
sion is that the relations involving stellar surface density vary
strongly with galactic environment, with a higher normalisation
in Xgpg and X, as a function of X, for spiral arms than for
‘disc’ (which includes interarm regions). This implies that, while
globally there is a nearly linear correlation between stellar mass
and molecular gas mass in galaxies, in detail, the same relation
cannot hold everywhere within discs, because X, arm/interarm
contrasts (or Zgpr contrasts) are much larger than the contrasts
in X, (as explicitly shown by Meidt et al. 2021). This results in
a higher normalisation in the scaling relations of X, and Xgpg
as a function of £, for spiral arms (Pessa et al. 2021, 2022).

In detail, the measured contrast in a given galaxy depends
on resolution and, to a lesser degree, on methodology (which we
discuss in Sect. 4.4). For example, for NGC 4321, Knapen et al.
(1996) obtained an average molecular contrast of ~1.7 and ~1.8
for the north and south spiral, respectively, at a resolution of 15”
(~1kpc). They targeted individual pointings with the Nobeyama
45 m telescope along the arms and immediate interarm regions
(similar to the second binning alternative that we introduce
in Appendix F). Despite the methodological differences, these
molecular contrasts are very similar to the ones we obtain at
1.5 kpc resolution, 1.8 and 1.6 for each arm, respectively. How-
ever, when we shift to high resolution, the molecular contrasts
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become 2.7 and 2.4 for the north and south arm, respectively.
This warns against direct comparison of contrasts derived at dif-
ferent resolutions.

3.2. Grand-design spirals show larger contrasts (and effect
of M,., SFR, AMS)

The violin plots in Fig. 4 are split into grand-design spirals
(17 galaxies) and the rest (multi-armed and flocculent,
11 galaxies). We follow the NIR visual classification from
Buta et al. (2015) for galaxies in the S*G survey, and the defi-
nitions adopted in Meidt et al. (2021) otherwise. We find a sig-
nificantly different distribution between the contrasts in grand-
design galaxies and the rest for Z,, X, and Xggr. For each
tracer, the contrast is higher for grand-design spirals: the median
surface density enhancement is 50% higher for stellar mass, and
almost a factor of two higher for molecular gas and star forma-
tion. Meidt et al. (2021) also found that, at fixed 3.6 um con-
trast, CO contrasts are slightly larger in grand-design spirals
than in multi-arm and flocculent galaxies. We ran a Kolmogorov-
Smirnov test for the two populations, finding a vanishingly small
probability (p < 0.1%) that the grand-design contrasts are drawn
from the same population as the rest of spirals for X, X0, and
Zsrr. This is not the case for SFE contrasts, though (p = 0.49),
which do not show a significant difference for grand-design spi-
rals. A Jackknife approach also confirms this: if we remove one
galaxy at a time and recompute medians, in all cases the X, X1,
and Xgpr contrast remains higher in grand-design spirals than in
the rest. If we consider the X, contrast for an extended field of
view (all X, measurements across entire spiral arms, no longer
limited to the PHANGS-ALMA field of view), the difference
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Fig. 4. Violin plot showing the distribution of stellar mass, molecular gas, star formation rate surface density, and SFE (1/74.,) arm/interarm
contrasts in logarithmic scale for all radial bins across the PHANGS targets. The violin plots are split into grand-design galaxies (right) and the
rest of spirals (left). The long dashed line shows the median of the distribution in each case, while the short dashed lines display the 25th and 75th
percentiles of the data, with labels indicating for reference the corresponding values on a linear scale.

between grand-design spirals and the rest becomes even more
acute, with a median X, enhancement that is three times larger
for grand-design (61%) than for the other spiral morphologies
(21%), as shown in Fig. C.2.

The difference in contrasts for grand-design spirals is also
mirrored by a difference if we focus on the most massive galax-
ies. If we split the sample into the 50% of galaxies with the
higher stellar masses (above the median 3.4 x 10'° M) and the
lower stellar masses (below that median), we find higher con-
trasts for the higher-mass sub-sample, by a similar amount as for
grand-design spirals (Table 1). The effect is very similar to the
split between grand design galaxies and the rest; indeed, grand-
design spirals are known to occur preferentially on galaxies with
higher stellar masses (e.g. Bittner et al. 2017; Sarkar et al. 2023),
and this is also the case for PHANGS galaxies (Stuber et al.
2023). Out of the 14 galaxies with the highest stellar masses,
12 galaxies (86%) are grand design, so both sub-samples are
closely related. Yet, the difference is not driven exclusively
by morphology, because even within grand-design spirals, we
also found larger contrasts for the galaxies with higher stellar
masses. We find moderate but positive rank correlation coeffi-
cients between the X,, X, and Zggg contrasts and total stellar
mass of each galaxy (Spearman p ~ 0.2 for all datapoints, p
value <1%), but not between SFE contrast and the stellar mass
of the galaxy. The correlations are similarly strong if we instead
consider total SFR, and we also find a similar change in the
distribution of contrasts when splitting the spiral sample into
two halves based on total SFR (above and below the median of
2.29 Mg, yr~'; also related to the split by stellar mass or morphol-
ogy). However, we do not find any remarkable differences when
splitting the sample based on being barred or unbarred, or based
on early or late Hubble type.

In Table 1, we also consider the offset from the star-forming
main sequence of galaxies (AMS, based on Leroy et al. 2019),
i.e. the vertical offset of each galaxy with respect to the best

fit to the relation between SFR and M,. We find a clear trend
for higher contrasts in the galaxies that lie preferentially above
the main sequence (AMS above 0.234 dex, the median across
the sample), comparable to the one for high M,. Interestingly,
in this case we also find a difference for SFE contrast, which
increases for galaxies in the upper half of the sample in terms of
AMS (median 1.23 as opposed to 1.09). Compared to the sepa-
ration into grand design spirals and the rest, this slightly differ-
ent SFE behaviour arises from similarly high SFR contrasts but
somewhat more limited molecular contrasts for galaxies with a
high AMS. This is perhaps not too surprising; by imposing a
high AMS, we are preferentially selecting galaxies with compar-
atively high SFR (high SFR/M,,), but at the same time those with
a more limited M,, which results statistically in less extreme
Zmol contrasts. In any case, this demonstrates that the position
of a galaxy on the star-forming main sequence matters in terms
of the type of spiral response (even though, of course, there is
significant scatter, as attested by the large range of 16th—84th
percentile range).

3.3. Correlations among contrasts

Figure 5 shows a clear correlation between the contrast in X,
and X,, and a similarly strong correlation arises between Xgpr
and Z,. This suggests that the stellar contrast largely dictates
how strongly molecular gas and star formation pile up in a
given arm. This is perhaps not too surprising, since the stel-
lar contrast sets the depth of the spiral gravitational potential
well. The Spearman rank correlation coefficients are 0.73 and
0.61, respectively. The trend is superlinear, in the sense that
the response of the gas (and star formation) is amplified rela-
tive to the contrast in the stellar surface density. In the case of
CO, the slope from a bisector fit is m = 1.8, while for SFR it
is even steeper, m = 2.9. The rank coefficients and linear fits
refer to the mean contrasts over entire spiral segments (more
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Fig. 5. Arm/interarm molecular gas, SFR, and SFE contrast as a function of stellar mass contrast. The solid black line marks the 1:1 relationship.
All radial datapoints are shown as open circles in the background. The coloured solid line indicates the best bisector fit to the coloured circles,
which represent the average per spiral segment. The fits are provided in Table F.1, and we list the slope as m inside the plot. The strength of the

correlation for the coloured circles is indicated by p.
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Fig. 6. Arm/interarm molecular gas versus SFR contrast. Symbols as in
Fig.5.

details, including all radial bins and uncertainties for the fits, in
Table F.1).

Meidt et al. (2021) measured CO contrasts at 150 pc resolu-
tion as a function of 3.6 um contrast, and found that they follow
approximately a 2:1 relation on a log—log scale, with some verti-
cal offset above the reference 2:1 line, and with a Pearson corre-
lation coefficient R ~ 0.5. Our measured slope of m = 1.8 is thus
in good agreement with Meidt et al. (2021), but we do not find a
vertical offset here, and we find a tighter correlation with Spear-
man p ~ 0.73, which could arise from the different method fol-
lowed (percentiles versus environmental masks). This superlinear
relation is consistent with the expectation if gas is compressed
as it flows supersonically in response to non-axisymmetric stellar
structures (Roberts 1969; Meidt et al. 2021).

Despite the strong correlation between stellar contrast and
the contrast in molecular gas and SFR, the correlation between
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the contrasts in SFE and stellar surface density is much weaker
(o = 0.34). If we perturb the data points using a Gaussian distri-
bution according to the error bars, the weak positive correlation
vanishes (with a bootstrap of N = 10000 runs, the average rank
coefficient drops to p = —0.09). We comment on the impact on
SFE in more detail below in Sect. 3.4.

We also examine the contrast in Zggg as a function of X,
contrast, as shown in Fig. 6. If the efficiency remains on average
similar in spiral arms and interarm regions, we expect the Zgpg
as a function of X, contrast to be connected by the Kennicutt-
Schmidt relation (Schmidt 1959; Kennicutt 1998). Indeed, we
find an even stronger correlation (o = 0.78) than between X,
or Xgrr and X,. The best-fit regression relating the Xgpg con-
trast to the X, contrast is slightly superlinear (slope m = 1.6),
implying that the star formation contrast exceeds on average the
molecular contrast slightly for the cases where the X, contrast
is highest. In other words, the spiral segments or bins with the
highest contrasts typically show slightly more efficient star for-
mation in the arms than in interarm regions. This is in agreement
with the finding that there is a slightly increased SFE contrast
for the highest £, contrast (which at the same time corresponds
to the highest X, contrasts). We discuss this in more detail in
Sect. 3.4.

3.4. Star formation efficiency in spiral arms

Here we analyse whether spiral arms preferentially trigger the
collapse of molecular gas to form stars, systematically boosting
its SFE. We emphasise that by default we consider the efficiency
associated with molecular gas only, SFE = Xgrr/Zmol = 1/74ep
(sometimes labelled SFE,,,). This is different from the SFE of
the total gas (H1+H,); we will examine the effect of including
atomic gas below in Sect. 3.5.

The right panel of Fig. 4 demonstrates that SFE is not always
enhanced in spiral arms. From a total of 422 radial bins, we find
244 bins in which SFE is higher in spiral arms (while in 178 bins
it is higher in interarm regions). Thus, if we pick up random
locations along spiral arms, in roughly six out of ten cases we
will find a higher SFE in spirals.

The median SFE contrast across all radial bins is 1.16. If we
bootstrap the SFE values within their error bars 10000 times,
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we confirm that the enhancement of the median with respect to
unity is statistically significant (at the 40 level). With a Jackknife
approach, if we randomly remove half of the datapoints and
repeat the process N = 10000 times, the mean remains 1.16 with
a standard deviation of 0.03 (in fact, only in ~5 out of 10 000 ran-
dom cases does removing half of the bins result in a mean SFE
contrast below unity). This confirms that the result is robust. Yet,
this enhancement of ~10—-20% in SFE is modest compared to the
actual enhancement in X,,,,; (median enhancement 120%), Zsrr
(160%), and is even below the limited enhancement of X, (28%).

Our SFE measurements rely on Ha fluxes corrected for
extinction following the empirical calibration from Appendix B.
If we were to take SFR as directly proportional to He, then
the SFE enhancement would completely vanish, as shown in
Fig. B.3. This emphasises the importance of the extinction
correction for SFR and SFE contrasts. For the subsample of
13 galaxies in PHANGS-MUSE, we find a median SFE con-
trast of 1.21 from extinction-corrected Ha (Balmer decrement).
For the same galaxies and field of view as PHANGS-MUSE, our
nominal SFE contrast has a median of 1.19, which reassuringly
demonstrates the success of our strategy to account for extinction
on arm/interarm contrasts (Appendix B). Conversely, applying
the velocity dispersion-dependent aco from Teng et al. (2024)
leads to an increase of X, contrasts at the ~10% level, which
results in SFE contrasts which are ~10% higher.

In Fig. 5 we found a strong correlation between X, and Xy,
or Xspr contrasts, but a weaker correlation for SFE contrasts
(right panel of Fig. 5, p = 0.34). This suggests that, while the
stellar mass contrast is a clear driver of the accumulation of gas
and, indirectly, star formation, it is not as directly linked, in gen-
eral, with a boost in SFE. Yet, if we focus on the largest X,
contrasts, the median SFE contrast increases significantly. For
example, for the top 50% in X, contrasts (>1.23, or >0.09 in
log), the median SFE contrast rises to 1.40, and goes up to 2.34
if we focus on the top 10% of Z, contrasts (>1.97, or >0.29 in
log). Therefore, the largest stellar contrasts do result, on average,
in a noticeable increase of SFE. When splitting the sample into
grand-design spirals and the rest, a difference in SFE contrasts is
not apparent.

Our findings agree with some previous studies which did
not find significant differences among spiral types in terms of
SFE, either observationally (e.g. Bigiel et al. 2008; Leroy et al.
2008; Kreckel et al. 2016; Foyle et al. 2010) or using simula-
tions (e.g. Dobbs et al. 2011). Our results also roughly agree
with the analysis of PHANGS-MUSE galaxies presented in
Pessa et al. (2021, 2022). The arm versus disc variation in the
resolved Kennicutt-Schmidt relation (Zggr VS. Zmo1) Was found to
be very limited, the same as the corresponding coefficients in the
ZSFR — Zmol — 2« plane, in agreement with the SFE arm/interarm
contrast oscillating around unity that we have found in this paper.
In particular, Pessa et al. (2021) found that spirals show slightly
higher Xgpr at fixed X;,,o; compared to disc values, but only below
Zool S 100 M@/p(:2 (at higher X, discs are actually slightly
above spirals in the molecular Kennicutt-Schmidt relation; see
their Fig. 9). We emphasise that the binned data in Pessa et al.
(2021) aggregate measurements from different galaxies and the
disc environment includes both interarm regions and discs with-
out spiral masks. Therefore, this is not necessarily representative
of the arm/interarm contrasts measured within individual galax-
ies, and the fact that the offset is small agrees with our overall
findings. Our results also agree with Romanelli et al. (in prep.),
who do not find significant differences between arm and interarm
regions in terms of molecular cloud SFE (inferred cloud lifetime
divided by depletion time).

3.5. Atomic gas contrast and its effect on SFE

So far, we have considered the contrasts based on molecular
gas, without accounting for atomic gas. This seems like a rea-
sonable choice, since molecular gas often dominates the inner
parts of galaxies, and is more closely related to star formation
(Bigiel et al. 2008; Leroy et al. 2013). Another reason to focus
on the molecular phase is the higher resolution of our CO obser-
vations compared to HI. Yet, the arm/interarm contrast in atomic
gas is interesting, and it can tell us not only about the accumu-
lation of gas, but also the transformation of atomic to molecular
gas driven by spiral compression.

In this Section, we consider the impact of including atomic
gas in arm/interarm contrasts, which we can unfortunately only
examine at lower resolution (a few tens of arcsec for HI, i.e.
~kpc scales, instead of ~100pc scales for CO). We limit our
analysis to the cases where HT achieves a physical resolution of
2.5kpc or better (15 galaxies, keeping in each case the origi-
nal HI resolution, matching CO to this resolution), restricted to
the extent of the PHANGS—ALMA field of view. Table 2 lists
the distribution of arm/interarm contrasts for this subsample of
H1 galaxies. The H, contrast drops very significantly from high
to low resolution (matched to HI), and the SFE contrast also
drops slightly. We examine the effect of resolution more closely
in Sect. 3.8. Even at matched resolution, the HI contrast is typ-
ically ~10% lower than the H, contrast (while HI+H, shows
intermediate contrasts). This is also confirmed if we explicitly
look at the molecular-to-atomic ratio (Z,01/Zatom), Which shows
a 13% higher median in spiral arms.

Figure 7 compares point-by-point the contrast of total gas
(H1+H,) as a function of molecular contrast (H,) matched to
the resolution of HI. The correlation is very strong (Spearman
p = 0.90). Most datapoints cluster around relatively low contrast
values (mostly <0.5 in log scale), and in those cases the agree-
ment between HI+H, and H; contrast is good (following the
1:1 line). Overall, the drop in the contrasts when including HT
is small (median 6% lower for the average over segments, only
3% lower for all radial bins). For exceptionally high contrasts,
however, the H, contrast exceeds the one for total gas by ~0.1—
0.2 dex (30—60%). The relation between H 1+H; and H; contrast
can be fitted by a power-law with slope 0.67 (but we note that
the fit tends to overestimate the difference with respect to the 1:1
line for the largest contrasts).

The boost in molecular-to-atomic ratio (X1 /Zatom) 10 Spirals
points to some conversion of atomic to molecular gas due to the
compression associated with spiral arms. At the same time, pho-
todissociation of H, downstream of the arm could play a role
(e.g. Schinnerer et al. 2013). In any case, we find a higher H,
than H T contrast, which suggests that spiral arms might trigger
the formation of molecules and do not simply gather preexisting
molecular gas; in addition, spiral arms might enhance the den-
sity enough to form CO (and not only H,), transforming some
CO-dark molecular gas to molecular gas that efficiently emits
in the CO line (e.g. Dobbs & Bonnell 2007b; Smith et al. 2014).
We caution that the limited resolution of the HI observations
might wash out some of these effects. Observations of HT at
higher physical resolution would be highly desirable to deepen
our understanding of such phase transitions associated with spi-
ral arms.

Including atomic gas also affects the SFE. Table 2 shows that
the median SFE contrast increases by 8% when considering the
total gas (H,+H1) instead of only H,. As expected, the change
is even more extreme if we consider HT only, which results in an
SFE contrast typically ~20% higher than when considering only
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Fig. 7. Effect of HI on the spiral arm/interarm contrasts. The plot shows
the contrast of total gas (adding up both atomic and molecular surface
densities, H1+H,) as a function of the molecular contrast (H,). The
measurement are performed matching the resolution of HI for each
galaxy and over the same field of view. Symbols as in Fig. 5.

H,. The difference is particularly strong for the largest molecular
contrasts, where considering the SFE of the total gas (H1+H)
results in contrasts nearly a factor of ~2 higher than focusing
exclusively on the molecular phase. To make further progress, it
becomes essential to obtain observations of atomic gas at higher
physical resolution. We discuss this further in Sect. 4.3.

3.6. Radial trends in arm/interarm contrast

Here we examine whether the arm/interarm contrast shows sig-
nificant fluctuations with galactocentric radius. Figure 8 shows
our measurements of the arm/interarm contrast in elliptical
annuli (radial bins of 500pc) as a function of the galactocen-
tric radius of each bin normalised by R,s. There is a very sig-
nificant scatter in the contrasts at fixed R/R;s, but the running
medians also show that there are some (mild) trends with radius.
The enhancement of the stellar contrast above unity becomes on
average a factor of ~8 larger from the innermost to the outer radii
that we sample; the median contrast in stellar mass surface den-
sity monotonically rises from just 5% in the innermost bin, up to
38% at 0.5 Rys, and then plateaus around this value. The trend is
confirmed if we use the MUSE-based stellar mass maps instead
(Appendix C). Thus, spiral arm stellar contrasts are damped in
inner galaxies relative to middle radii; stellar surface densities
become much larger as we approach galaxy centres, while the
interarm values become comparatively higher with respect to the
spiral density enhancement.

The molecular gas contrast shows a more stable behaviour
with radius, with running medians fluctuating around a factor
2-2.5. Compared to the molecular contrast, the SFR contrast
shows a strong decline towards the innermost normalised radial
bins. A visual inspection of the maps suggests that this is mostly
due to efficient star formation in inner rings or around bar ends,
beyond the actual log-spiral mask. In other words, precisely
around the point where log-spiral arms end in galactic centres
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Table 2. Effect of including atomic gas on arm/interarm contrasts.

Zgys contrast  SFE contrast

o Lty 1ok
H1+H, 1.26+058 109155
H, (H T galaxies) 131431 1.017038
H, high resol. (HI galaxies) 2432 117739
Zimol/Zatom L1355 -

Notes. Gas and SFE contrasts (median and 16th—84th percentile range,
measured on galactocentric rings of 500 pc width). Limited to 15 spiral
galaxies where HI observations achieve a spatial resolution better than
2.5kpc.

or connect to a bar, there is plenty of scattered star formation,
which falls inside the interarm footprint. As a consequence, the
SFE contrast also shows its lowest value for the innermost bin
(factor of ~0.7), largely associated with the surroundings of bar
ends and star-forming rings beyond spirals, while over most radii
the running medians remain around unity or slightly above.

3.7. Symmetry of contrasts in two-armed spirals

The large majority of the spiral galaxies in our sample are dom-
inated by two spiral arms (22 out of 28, or 79%). Here, for two-
armed spirals, we examine whether the radial variations in con-
trasts that we observe are symmetric or largely uncorrelated for
opposite spiral arms.

If the contrasts were exactly symmetric, we would expect
a perfect correlation between opposite spiral arms (rank coeffi-
cient approaching unity), with scatter only due to measurement
uncertainties. On the other hand, if the radial fluctuations along
a given arm were totally independent from the other arm, we
would expect a lack of correlation (p close to zero). If we cal-
culate the Spearman rank correlation coefficient for contrasts in
opposite arms, we find a relatively strong correlation for the stel-
lar component (p = 0.61), a weaker correlation for the molecu-
lar and SFR contrast (p = 0.36 and 0.43, respectively), and an
even smaller correlation for the SFE contrast (o = 0.21). There-
fore, there seems to be some degree of connection between both
arms (the arms somehow ‘know about each other’), but the large
scatter implies that fluctuations along one arm are not always
perfectly mirrored by changes in the contrast of the other spiral
arm. In Sect. 4.2 we discuss the stronger arm-to-arm correlation
in NIR than in CO or SFR.

3.8. Effect of resolution

The main difference between the arm/interarm contrasts pre-
sented in this paper and those from Querejeta et al. (2021) and
other previous works is the resolution of the data. Here we
consider contrasts measured from data at ~100pc resolution
as opposed to previous studies working on kpc-resolutions. In
this Section, we directly assess the effect of resolution on the
contrasts by comparing our ~100 pc resolution results with the
results if we convolve the maps to 1.5kpc resolution. This
is the physical resolution used in the contrasts presented in
Querejeta et al. (2021), as it is the best common resolution pos-
sible across all PHANGS galaxies limited by the SFR tracer
(WISE 22 um). In order to convolve the maps to 1.5 kpc reso-
lution, we employ the kernels from Aniano et al. (2011).
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Figure 9 shows that there is a reasonably good correla-
tion between the contrast measured at 1.5kpc and at 100 pc
resolution (ranks p ~ 0.8—-0.9 for X,, X0, and Xgpr, p =
0.67 for SFE). In any case, there is some scatter, especially
for SFE, which is a more indirect quantity. More importantly,
there is a systematic offset towards higher contrasts, especially
for X0 and Zspr, when we shift to high resolution. This is
well expected because using data at 1.5kpc will somewhat
dilute the signal. The contrasts measured at 100pc are typi-
cally 8%, 38% and 44% higher than at 1.5 kpc resolution for
s Zmol, and Xgpgr, respectively (median difference). The lower
change for X, is probably because the stellar mass distribu-
tion is intrinsically smoother than X, or Xgpr. For SFE, if
we focus on the contrasts above unity, the median increase is
9% (up to 23% if we focus on contrasts above 1.3). Indeed,
at high contrast values, the amplification at high resolution is
slightly larger for SFR than for CO (for contrasts above 2, the
median increase for SFR is 80%, as opposed to 36% median
amplification for CO); this is why the highest SFE contrasts
also get slightly boosted at high resolution compared to low
resolution.

4. Discussion

We start by discussing the magnitude of our measured X, X1,
and ZgpRr contrasts and their variation among and within galaxies
in Sect. 4.1. Then we discuss their radial variations and symme-
try in Sect.4.2. We address the question of whether spiral arms
systematically boost SFE in Sect. 4.3.

4.1. Magnitude of X,., 01, Zspr cONtrasts and variation with
galaxy properties

Spiral arms are often regarded as locations where most gas
and star formation accumulates in galaxies. Yet, as shown by
Querejeta et al. (2021) for PHANGS, the overall contribution of
arm and interarm to total molecular gas and SFR is fairly simi-
lar, while the interarm region spans a larger area (in agreement
with findings from previous studies such as Foyle et al. 2010). To
examine this problem further, we have performed detailed mea-
surements of the arm/interarm contrast of stellar mass, molecular
gas, and star formation rate surface density, as well as the result-
ing efficiency, across PHANGS galaxies.

A293, page 13 of 26



Querejeta, M., et al.: A&A, 687, A293 (2024)

15 ———F— 71— 1.5———F— T T
L L )
o
z* B zm0| DO o © o)
L %
L < . o0
— 1+ 1 TF & 7 .
C F o @ Q)O
Cqg
2 S P
> & SEEG O
e *é‘ I ? o ¢ 3
0 05 o, 4 05F o > =
O 7 5 4 %‘
%C
(&) o 5 0 o 5 ©
g. _ a [ 280 o
o
oL ® & . ok o 4
2 ey
1 § p=0.92 @v‘%oo 5 o p=0.82
O
4+ % . L L . .§&ﬂ&| h%. L 1
@ 0 0.5 1 1.5 0 0.5 1 1.5
- 15 T T T T T T 0.6 LIRS S B N B N S DR B B R I RN B B N BN N DR B L IO L)
= o
C L OO r o ©0 (% OO»—%— 1
0% o o 5
Q 2SFR 22 &0 SFE a4
O o Oooo o o, 0.4+ o | \% o} -
- I P g 4f %

a 1+ 6 © OO@% ¢ & o m ; g@ c o
=2 22077 S o 02F ° %% H@{}L -
o o « i

® E b
+— [} o L .
C 00 8 N | @ 8o 0 %’v
< o~ 89 ’ §§40 oOb--=-=-=--- QO g - - - - - ]
00 5]
£ osp o o 4 s
i 4 0 ©
@/ lo @ 588, (@%‘ {1-0.2k OO_%?(\O & - .
@ b [e) O/ ' j2 A (‘D@ © o
O W - o 7 UPE e
r 5 C c Y
ok P © o d—04l 0/0 & 8 0°% i
o o o © o A ° oo
SR 0=080 | oo pe | p=0.67
o % o | IS ° 0
A 1 S B L —06K 1 Loy v b
0 0.5 1 1.5 -0.6 —-0.4 -0.2 0 0.2 0.4 0.6

log(arm/interarm contrast 1.5 kpc resolution)

Fig. 9. Comparison of contrasts at our high working resolution (~100 pc) versus contrasts for the maps degraded to 1.5 kpc resolution.

One of the main results of this paper is that the stellar surface
density arm/interarm contrast is very small (about a few tens of
percent), but, as it determines the gravitational potential, it is
sufficient and critical to trigger a non-linear response in the gas
which results in the accumulation of molecular gas and star for-
mation in spiral arms (typical contrast of a factor ~2—3). Using
a morphology-independent approach to quantify gas and stel-
lar density contrasts in these same galaxies, Meidt et al. (2021)
found similar results. In this work, we have examined the robust-
ness of this result against different methodological choices (e.g.
spiral mask width, tracers, binning; see Appendix F).

We found that Xgpg contrasts show a larger scatter than
Xmol contrasts. This suggests that there are more fluctuations in
the contrast of Xgpr, which is probably a result of the intrin-
sic stochasticity of the star formation process, where a small
fraction of the molecular gas is transformed into stars (e.g.
Schruba et al. 2010; Kruijssen & Longmore 2014; Utomo et al.
2018; Kruijssen et al. 2019; Chevance et al. 2020). While spiral
arms act directly on the gas, the effect on star formation is indi-
rect, and modulated by changes in SFE (e.g. due to local condi-
tions in the ISM such as pressure or magnetic fields; Kim et al.
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2021). Our choice of 500 pc-wide radial bins somewhat miti-
gates stochastic sampling effects (which would be stronger in
smaller apertures; the characteristic separation length between
independent star-forming regions measured by Kim et al. 2022
for PHANGS galaxies is ~200—400 pc). However, local varia-
tions in SFE can still result in a wider distribution of SFR con-
trasts compared to CO contrasts. In the spiral galaxy M100,
Elmegreen et al. (2018) found regularly spaced NIR clumps
along filaments (with typical separations of ~400 pc), which they
interpret as the result of large-scale gravitational instabilities in
shocked gas (see also Henshaw et al. 2020). All these fluctua-
tions can explain the occasional appearance of bins where the
interarm surface density is slightly higher than in the arm, lead-
ing to negative contrasts in the logarithmic scale.

Our results point to a tight relationship between stellar mass,
galaxy dynamics, morphology, and the reorganisation of the
ISM in spiral galaxies. We found that grand-design spirals show
higher stellar contrasts (up to three times higher median for
an extended field of view), and molecular and SFR contrasts
are also higher (~2 higher median). This agrees with findings
from Meidt et al. (2021) on larger CO contrasts in grand-design
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galaxies. Regarding the stellar contrast, Bittner et al. (2017)
found significantly lower arm/interarm contrasts in flocculent
galaxies, but similar ones in multi-armed and grand-design spi-
rals. Only two galaxies in our sample are classified as flocculent
(NGC 1385 and NGC 2283), as opposed to nine multi-armed and
17 grand-design. Therefore, the difference between grand-design
and the rest in our case is mostly driven by multi-armed spirals
(and not flocculent).

Since the most massive spirals in our sample tend to be
grand-design, we also find higher contrasts for the galaxies with
largest stellar mass. The increased grand-design contrasts could
have a dynamical origin, as both internally and externally excited
density waves (e.g. due to bars or interactions) can manifest
themselves as grand-design spirals. In turn, this results in an
accumulation of stellar mass in a symmetric, two-armed spiral
pattern, which can drive shocks that accumulate gas and trigger
star formation (following the picture from Roberts 1969).

Another strong piece of evidence supporting the link
between dynamics and X, and Xggr contrasts is the strong cor-
relation between these quantities and X, contrasts. Specifically,
we find superlinear relations (slope m = 1.8 for Z o, m = 2.9 for
Xsrr), Which agrees with similar findings by Meidt et al. (2021),
consistent with gas compressed as it flows supersonically as it
enters spiral arms. Specifically, the slope of m = 2 between gas
and stellar contrast can be expected for hydrodynamic shocks
with a Mach number that is set by the underlying stellar den-
sity contrast (Meidt et al. 2021). Scatter is expected around this
relation due to a number of additional effects, including gas self-
gravity and magnetic fields.

4.2. Radial variation and symmetry in arm/interarm contrasts

Our interpretation of the strong correlation between X, Or Xspr
and Z, contrasts, and the larger contrasts found in grand-design
spirals, is that galaxy dynamics largely dictates, through pertur-
bations in the gravitational potential, the accumulation of gas
and, subsequently, star formation in spiral arms. Yet, this is a
relation that operates ‘on average’, while the individual radial
bins, and even mean values over entire spiral segments, show
significant scatter around this relation. That means that on top of
the stellar contrast there must be local effects at play, potentially
also related to spiral arms (e.g. magnetic fields, local flows, local
shear, gravitational instabilities leading to regularly spaced star-
forming clumps), in addition to observational uncertainties. This
is even more acute in SFR contrasts, as it is an indirect quantity
which is also sensitive to many other factors (stability of molec-
ular clouds, and specific snapshot in which we capture the star
formation cycle).

We found a clear decrease in the stellar contrast as we
approach galaxy centres. The median contrast in stellar mass
drops from ~40% at 0.5 Rys to just 5% at 0.1 Rps. Overall, stellar
surface densities quickly increase towards galaxy centres, which
can even harbour bulges on top of a roughly exponential stel-
lar disc. This means that the baseline interarm value is more
elevated for the smallest radii, and a significant increase in spi-
ral surface density can still appear as proportionally more lim-
ited due to this stellar bulge dilution. Furthermore, it becomes
comparatively harder to excite spiral arms when stellar popu-
lations have a larger velocity dispersion (dynamically ‘hotter’,
i.e. higher o, /vo), Which is typically the case when we move
towards the centres of galaxies.

We also found that Zggr contrast drops by more than a factor
of ten over the same radial range. As commented on in Sect. 3.6,
this drop is associated with inner rings or the surroundings of bar

ends, which are actively star-forming and fall within the inter-
arm footprint. More generally, the contact points of spirals and
bars, as well as galaxy centres, show complex effects where the
dichotomy between spiral and interarm star formation becomes
less clear. In addition to the spiral perturbation on the gaseous
disc, those inner radial bins reflect other dynamical effects, such
as rings connected to Lindblad resonances (e.g. Buta & Combes
1996).

Two-fold rotational symmetry is expected in standard mod-
els of grand-design spiral structure, where an m = 2 Fourier
mode dominates. By focusing on the two-armed spirals in our
sample, we found that there is a positive and significant degree
of correlation between opposite spiral arms with p ~ 0.6 for the
stellar component and p ~ 0.4 for the molecular and SFR com-
ponent. This is consistent with an interpretation where dynam-
ical processes drive a largely symmetric response in the stellar
gravitational potential of the disc, and this leads to the accu-
mulation of gas (and indirectly star formation), but on top of
other mechanisms that ultimately set the details of the local gas
response.

The effect of arm symmetry on SFE is more subtle. If radial
fluctuations in SFE were driven by a (radial) dynamical process,
we could expect a significant correlation among arms. Yet, if the
fluctuations in SFE were driven by local processes and/or time
evolution (stochasticity and sampling issues), we would expect
the measurements in opposite arms to be mostly uncorrelated.
Indeed, what we find is that the correlation of SFE in oppo-
site arms is much weaker (p ~ 0.2) than the correlation of X,
or Zgrr contrasts (o ~ 0.4), suggesting that, while axisymmet-
ric dynamical processes could play some modulating role, local
effects and stochasticity largely wash out any symmetric trends.

4.3. Considering whether the SFE is enhanced in spiral arms

While it is clear that spiral arms accumulate gas and star forma-
tion, the question remains as to what extent the conversion of
gas into stars proceeds more efficiently in spiral arms. For exam-
ple, shocks or cloud-cloud collisions could trigger the collapse
of molecular clouds and induce more efficient star formation.

Previous studies have addressed this long-standing problem
using different tracers (e.g. gas including only HI, only H,, or
both) at different physical resolutions (typically ~1 kpc), yield-
ing contradictory results, with some papers claiming that spi-
ral arms are sites of enhanced SFE (e.g. Lord & Young 1990;
Knapen et al. 1996), and others arguing that spirals pile up
gas (and indirectly star formation) but do not boost the effi-
ciency at which gas transforms into stars (e.g. Foyle et al. 2010;
Kreckel et al. 2016). Galactic studies also point to little or
no difference in the SFE between arm and interarm regions
in the Milky Way (e.g. Moore et al. 2012; Eden et al. 2015;
Ragan et al. 2018; Urquhart et al. 2021). To shed light on this
problem, here we have considered the largest sample of spiral
arm/interarm contrasts examined so far (28 nearby spirals) using
homogeneous observations at ~100 pc resolution.

Our observations do not support the simple, naive pic-
ture where spiral arms always increase the efficiency by which
molecular gas forms stars. If we pick up a random location, in
roughly 6 out of 10 cases we will find higher SFE in spiral arms,
but in as many as 4 out of 10 cases, the opposite will hold:
more efficient star formation in interarm regions (Fig.4, right
panel). The median SFE enhancement across the whole sam-
ple is 16%, which, albeit statistically significant, is limited com-
pared to the spiral increase in X, (median enhancement 120%)
or Zsrr (160%). We note that systematic variations in the aco
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conversion factor could result in an additional 10% increase of
SFE in arms compared to interarm regions (if the aco prescrip-
tion from Teng et al. 2024 can be extrapolated to arm/interarm
differences; see Sect. 2.2).

While we found clearly enhanced stellar contrasts in grand-
design spirals, we do not find a significant difference in the SFE
contrast between grand-design spirals and the rest (Fig.4). SFE
and X, contrasts show a positive correlation, but fairly weak
(o = 0.34), as opposed to the stronger correlation between X,
or Xgrr and X, contrasts (p = 0.73 and 0.61, respectively).
Therefore, the impact of global dynamics and morphology on the
regulation of SFE seems more subtle. Overall, local or stochastic
effects seem to play a stronger role in setting the spiral SFE.

However, if we focus on the largest stellar contrasts, we do
find a more acute boost in spiral SFE. For the top 10% of X,
contrasts (>1.97) the median SFE contrast rises to as much as
2.34. As we have seen, even a weak stellar spiral arm (contrast
~10-20%) results in a significant, non-linear increase of molec-
ular gas (and, indirectly, SFR) surface densities. Thus, to zeroth
order, spiral arms simply pile up gas and star formation in a very
efficient way. However, we need a very strong stellar contrast in
the spiral (approaching a factor ~2 or more) to produce a signif-
icant boost in the molecular SFE.

Our H1 observations, albeit at lower resolution, confirm that
the molecular-to-atomic ratio (Zyo1/Za0m) increases in spiral
arms. Thus, to some degree, spiral arms promote a phase tran-
sition from H1to H,. As a consequence, the contrasts associated
with the total gas are weaker than molecular contrasts. By pro-
moting the formation of cold, potentially star-forming clouds,
spiral arms make more gas susceptible to form stars, and could
indirectly stimulate the formation of molecules. In that sense,
they do result in enhanced star formation beyond just gathering
gas, even if the molecular gas that is eventually available forms
stars with a similar efficiency. As a corollary, the SFE contrast
of the total gas (HT+H;) is higher than referred exclusively to
the molecular phase. To better understand the role of atomic
gas in spiral arms, it is imperative to advance towards high-
resolution HI mapping of spiral galaxies with matched molec-
ular gas observations; this is already possible for very nearby
spirals such as IC 342 (Querejeta et al. 2023).

The inclusion of atomic gas can explain some of the dis-
crepancies within the literature. For example, early studies such
as Lord (1987), Vogel et al. (1988) or Cepa & Beckman (1990)
relied exclusively on HT to estimate gas and SFE contrasts. This
results in a lower gas contrast and a boost of the SFE con-
trast (because part of the atomic gas transforms to molecular
gas in spiral arms). Other studies referred to the SFE of the
total (HI+H;) gas, such as Knapen et al. (1996), which can also
lead to higher observed SFE, especially for the largest contrasts.
On the other hand, studies limited to molecular gas typically
found similar SFE values in spiral arms and interarm regions
(e.g. Foyle etal. 2010; Kreckel et al. 2016; Pessa et al. 2021;
Querejeta et al. 2021).

Regarding simulations, there is no clear support for a pic-
ture where star formation proceeds more efficiently in spiral
arms. Hydrodynamical galaxy simulations indeed suggest that
there is an accumulation of dense (molecular) gas in spiral arms,
but the star formation rate per unit gas mass remains simi-
lar in arms and interarm (Bonnell et al. 2006; Dobbs & Pringle
2009; Dobbs et al. 2011; Kim et al. 2020; Tress et al. 2020).
According to these studies, spiral arms are sites where com-
peting effects meet, on the one hand building up higher gas
densities and larger molecular clouds, and on the other hand
involving shear, flows, and elevated velocity dispersions that
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hinder collapse (Dobbs & Bonnell 2007a; Meidt et al. 2013;
Semenov et al. 2017; Meidt et al. 2018).

Summing up, our results suggest that the impact of spiral
arms on SFE is, to first order, a matter of definition. If we ask
whether spiral arms simply ‘gather’ or also ‘trigger’ star forma-
tion, the answer is that they certainly passively gather, but to
some extent also actively enhance star formation, because some
HT transforms to H, and, thus, more gas is susceptible to form
stars. On the other hand, if the question is whether the avail-
able molecular gas forms stars more efficiently in spiral arms,
the answer would be on average negative; the triggering effect is
at least very limited, except in the cases where the stellar con-
trast is very large. Here we have not examined effects such as
detailed gas flows, shear patterns, or magnetic fields within spi-
rals, but some of these effects might be able to explain why we
find more or less efficient conversion of molecular gas into stars
in different locations along spirals.

4.4. Methodology and measurement caveats

Table I summarises the distribution of contrasts for differ-
ent methodological choices. This includes using lower resolu-
tion maps (Sect. 3.8), a narrow version of the spiral masks
(Appendix E), radial bins of different width, and two alterna-
tive sampling approaches (Appendix F).

The most relevant effect is resolution. Indeed, contrasts get
strongly diluted when shifting from ~100 pc to 1.5 kpc resolu-
tion (Fig. 9). The median stellar contrast drops from 1.28 to 1.15,
while the median molecular and SFR contrasts drop from 2.22 to
1.49 and from 2.56 to 1.50, respectively. Importantly, the dilution
effect is not totally symmetric for molecular gas and star forma-
tion, such that the SFE is also affected when degrading resolu-
tion (its median contrast drops from 1.16 to 1.04; even more if
we degrade the resolution further to match H1, see Table 2).

We also test how results are affected by the precise definition
of the spiral mask. Using the narrower spiral masks introduced
in Sect. 2.6.2, Fig. E.1 in Appendix E shows that, despite cover-
ing a significantly smaller area (~1/2), the contrasts for the nar-
rower masks are very similar to the nominal ones or just slightly
higher. The stellar contrast remains virtually unchanged, while
the median molecular and SFR contrasts are just ~10-20%
higher for the narrow masks. The resulting SFE is just 4% higher
for the narrow masks, so the difference is fairly limited, and
much smaller than implied by the change of resolution.

A quick visual inspection of CO or SFR maps could suggest
that the narrow masks better capture the enhanced densities in
spirals. Yet, the relatively limited change in contrasts when using
the narrow masks demonstrates that spirals are not as concen-
trated as one could perhaps expect. Indeed, the immediate out-
skirts of the spiral ridge must also have elevated surface densities
compared to interarm regions, as otherwise we would expect a
more acute dilution of the contrast associated with the broader
masks (which typically span a twice larger area). In other words,
the narrow masks better capture the ridge of molecular emission
and star formation (useful for some applications), but the effect
of the spiral perturbation seems to extend further out, which jus-
tifies the use of the more regular and broader nominal masks
across this paper.

As shown in Table 1, the distributions of contrasts for X,,
Zmols =sFr, and SFE are very similar if we choose either nar-
rower radial bins (250 pc) or wider bins (1000 pc), instead of the
nominal 500 pc-wide bins. In Appendix F, instead of elliptical
annuli of a fixed width we also consider a different binning strat-
egy, splitting the spiral masks into ‘boxes’ which follow each
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arm, with perpendicular cuts at regular lengths along the arm,
and two alternative definitions of interarm. The impact of these
alternative binning approaches on the contrasts is slightly larger
that just changing the width of the radial bins, but does not lead
to very strong systematic differences, as shown in Table 1 and
Appendix F.

As already discussed in Sect. 3.5 and Sect. 4.3, including
atomic gas does have a very significant impact on the gas and
SFE contrasts. Table 2 quantifies these differences.

In the Appendix, we also consider some caveats associated
with our measurements. In Appendix C we confirm that our
nominal stellar mass tracer (Spitzer 3.6 um corrected for dust
emission with ICA) is robust when compared to MUSE-based
2, maps (from stellar population fitting). Appendix B consid-
ers the correction to narrow-band Hea to account for extinction;
for the same subset of galaxies and field of view, the contrasts
derived this way agree with MUSE SFRs (extiction-corrected
Ha using the Balmer decrement). In Appendix D we argue that
diffuse ionised gas (DIG) is unlikely to have a major impact on
SFR contrasts following our observational approach. Based on
geometrical arguments, we expect our broad spiral masks to cap-
ture most leaked ionising photons associated with spiral arms.
Furthermore, our tests using HI region masks suggest that most
DIG in the interarm regions is associated with local HI regions,
and is not due to leaked photons from the spiral arms.

In addition to the distributions of contrasts presented in
Table 1 for different alternatives, in Appendix F, and specifi-
cally in Table F.1, we examine how the main correlations among
contrasts are affected by these methodological choices. Based
on this analysis, our main conclusions seem qualitatively robust
against these details.

5. Summary and conclusions

Disc galaxies in the local universe tend to develop different kinds
of spiral structures, where approximately logarithmic spiral seg-
ments appear punctuated by luminous regions associated with
young stars. In this paper, we have examined the increase of sur-
face densities present in spiral arms compared to the remaining
disc positions at matched galactocentric radii. We have mea-
sured these arm/interarm contrasts in the 28 nearby galaxies
from PHANGS that show a clear spiral structure (according to
the environmental masks from Querejeta et al. 2021), split into
radial bins of 500 pc width.

The main novelty here with respect to Querejeta et al. (2021)
is that these measurements were performed at ~100 pc resolu-
tion instead of ~kpc resolution, and that we considered radial
bins and not only averages over full spiral segments. The limit-
ing factor in Querejeta et al. (2021) was the requirement to con-
volve the data to the resolution of the MIR map that was used in
the hybridisation process to account for obscured star formation
(WISE 22 um at 15” resolution). In this paper, we have circum-
vented this limitation by employing PHANGS-MUSE observa-
tions to empirically calibrate the effect of extinction on SFR con-
trasts, starting directly from the Ha contrast (see Appendix B for
details). This allowed us to robustly measure the SFR contrast at
~100 pc resolution and therefore (indirectly) the SFE contrasts,
within some moderate error bars. Compared to Querejeta et al.
(2021), in this paper we also considered the stellar contrast and
correlations among contrasts, as well as radial trends and sym-
metry among spiral arms in a given galaxy. Finally, we also
examined a number of additional effects, including the width
of the spiral masks, resolution, binning, and the inclusion of
atomic gas.

Our main findings are:

1. The arm/interarm enhancement in stellar mass surface den-
sity (X4) is very modest, typically a few ~10% (median
28%). On the other hand, the molecular gas (Zp) and
star formation rate (Xgpr) enhancements are much higher,
spanning from a few tens of percent up to a factor of a
few (median contrast 2.2 and 2.6, respectively; Fig.4 and
Table 1).

2. The spiral enhancement is larger in grand-design spirals
compared to the rest (median 50% higher for stellar mass,
factor of ~2 higher for molecular gas and star formation sur-
face density; Fig. 4). This suggests that grand-design galax-
ies are particularly efficient in reorganising stellar mass, gas,
and star formation into spiral structures.

3. The contrast in X, and Xggr show a significant correlation
with the X, contrast, implying that a modest contrast in stel-
lar mass surface density largely controls the accumulation of
gas and star formation, which gets amplified compared to the
perturbation in the gravitational potential (see Fig. 5).

4. The contrasts show large fluctuations with galactocentric
radius, with a larger scatter in Xggr than in X,,. There is a
pronounced drop in £, contrast towards galaxy centres. The
Yspr contrasts also show a drop towards the innermost spiral
bins (Fig. 8). This appears to be associated with extended star
formation outside spiral arms around bar ends and galaxy
centres.

5. The star formation efficiency (SFE) of molecular gas is
higher in spiral arms only in 60% of the radial bins, with
a median enhancement of 16%. However, when focusing on
the largest stellar contrasts (22, top 10%), the median SFE
contrast of molecular gas increases to as much as 2.34.

6. The molecular-to-atomic gas ratio (Xy01/Zatom) i higher in
spiral arms, with lower atomic than molecular contrasts.
When referred to the total gas (H1+H,) instead of molec-
ular gas (H) the median SFE increases by 8% (at ~kpc res-
olution available for H1). In that sense, spiral arms induce a
phase transition from atomic to molecular gas, making more
gas available to form stars. Thus, to some degree, spiral arms
do trigger star formation, in addition to their role in gathering
molecular gas.

7. We have considered a number of technical details, includ-
ing the spiral mask width, tracers, resolution, and binning.
There is a significant dilution of contrasts when we shift to
lower resolution (from ~100 pc to 1.5 kpc), and the details of
binning, specific tracers used and conversion factors do have
an impact on the precise numbers in each case. In any case,
these choices do not change our conclusions qualitatively.

In summary, the modest stellar contrasts largely dictate the accu-
mulation of molecular gas and star formation in spiral arms.
However, only the largest stellar contrasts result in a substan-
tial boost in how efficiently molecular gas transforms into stars.
The efficiency associated with the total gas (including the atomic
phase) is slightly higher, as spirals do end up triggering some
transformation of atomic to molecular gas, making a larger frac-
tion of the gas available for star formation. In any case, the
organisation of the ISM by spiral arms and the modulation of
the SFE is a complex phenomenon that shows significant local
fluctuations and is not fully mirrored by opposite arms even in
grand-design spirals.
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Appendix A: Spiral galaxy sample

Table A.1. Spiral galaxy sample studied in this paper.

log(M,/My) 1og(SFR/[Mgyr~']) spiral morphology bar MUSE

IC 1954 9.7 -0.44 M 1 0
NGC 0628 10.3 0.24 M 0 1
NGC 1097 10.8 0.68 G 1 0
NGC 1300 10.6 0.07 G 1 1
NGC 1365 11.0 1.23 G 1 1
NGC 1385 10.0 0.32 F 0 1
NGC 1512 10.7 0.11 G 1 1
NGC 1566 10.8 0.66 G 1 1
NGC 1637 9.9 -0.19 M 1 0
NGC 1672 10.7 0.88 G 1 1
NGC 2090 10.0 -0.39 G 0 0
NGC 2283 9.9 -0.28 F 1 0
NGC 2566 10.7 0.94 G 1 0
NGC 2835 10.0 0.09 G 1 1
NGC 2997 10.7 0.64 G 0 0
NGC 3507 10.4 -0.00 G 1 0
NGC 3627 10.8 0.58 G 1 1
NGC4254 10.4 0.49 M 0 1
NGC 4303 10.5 0.73 M 1 1
NGC4321 10.7 0.55 G 1 1
NGC4535 10.5 0.33 M 1 1
NGC4536 10.4 0.54 M 1 0
NGC 4548 10.7 -0.28 G 1 0
NGC4579 11.1 0.34 G 1 0
NGC4731 9.5 -0.22 G 1 0
NGC 5248 10.4 0.36 G 1 0
NGC 5643 10.3 0.41 M 1 0
NGC 6744 10.7 0.38 M 1 0

Notes. Stellar mass and star formation rates of the spiral galaxies studied in this paper (Leroy et al. 2021b). The spiral morphology lists the spiral
family according to Buta et al. (2015) or the definitions adopted in Meidt et al. (2021) for galaxies outside the S*G survey (‘G’ stands for grand-
design, ‘M’ for multi-armed, and ‘F’ for flocculent). The bar presence (1 for barred) reflects the environmental masks from Querejeta et al. (2021).
The last column indicates if the galaxy is in the PHANGS-MUSE subsample (1) or not (0).
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Appendix B: Calibration of SFR arm/interarm
contrasts: The effect of extinction on Ha
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Fig. B.1. Arm/interarm contrast in SFR surface density based on
extinction-corrected He from MUSE as a function of the SFR contrast
inferred directly from Ha (without accounting for extinction). Open
circles represent radial measurements (in radial bins of 500 pc) across
all PHANGS-MUSE galaxies, while orange circles show the mean
contrast for each spiral segment (typically contributing two points per
galaxy).

Here, we use the PHANGS-MUSE dataset to calibrate the effect
of neglecting extinction on SFR arm/interarm contrasts based
on Ha. For 13 galaxies, we have both narrow-band and MUSE
data, and we consider the arm/interarm contrasts in matched
radial bins for the field of view in common. Figure B.1 shows
this relation, in which the degree of correlation is remark-
ably high (Spearman rank coefficient 0.97). Yet, the relation
is not one-to-one, and amplifies the contrast, in such a way
that the largest contrasts get a proportionally larger boost
when extinction is accounted for. This amplification effect is
well described by the power-law relation shown in the figure,
log (SFREX-comy - = —(0,0013 + 1.1799 log (Ha™® '), where

contrast contrast

SFRE O §s the arm/interarm contrast of SFR from MUSE,
including the extinction correction based on the Balmer decre-
ment, and Hal3 o is the SFR arm/interarm contrast consis-
tently from MUSE He, but switching off the extinction correc-
tion. This means that we can use He contrasts from our narrow-
band imaging as a surrogate for the real SFR contrasts, without
the need to degrade to lower resolution to apply a hybrid recipe
that accounts for obscured star formation.

The scatter around the relation shown in Figure B.1 is only
0.1 dex (standard deviation in the y-axis relative to the power-
law fit). This informs us about the uncertainty when neglecting
extinction in our SFR contrast measurements. However, there
are other sources of error that can also affect the contrasts based
on narrow-band Hea. Indeed, the narrow-band Ha maps are not
perfectly identical to the MUSE-based Ha maps for a number
of reasons, including the [NII] contamination removal and fil-
ter transmission, neglecting Ha absorption when subtracting the
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Fig. B.2. Arm/interarm contrast of narrow-band Ha surface density
as a fuction of the MUSE-based Ha surface density contrast (without
accounting for extinction). Open circles represent radial measurements,
and orange circles, means for each spiral segment, as in Fig. B.1.
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Fig. B.3. Violin plot showing the distribution of SFR and SFE (1/74¢p)
arm/interarm contrasts in logarithmic scale for all radial bins across the
PHANGS targets. As opposed to Fig. 4, here the SFR contrast is cal-
culated directly as the ratio of Ha, without applying any corrections
to account for extinction. The equivalent violins following our nominal
approach (those from Fig. 4) are shown as translucent in the background
for reference; these include the calibration introduced in Sect. B to con-
sider extinction effects. The long dashed line shows the median of the
distribution in each case, while the short dashed lines display the 25%
and 75™ percentiles of the data, with labels indicating for reference the
corresponding values on a linear scale.

continuum broad-band from the narrow-band images, and from
an imperfect calibration of narrow-band against broad-band.

To gauge the uncertainty associated with narrow-band He
calibration effects, we quantify the scatter when plotting the
narrow-band He contrasts as a function of the MUSE-based Ha
contrasts, for the same field of view and radial bins in galaxies
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where both are available. As shown in Figure B.2, there is a very
good correlation between both variables (Spearman rank coef-
ficient 0.98), with a vertical scatter of 0.059 dex around the 1:1
relation; we consider this representative of the uncertainty asso-
ciated with SFR contrasts due to calibration limitations. We add
it in quadrature to the uncertainty in our empirical calibration for
the effect of extinction. Like this, we obtain a final uncertainty
of 0.122 dex on the SFR surface density contrasts.

With this empirical calibration we circumvent the limitation
of obscured star formation and assign realistic uncertainties to
the SFR contrasts. These can be propagated to the measure-
ment of SFE contrasts, so that we can conclusively tell in how
many cases SFE is statistically enhanced in spiral arms relative
to the interarm. For reference, Fig. B.3 shows the distribution of
SFR contrasts (split into grand-design spirals and the rest) if we
totally neglect extinction and take the ratio of arm-to-interarm
Ha surface densities.

Appendix C: Stellar arm/interarm contrasts using
different tracers

Ground- and space-based NIR imaging is a common tracer of
stellar mass, but the presence of dust emission can locally bias
our view of the distribution of stellar surface density. This is
particularly true when it comes to estimating arm/interarm con-
trasts. In this paper, we rely on stellar mass maps based on
Spitzer/IRAC imaging corrected for non-stellar emission using
an independent component analysis (ICA) method (Meidt et al.
2012; Querejeta et al. 2015).

Figure C.1 compares the stellar arm/interarm contrast from
NIR imaging against fully independent estimates based on

PHANGS-MUSE. These stellar mass maps rely on stellar pop-
ulation fitting (via pPXF) to Voronoi bins on the MUSE cubes,
as implemented in the PHANGS-MUSE data analysis pipeline
(Emsellem et al. 2022) and presented in Pessa et al. (2021, 2022,
2023). The change from the left to the right panel in Fig. C.1
shows that the stellar contrast drops with the ICA correction,
and comes much closer to the MUSE estimate. This decrease
is expected, as the dust contribution that ICA corrects for is
stronger around star-forming regions, and, thus, in spiral arms.
The median stellar contrast drops from 1.71 to 1.56 after apply-
ing the ICA correction (while the mean contrast drops from 1.98
to 1.71).

With the ICA correction, X, contrasts show a better agree-
ment with MUSE. In particular, the best-fit power law to means

along spiral segments changes from 0.064+1.128 log (Zi’lggﬁmst)
to 0.023 + 1.005 log (EMUSE ) Thus, the best-fit power-law

* contrast
becomes more linear and the vertical offset with respect to the
1:1 line drops by a factor of three. The correlation also becomes
slightly stronger (from p = 0.73 to p = 0.80) and the median
absolute deviation drops from 0.08 to 0.03 dex. This sanity check
is possible for a subset of 13 galaxies. For M51, Querejeta et al.
(2019) also found that the ICA-corrected stellar mass map agrees
well (better than the original IRAC) with an independent stellar
mass map of M51 obtained through Bayesian marginalisation
analysis by Martinez-Garcia et al. (2017).

For completeness, Fig. C.2 shows our nominal stellar con-
trasts based on ICA-corrected 3.6 um for an extended field of
view (beyond the end of PHANGS—ALMA CO coverage). This
confirms the significantly larger stellar contrasts associated with
grand-design spirals.
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Fig. C.1. Stellar mass surface density (X, ) arm/interarm contrast measured from NIR imaging as a function of the equivalent contrast from MUSE
(Pessa et al. 2023). These sanity checks are possible for a subset of 13 galaxies and for a more limited field of view. The right panel demonstrates
that the agremeent improves when applying the ICA correction (Sect. 2.5) to the Spitzer 3.6 um maps. The median absolute deviation drops from

0.08 to 0.03 dex.
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Fig. C.2. Violin plot showing the distribution of stellar mass
arm/interarm contrasts in logarithmic scale for all radial bins across the
PHANGS targets, considering an extended field of view (all £, mea-
surements across spiral arms, not limited to the PHANGS-ALMA field
of view). The violin plots are split into grand-design galaxies (right) and
the rest of spirals (left). The long dashed line shows the median of the
distribution in each case, while the short dashed lines display the 25%
and 75™ percentiles of the data, with labels indicating for reference the
corresponding values on a linear scale.

Appendix D: The implications of DIG for SFR
arm/interarm contrast

While Ha is a traditional tracer of star formation, as much
as ~50% of Ha emission does not originate directly from
HT regions, but from a more diffuse and extended compo-
nent, often known as diffuse ionised gas (DIG; Oey et al. 2007,
Haftner et al. 2009; Kreckel et al. 2016; Chevance et al. 2020).
As shown by Belfiore et al. (2022), this component originates
predominantly from leaking ionising photons from HT regions,
which can travel ~kpc distances before they contribute to the
DIG emission. Therefore, there could be a fair concern that the
DIG component introduces some dilution in the arm/interarm
contrast of Zsrr. In this section we examine the issue and con-
clude that DIG is unlikely to have a major impact in SFR contrast
dilution.

While photons can travel significant distances away from
HT1 regions before powering DIG (mean free path for the ion-
ising radiation of 1.9 kpc according to Belfiore et al. 2022), this
leakage is expected to happen mostly towards higher disc scale-
heights, where densities are lower, away from the thin cold gas
disc. This means that, since our targets have moderate inclina-
tions (maximum inclination in the spiral sample considered here
is 66°), if photons mostly escape away from the galaxy plane,
thanks to projection we will end up finding those photons rela-
tively close to the HI region that they originated from. Since our
spiral masks are reasonably broad (1-2 kpc), based on this argu-
ment we would not expect a large leakage of ionising photons
from arm to interarm (we would expect most DIG due to spiral
star formation within the spiral masks).

The maps from PHANGS—MUSE show that the most intense
DIG seems to accumulate immediately around HTI regions,
mostly within distances of a few hundred parsecs. To con-
firm this visual impression, we performed a test using the
PHANGS-MUSE data, for which HI region masks are avail-
able (Santoro et al. 2022; Groves et al. 2023). Our main concern
is whether a significant fraction of the He emission outside H1

regions in the interarm arises from DIG due to leaked photons
from spiral arms, which could bias the arm/interarm SFR (and
SFE) contrasts. If this were the dominant contribution to DIG in
the interarm, we would expect this component to be distributed
relatively smoothly across the interarm and not preferentially
close to HI regions in the interarm. We find that, on average,
~70% of the (Balmer-corrected) Ha flux in the interarm is inside
the HI region masks, covering an area of ~15% of the interarm
region. However, the remaining ~30% of Ha flux is not evenly
distributed across the remaining pixels. On the contrary, most of
the remaining flux is close to interarm HT regions. If we dilate
the HI region masks to cover ~25% of the remaining area, we
do not recover 25% of the remaining flux, but as much as 60% of
the remaining flux. Therefore, most DIG in the interarm regions
seems quite clearly associated with interarm H1 regions, and not
due to leaked photons from the spiral arms.

Based on the arguments we examine above, we believe that
DIG should be included in our arm/interarm contrast measure-
ments, as we have done across this paper. Previous studies tried
to correct for DIG, under the premise that it is not directly
tracing star formation (e.g. Pan et al. 2022). If we consider the
arm/interarm contrast purely arising from flux found within H1
regions (setting to zero all pixels outside the H I region masks for
the MUSE targets), we find that the SFR contrasts tend to go up
(by 45% on average, or 34% median). However, such measure-
ments suffer from an important bias, because the filling factor of
H1 regions in spiral arms is much higher than in the interarm,
and this means that a leaked photon is more likely to be found
within the footprint of a nearby HI region in spiral arms than
in the interarm. As HT regions are more sparse in the interarm,
leaked photons are less likely to be found within the footprint of
another HT region.

Appendix E: Effect of mask width

The spiral masks released in Querejeta et al. (2021), the nom-
inal option adopted in this paper, are relatively broad, with a
typical width of 1-2kpc. This is in order to accommodate for
local departures from a perfect log-spiral function and to encom-
pass the different tracers that we consider (NIR, CO, Ha). In this
Section, we explicitly measure the effect of spiral mask width
by comparing our nominal results against the contrast using nar-
rower spiral masks, which closely follow the ridge of molecular
gas and star formation, as introduced in Sect. 2.6.2. These masks
have typical widths between 500 and 1000 pc, so about half the
width of the original masks (still keeping a few resolution ele-
ments across the spiral mask).

Figure E.1 shows that contrasts based on the original and
narrow masks track each other very well (Spearman rank corre-
lation coeflicients p 2 0.9). If we fit a power-law for each tracer
separately, we find that the relation is essentially linear with a
small offset towards higher contrasts for the narrow masks in
ol and Zsgr. Indeed, the median increase in X, contrasts when
measured using the narrow masks is just 1%, whereas this num-
ber is 10% and 11% for Z,; and Xggg, respectively. This is much
smaller than the ~40% increase that we measured when shifting
from low (1.5kpc) to high (~100 pc) resolution. The change in
X mot and Xgpr When adopting the narrower masks is such that the
resulting SFE remains on average the same. Therefore, the con-
trasts are not strongly affected by the width of the spiral mask,
and the effect is far more limited than spatial resolution. Yet,
there is some scatter in the plots that makes it clear that, even
though it should not affect global trends, the details of the spiral
masks do affect individual measurements in a non-trivial way.
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Fig. E.1. Comparison of original versus narrow spiral masks (as defined in Sect. 2.6.2).

Appendix F: Sanity checks and alternatives to
measure contrasts

Here we consider as sanity checks several alternatives to mea-
sure contrasts. Table F.1 shows the resulting rank correlation
coefficients (Spearman p) and the slope and intercept of bisector
fits for different relations examined in this paper: the contrast in
molecular gas (1), star formation rate (Xspr), and star forma-
tion efficiency (SFE) as a function of stellar contrast (X,), and
the star formation rate contrast as a function of the molecular
gas contrast. For each of these relations, we show the correlation
coefficients and fits based on the individual spiral segments (one
average value per spiral segment, so typically two datapoints
per galaxy), and also for all radial bins (hundreds of datapoints
across all galaxies). The various blocks of rows show different
alternatives, either changing tracers or methodology. The former
includes using all tracers at lower resolution (Sect. 3.8), mea-
suring SFR directly from Ha (without applying the empirical
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correction for extinction introduced in Sect. B), estimating SFR
using extinction-corrected Ha (based on the Balmer decrement)
from MUSE, which is only available for a subset of galaxies
and a smaller field of fiew, or, also for MUSE galaxies, calcu-
lating the Zgpgr contrast only within HI regions (blanking the
SFR map outside the HT region mask, Belfiore et al. 2022). The
methodological alternatives include using narrower spiral masks
(Appendix E), using bins that follow each spiral segment at
uniform length steps compared to interarm regions at matched
galactocentric radii (Fig. F.1), or the same bins along spiral seg-
ments with interarm regions defined as adjacent ‘boxes’ (imme-
diately on top and below each spiral bin).

We see that rank coefficients become smaller when consider-
ing radial bins instead of entire spiral segments. This is expected
since, on the smaller radial bins, we are more sensitive to local,
stochastic variations in surface density and we are generally
more affected by the noise of the individual measurements; by
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Fig. F.1. Cartoon illustrating the two different binning alternatives introduced in this Appendix. Both alternatives involve defining bins along each
spiral arm (‘boxes’ delimited by regularly spaced cuts perpendicular the spiral spine). In the first alternative, the corresponding interarm region
is defined as an elliptical annulus covering all pixels with the range of galactocentric distances present in the spiral bin, and excluding the spiral
mask. In the second alternative, the interarm value is obtained as the average surface density within two adjacent ‘boxes’ adjacent to the spiral bin

and immediately outside the spiral mask.

averaging over entire spiral segments, the contrast measurements
become more robust.

In agreement with what we present in Sect. 3.8 and
Appendix E, the effect of using narrower masks or employing
a lower resolution can affect the actual contrast measurements,
but does not affect dramatically the relations between contrasts.
The slopes that we find are typically compatible within a few o.

As shown by Fig. B.3, the application of the empirical cali-
bration that we introduced in Sect. B to account for extinction in
the Zgpr contrasts does not affect qualitatively the distribution of
SFR or SFE contrasts. Table F.1 confirms that this choice does not
have a strong impact on the relations between contrasts either. If
we instead use MUSE extinction-corrected Ha for Xggr, we do
find slopes which are quite different, but also the error bars become
much larger. Since MUSE is only available for a subset of galaxies
and a smaller field of fiew, the noise increases considerably. The
same applies to SFR calculated for MUSE within HI regions.

If we employ either wider (1000 pc) or narrower (250 pc)
radial bins, the trends remain qualitatively the same, with sim-
ilar correlation coefficients and slopes that are well compatible
within the uncertainties. The alternative sampling schemes intro-
duce in practice many more bins and therefore noise increases
significantly. This is particularly true if we consider all radial
bins together for interarm regions defined as immediately adja-
cent to each spiral bin, which increases the stochasticity; aver-
aging over an entire ring at a given range of galactocentric radii
provides a more stable reference value than measuring the aver-
age surface densities on small boxes next to the arm, where local
fluctuations can lead to very different arm/interarm surface den-
sity ratios.

In conclusion, the precise values of the contrasts are sensi-
tive to the various choices in methodology and tracers, but our
qualitative conclusions remain valid independently from these
details.
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Table F.1. Sanity checks showing how contrast measurements are affected by different choices of tracer and methodology.

individual spiral segments

all radial bins

Spearman p Slope Intercept ~ Spearman p Slope Intercept

Nominal X = Zmol 0.73 1.83+£0.46 0.16 +0.03 0.46 223+0.15 0.08+0.02

2y — Zsrr 0.61 2.89+129 0.15+0.04 0.55 336 +0.37 0.01 +0.02

2, —SFE 0.34 1.68 £0.30 -0.09 +£0.04 0.27 — —

ol — ZSFR 0.78 1.61+£0.25 -0.13+0.08 0.69 1.35 £ 0.07 -0.06 +0.03
Narrow masks DINED I 0.65 1.83+£0.48 0.19+0.03 0.48 2.19+0.17 0.13+£0.02

X, — Zspr 0.47 277+145 0.21+0.05 0.51 320+041 0.08+0.03

2, —SFE 0.19 1.50+£0.29 -0.07 +£0.05 0.24 — —

Zmol — ZSFR 0.77 1.56 £0.23 -0.10+0.08 0.68 1.36 £ 0.07 —0.07 + 0.04
1.5 kpc resolution 2 — 2ol 0.83 191 +£0.25 0.05+0.02 0.68 1.86 £0.09 0.05+0.01

DINED N 0.75 2.65+0.43 0.02+0.04 0.64 231+£0.11 0.04+0.01

>, —SFE 0.36 1.10£0.12 -0.05+0.02 0.14 — —

Zmol — ZSFR 0.82 1.28 £0.10 -0.02 +£0.02 0.78 1.23 £0.05 -0.02 +0.01
SFR directly from Her X = Zmol 0.73 1.83+0.46 0.16+0.03 0.46 223+0.15 0.08+0.02

X, — Zsrr 0.61 243+0.82 0.11+0.03 0.55 2.87+0.26 0.01+0.02

>, — SFE 0.27 142 +0.27 -0.14+£0.04 0.19 — —

ol — ZSFR 0.78 1.35+0.18 -0.12+0.07 0.69 1.16 £ 0.06 —-0.05 +0.03
SFR from MUSE (ext.-corr. He) DINED I 0.55 247+£2.06 0.19 +0.06 0.40 2.66 +0.51 0.12+0.03

2. — ZsFR 0.37 3.05+3.80 0.32+0.12 0.46 4.12+1.10 0.12+0.04

2, —SFE 0.17 1.08 £0.85 0.10 +0.06 0.23 — —

Zmol — ZSFR 0.71 1.69+£033 -0.12+0.14 0.69 1.57 £ 0.08 —0.08 + 0.04
SFR from MUSE (only HIregions) X, — X 0.55 247+2.06 0.19+0.06 0.40 2.66 £0.51 0.12+0.03

Y. — Zsrr 0.45 2.14+£141 0.16 +0.04 0.49 247 +£0.37 0.09+0.02

>, —SFE -0.12 -1.14+0.31 0.12+0.04 -0.01 — —

Zmol — ZSFR 0.69 0.87+0.08 -0.01+0.04 0.59 0.92 £0.05 —-0.02 +0.03
Narrower radial bins (250 pc) 2 — Zhol 0.74 1.86 £ 048 0.16 £0.03 0.45 — —

X, — Zser 0.58 299+1.44 0.14+0.04 0.53 343 +0.28 0.00+0.02

>, — SFE 0.25 1.58 +0.41 -0.06 +0.05 0.26 — —

ol — ZSFR 0.79 1.65+0.26 -0.14 +0.08 0.67 — —
Wider radial bins (1000 pc) DINEED I 0.71 1.64+0.38 0.16+0.03 0.45 2.04+0.20 0.10+0.02

2, — Zsrr 0.55 265+1.00 0.13+0.04 0.56 3.11+0.45 0.04+0.03

2, —SFE 0.38 1.60 £0.26 -0.10+0.03 0.29 — —

Zmol — ZSFR 0.77 1.72+0.23 -0.18 +0.08 0.72 1.26 £ 0.11 -0.02 +0.05
Bins along spiral Ze = Zmol 0.74 1.76 £ 0.34  0.16 +£0.03 0.50 1.92+0.07 0.08 +£0.01

2. — ZsFR 0.63 283 +1.14 023+0.11 0.58 3.08 £0.15 -0.02 +0.02

>, —SFE 0.41 1.43+£0.26  0.05+0.05 0.35 — —

Zimol — ZSFR 0.71 1.37+0.22 0.10+0.07 0.72 1.49 £0.05 -0.12 +0.02
Bins with adjacent interarm 2 — 2ol 0.57 1.37 £0.37 0.41+0.04 0.29 — —

X, — Zspr 0.60 1.54+0.55 0.59+0.04 0.35 3.19+0.38 0.24+0.02

%, —SFE 0.14 1.02+0.19 0.28 £0.04 0.15 1.60 £ 0.20 —0.03 +0.02

ol — ZSFR 0.78 1.12+0.09 0.10+0.04 0.52 — —
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