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ABSTRACT
Star formation histories (SFHs) are integral to our understanding of galaxy evolution. We can study recent SFHs by comparing
the star formation rate (SFR) calculated using different tracers, as each probes a different timescale. We aim to calibrate a proxy
for the present-day rate of change in SFR, dSFR/dt, which does not require full spectral energy distribution (SED) modeling
and depends on as few observables as possible, to guarantee its broad applicability. To achieve this, we create a set of models in
CIGALE and define a SFR change diagnostic as the ratio of the SFR averaged over the past 5 and 200 Myr, 〈(�'5〉

/
〈(�'200〉,

probed by the HU−FUV colour. We apply 〈(�'5〉
/
〈(�'200〉 to the nearby spiral NGC 628 and find that its star formation

activity has overall been declining in the recent past, with the spiral arms, however, maintaining a higher level of activity. The
impact of the spiral arm structure is observed to be stronger on 〈(�'5〉

/
〈(�'200〉 than on the star formation efficiency (SFEH2 ).

In addition, increasing disk pressure tends to increase recent star formation, and consequently 〈(�'5〉
/
〈(�'200〉. We conclude

that 〈(�'5〉
/
〈(�'200〉 is sensitive to the molecular gas content, spiral arm structure, and disk pressure. The 〈(�'5〉

/
〈(�'200〉

indicator is general and can be used to reconstruct the recent SFH of any star-forming galaxy for which HU, FUV, and either
mid- or far-IR photometry is available, without the need of detailed modeling.

Key words: galaxies: spiral – galaxies: star formation

1 INTRODUCTION

Galaxies in the local Universe present a wide range of star forma-
tion (SF) activity. Galaxy-to-galaxy variations are illustrated by the
bimodality of the population emerging as the blue and red sequence
in the colour-magnitude distribution of galaxies. At the same time, at
fixed stellar mass, objects can be anything from quiescent early-type
galaxies, to steadily star-forming late-types, all the way to starburst-
ing systems (e.g. Noeske et al. 2007; Gallazzi et al. 2007;Wuyts et al.
2011; Wetzel et al. 2012; van der Wel et al. 2014). There are also
significant variations in star formation activity within galaxies, with
the star formation rate (SFR) and star formation efficiency (SFEH2 )
observed to change with galactocentric radius (Utomo et al. 2017;
Ellison et al. 2018), spiral structure or presence of a significant stellar
bulge (Leroy et al. 2013), dynamically-induced features such as bars
and disk asymmetries (Meidt et al. 2013), or a combination of factors
(Belfiore et al. 2018; Medling et al. 2018).

This suggests that star formation activity is regulated by processes
that operate on a variety of time and physical scales and that those
processes depend on both local and global properties of the galaxies.
Generally, local processes, such as stellar feedback, pressure, and
turbulence, control the SFR (e.g., Sánchez 2020), while quenching
(a significant or complete suppression of the SF) is driven by global
ones, such as galaxy mass, environment (Peng et al. 2010), mor-
phology (Martig et al. 2009), and Active Galactic Nucleus (AGN)
feedback (e.g., Bluck et al. 2014, 2022). This complex interplay
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between various processes that affect the SF are imprinted in star
formation histories (SFHs) of galaxies. Thus, in order to understand
the evolution of galaxies we need to understand their SFHs.

Spectral energy distribution (SED) fitting represents one available
method to estimate the SFH of a galaxy. However, it is challenging
to obtain accurate results due to very diverse real SFHs that require
large amounts of high-quality data and various assumptions to be
pinpointed (e.g., Papovich et al. 2001; Shapley et al. 2001; Muzzin
et al. 2009; Conroy 2013; Ciesla et al. 2016, 2017; Carnall et al.
2019; Leja et al. 2019), especially when short-term (∼100 Myr)
variations are concerned (e.g., Ocvirk et al. 2006; Gallazzi & Bell
2009; Zibetti et al. 2009; Leja et al. 2019). To circumvent this issue in
studies of recent SFH (< 1 Gyr timescales), one can compare relevant
observations that probe short (5–10 Myr) and long (0.1–1 Gyr) time-
scales in observed (Sullivan et al. 2000; Wuyts et al. 2011; Weisz
et al. 2012; Guo et al. 2016; Emami et al. 2019; Faisst et al. 2019;
Wolf et al. 2019;Wang & Lilly 2020; Byun et al. 2021; Karachentsev
et al. 2021) and simulated (Sparre et al. 2017; Broussard et al. 2019;
Flores Velázquez et al. 2021) galaxies.

A few such examples include Weisz et al. (2012) who measured
HU-to-FUV flux ratios for 185 nearby galaxies and found that more
massive galaxies were best characterized by nearly constant SFHs,
while low-mass systems experienced strong bursts lasting for tens of
Myr with periods of ∼250 Myr. Guo et al. (2016) studied SF through
the ratio of HV-to-FUV-derived SFRs in 164 galaxies instead. They
arrived at a similar conclusion that low-mass galaxies with "★ <
109 M� experienced a bursty SFH on a timescale of a few tens of
Myr on galactic (global) scales, while galaxies with "★ > 1010 M�
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formed their stars during a smooth continuous phase. Emami et al.
(2019) investigated bursty SFHs in 185 local dwarf galaxies usingHU
and FUVobservations and again found that the least massive galaxies
(M★ < 107.5 M�) in their sample experienced bursts with the largest
amplitudes of ∼100 (the SFR at burst relative to the baseline SFR)
and shortest duration (< 30 Myr). More massive galaxies with M★ >
108.5 M� experienced lower changes in SFR with amplitudes of ∼10
on >300 Myr time-scales. Wolf et al. (2019) developed a quenching-
and-bursting diagnostic using a combination of photometric colours
and measured the relative weight of A-type stars in a galaxy, probing
quenching activity within ∼20Myr. This tool allows to detect and re-
construct the SFH by detecting recent and local changes in the SFR.
Wang & Lilly (2020) studied the ratio of averaged SFRs between
5 and 800 Myr in MaNGA galaxies derived with HU emission, HX
absorption, and the 4000 Åbreak. They found that the dispersion in
this parameter, at a fixed galactic radius and stellar mass, is strongly
anti-correlated with the gas depletion time. They also concluded that
the scatter in SFR change parameter across the population is a direct
measure of the temporal variability of the SFR within individual
objects. Byun et al. (2021) used a similar tool, calculating the ratio
between the SFR averaged over the past 10 and 100 Myr calculated
via SED fitting, to investigate the observed HU flux deficit in the
outer parts of two nearby, star-forming galaxies. They found that the
drop in the flux ratio can be attributed to strong and short starbursts,
followed by a rapid suppression of HU emission. Broussard et al.
(2019) used simulations to define a burst indicator using SFRs on
short (∼10 Myr) and long (∼100 Myr) timescales, which they sug-
gested probing with HU and NUV emission. From the distribution of
the burst indicator, they concluded that its dispersion describes the
burstiness of a galaxy population’s recent SF better than its average.
The average should be close to zero, only to deviate from that if
the galaxy population has an average SFH that undergoes a rapid
enhancement or suppression. Finally, Flores Velázquez et al. (2021)
studied burstiness through HU and FUV emission from the FIRE
(Feedback in Realistic Environments) simulations. They confirmed
that the SFRs are highly time variable for all high-redshift galaxies,
while dwarf galaxies continue to be bursty to I = 0. They also reaf-
firmed the use of the HU-to-FUV ratio as an observational probe of
SFR variability since they observed the SFR(HU)/SFR(FUV) ratio
decrease to < 1 when the true SFR decayed after a burst.
In this paper, we aim to investigate the recent SFH at low red-

shift and on resolved scales and calculate a SFR change diagnos-
tic, 〈(�'5〉

/
〈(�'200〉, which we define as the ratio between the

SFR averaged over the past 5 and 200 Myr. To define our SFR
change index, we generate a set of models and find an observ-
able parameter, the HU−FUV colour, with which we can probe
〈(�'5〉

/
〈(�'200〉 observationally. The main source of HU emis-

sion lines is ionised hydrogen gas in regions surrounding young stars,
where electrons recombine with protons; thus, HU lines trace SFR on
timescales of .5-10 Myr as the main source of ionising photons are
massiveOB-stars. UVemission of galaxies atwavelengths longwards
of 912 Å can directly trace the photospheric emission of young stars
and reflect the SFR over the past few hundreds of Myr (Kennicutt
& Evans 2012). Since the relation between 〈(�'5〉

/
〈(�'200〉 and

HU−FUV is deduced theoretically, we can apply it to multiple star-
forming galaxies to probe their resolved SFHs, specifically deter-
mining where within their discs star formation has been increasing
or decreasing over the recent past. Our choice of 200 Myr as the
reference timescale comes from the CIGALE models directly (see
Section 3.3), and is also supported by the findings in Caplar & Tac-
chella (2019) who showed that after 200 Myr SFHs of galaxies lose
‘memory’ of their previous SFH, that is, it becomes difficult to mea-
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Figure 1. A V-band image of NGC 628 overlaid with gri-band photometric
image from the PHANGS-MUSE sample (Emsellem et al. 2022) to illustrate
the region considered in this work.

sure previous SFH through observational SFR diagnostics, such as
HU and UV emission.

To calibrate our SFR change diagnostic, we chose a galaxy with a
large amount of observational data – NGC 628, or M 74, shown in
Figure 1. This galaxy is the largest in the NGC 628 group, where it
is situated together with a peculiar spiral NGC 660 and their seven
companions (Auld et al. 2006). NGC 628 is a nearby grand-design
spiral (SAc) galaxy seen almost perfectly face-on (inclination of 8.9◦;
Leroy et al. 2021b). It lies at a distance of 9.59 Mpc, although its
distance estimates vary between ∼7–10 Mpc (Kreckel et al. 2017).
NGC 628 has a global SFR of 1.74 M� yr−1 (Leroy et al. 2021b),
stellar mass M★ = 2.2 × 109 M� (Leroy et al. 2021b), and a weak
metallicity gradient of −0.0412 ± 0.05 dex kpc −1 (Kreckel et al.
2019). An ultraluminous X-ray source was observed in NGC 628,
indicative of a black holewith amass of∼2×103 M� (Liu et al. 2005),
although it could potentially be a stellar mass compact object instead
(Alston et al. 2021). Thus, there is currently no confirmed AGN
in NGC 628. Herrera et al. (2020) observed a very bright molecular
cloud traced inCOwhich spatially coincideswith an extremely bright
H ii region in NGC 628, dubbed the “headlight" cloud. It has a mass
of 1 − 2 × 107 M� and is irradiated by a young (2–4 Myr) stellar
population with a mass of 3 × 105 M� . Ujjwal et al. (2022) who
studied the same region arrived at an age estimate of 16 Myr. The
feedback from these young massive stars is destroying the headlight
cloud. Herrera et al. (2020) argue that the high mass of the cloud
may be related to its location at a spiral co-rotation radius, where it
receives a steady gas inflow due to a reduced galactic shear.

NGC 628 has been the subject for a multitude of studies on galaxy
formation and evolution (e.g., Natali et al. 1992; Cornett et al. 1994;
Elmegreen et al. 2006; Zou et al. 2011; Gusev et al. 2014; Grasha
et al. 2015; Abdullah et al. 2017; Luisi et al. 2018; Rousseau-Nepton
et al. 2018; Inoue et al. 2021). Having been selected as one of the first
observational targets for the James Webb Space Telescope (JWST;
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Gardner et al. 2006)1, it also has a range of multiwavelength data
available, making NGC 628 an interesting object for testing our
SFR change index, before applying the method to a larger galaxy
sample in future work. The morphological type and disk size of
NGC628 furthermore resembles our ownMilkyWay, and thus allows
us to study what physical processes regulate whether an increase or
decrease in star formation activity in Milky Way-type galaxies.
This paper is structured as follows: in Section 2 we describe the

observations used in the analysis; in Section 3,we define and calibrate
our SFR change diagnostic, 〈(�'5〉

/
〈(�'200〉; in Section 4 we

present resolved 〈(�'5〉
/
〈(�'200〉 in NGC 628 and show how this

metric and SFE relate to the molecular gas reservoir, spiral arm
structure, and mid-plane pressure; finally, in Section 5 and 6 we
discuss and conclude the main findings.

2 OBSERVATIONS AND DATA PROCESSING

2.1 Photometric observations

We used multiwavelength photometric images ranging from the far-
ultraviolet (FUV) to far-infrared (FIR). Those have been previously
used in Decleir et al. (2019) and include images obtained by the
GALaxy Evolution eXplorer (GALEX;Martin et al. 2005;Morrissey
et al. 2007), the Sloan Digital Sky Survey (SDSS; York et al. 2000;
Eisenstein et al. 2011), the InfraRed Array Camera (IRAC; Fazio
et al. 2004) as well as the Multiband Imager (MIPS; Rieke et al.
2004) on-board Spitzer (Werner et al. 2004), and the Photodetector
Array Camera and Spectrometer (PACS; Poglitsch et al. 2010) on-
board Herschel (Pilbratt et al. 2010).

Decleir et al. (2019) used the MIPS 24 `m image from the Spitzer
Infrared Nearby Galaxies Survey (SINGS; Kennicutt et al. 2003),
while the remaining images were taken from the DustPedia Archive2.
The DustPedia sample contains matched aperture photometric im-
ages of 875 nearby galaxies in over 40 bands (Davies et al. 2017;
Clark et al. 2018).
The SINGS data used in Decleir et al. (2019) were reduced as in

Kennicutt et al. (2003), while the DustPedia images were reduced in a
homogeneous manner, as described in Clark et al. (2018). The image
processing carried out by Decleir et al. (2019) included subtraction
of the background sky and foreground stars/objects, correction for
the Milky Way extinction, convolution, rebinning, and uncertainty
estimation. The images were convolved to the PACS 100 `m reso-
lution of about 7′′(corresponds to a physical scale of 325 pc) and
rebinned to a pixel grid of 7′′ × 7′′. This resolution allows to deter-
mine total infrared (TIR) emission, which we used for FUV atten-
uation corrections, while maintaining high resolution. Decleir et al.
(2019) corrected the photometric images for the Milky Way (MW)
extinction assuming a Cardelli et al. (1989) curve and the Galactic
extinction in the V band of �+ = 0.188 in NGC 628 (obtained from
the IRSA Galactic Dust Reddening and Extinction Archive3).
The TIR luminosity density was calculated by Decleir et al. (2019)

following the formula from Galametz et al. (2013):

(TIR = 2.162 × (24 + 0.185 × (70 + 1.319 × (100 , (1)

with (TIR the TIR luminosity density in units of W kpc−2, (24, (70,

1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/
Portal.html
2 http://dustpedia.astro.noa.gr
3 https://irsa.ipac.caltech.edu/applications/DUST/

and (100 the luminosity density in the MIPS 24 `m, PACS 70 `m,
and PACS 100 `m bands, respectively.

The UV radiation is sensitive to dust attenuation and should be
corrected for such effects. Boquien et al. (2016) carried out a spa-
tially resolved, multi-wavelength study of eight star-forming spiral
galaxies from the KINGFISH survey (Kennicutt et al. 2011), includ-
ing NGC 628. They relate the intrinsic UV luminosity emitted by the
source with the observed one through the scaling coefficient : and
the observed IR luminosity in the corresponding band:

! (*+)int = ! (*+)obs + : × ! (�') . (2)

By performing SED fitting, the authors deduced a relationship
between the : coefficient and several photometric colours to account
for the variable impact of dust heated by old stellar populations (see
their Table 4). We opted for:

: = 0.943 − 0.099 × (FUV–IRAC 3.6) , (3)

setting ! (�') = ! () �') as one of the possible IR band options
presented in Boquien et al. (2016).
Boquien et al. (2016) defined the TIR as the integral of dust emis-

sion over all wavelengths. With the TIR calibration in Equation 1
from Galametz et al. (2013), they can account for 99% of the total
variation of the resolved TIR brightnesses accounted for by their
calibration. The modelling in Boquien et al. (2016) was performed
on scales of 0.5–1.7 kpc, and it is not recommended to apply this
method to significantly higher resolution and finer spacial scales.
This is generally compatible with our pixel size of 325 pc. For the
recipe in Boquien et al. (2016) to be valid, two additional constraints
must be satisfied, that is 6.12 ≤ log Σ(TIR) ≤ 9.19 L� kpc−2 and
0.44 < FUV–IRAC 3.6`m < 5.98 mag, which is the case here.

As a result, we estimated the average FUV attenuation to be
〈�(�*+)〉 = 1.60 ± 0.20 mag which was calculated from:

! (�*+)corr = ! (�*+)obs × 100.4�(�*+ ) , (4)

where ! (�*+)corr and ! (�*+)obs are the corrected and observed
FUV luminosities.

2.2 Optical spectroscopy

We used the optical spectra obtained with the Multi-Unit Spectro-
scopic Explorer (MUSE; Bacon et al. 2010), which is an integral field
spectrograph installed at the Very Large Telescope (VLT). These ob-
servations were available through the ESO Phase 3 Data Release4.

MUSE offers a 1′× 1′ field of view with a 0.2′′ pixel size. In
total, 12 data cubes (IDs 094.C-0623(A), 095.C-0473(A), 098.C-
0484(A)) with a spacial resolution of 0.7′′–1.5′′ were analysed.
The observations were made for a wavelength range between 4750–
9350 Å and integrated over ∼40–46 min (Kreckel et al. 2016, 2018).
The data reduction of the archival data was carried out using the
MUSE pipeline (version 1.4 or higher Weilbacher et al. 2012, 2014,
2016).

We identified the foreground stars using the SIMBAD database
(Wenger et al. 2000); we then fitted a 2D Moffat profile to each star
with the mpdaf package (Bacon et al. 2016; Piqueras et al. 2017)
in Python. The estimated FWHM was used to define the size of
the circular annulus and aperture centered at each star, which was
implemented with the Python package photutils (Bradley et al.
2020). We then masked out each star inside the photutils aperture
using sigma clipping on the pixels inside the annulus. We performed

4 http://archive.eso.org/scienceportal/home
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the sigma clipping procedure using astropy (Astropy Collaboration
et al. 2013, 2018) with a 2f threshold. Once the pixels associated
with the annulus that were lying outside of the 2f threshold were
removed, we estimated the new mean and standard deviation; those
we used to generate a set of random numbers drawn from a normal
distribution to replace the star. This procedure ensured that the masks
contained values that are related to the immediate surroundings of
the stars.
To correct for astrometric offsets between the cubes, we used an

E-band (red) Digitized Sky Survey 1 (DSS 1) image. The shifts did
not exceed 2′′, in agreement with Kreckel et al. (2019). The data
cubes were then merged using montage5 and convolved with mpdaf
in Python to match the PACS 100 `m resolution of 7′′ assuming
a Gaussian PSF. We also rebinned the MUSE data to a pixel grid of
7′′ × 7′′ to match the photometric images from Decleir et al. (2019).

We then used the processed MUSE cubes to produce HU and HV
line emission maps. The fitting of each individual spectrumwas done
with pPXF (Cappellari 2017). From the HU line flux, we were able
to first calculate the observed HU line luminosity, ! (�U)obs and
then translate it into the SFR, assuming a Kroupa (2001) IMF, as
described in Calzetti (2013):

SFR [M� yr−1] = 5.5 × 10−42 × ! (�U)corr , (5)

where ! (�U)corr is the attenuation corrected HU line luminosity.
The HU dust attenuation correction factor, �(�U), is calculated

for each spaxel from the Balmer decrement, F(HU)/F(HV). Assuming
Case B recombination (Osterbrock & Ferland 2006), we derive an
expression for �(�U):

�(�U) [mag] =
� (�V − �U)
: (�V) − : (�U) · : (�U) =

=

2.5 log10

(
1

2.86 ·
� (�U)
� (�V)

)
: (�V)
: (�U) − 1

,

(6)

where : (�V)
: (�U) is the reddening curve ratio of 1.53 for the Calzetti

et al. (2000) curve assuming a typical Milky Way value for the ratio
of the total to selective extinction, 'V = 3.1 (Cardelli et al. 1989).
This yielded an average 〈�(�U)〉 = 0.62 ± 0.07 mag.

The attenuation-corrected luminosity is obtained from the ob-
served ! (�U)obs as:

! (�U)corr = ! (�U)obs × 100.4�(�U) . (7)

In addition to the internal dust attenuation, we corrected the HU
and HV maps for the MW dust extinction assuming a Cardelli et al.
(1989) curve with 'V = 3.1. We note that we did not correct the
HV map for internal dust attenuation because it was only used to
calculate the Balmer decrement.
We emphasise that we did not correct our observations for the

HU emission from the diffuse ionised gas (DIG) which becomes
important on resolved scales. In NGC 628, the DIG component might
contribute∼20–50%of theHU emission (Kreckel et al. 2016;Kumari
et al. 2020). The DIG emission is not directly connected to the recent
SFR as it is produced through ionisation by young, massive stars
“leaking” photons from H ii regions into the ISM, ionisation from
old, post asymptotic giant branch stars, and shocks or hot-cold gas
interface (see Mannucci et al. 2021 and references therein). Thus,
not all of the measured HU emission in this work originates from the
actual SF, and we might be overestimating the SFR, especially in the
faint regions between the spiral arms.

5 http://montage.ipac.caltech.edu

2.3 Molecular hydrogen observations

We obtained 12CO(J=2→1) line emission, hereafter CO(2–1), in
NGC 628 from the Physics at High Angular resolution in Nearby
Galaxies (PHANGS) project6 (PI: E. Schinnerer; Leroy et al.
2021a,b). To match the spacial resolution of the PACS 100`m data,
we used the line-integrated CO(2-1) intensity observations (moment-
0 map) obtained with a broad mask at 7.5′′ resolution and a 1f
sensitivity of 5.5 mJy beam−1 per 2.54 km s−1 channel.

The line-integrated CO(2-1) intensity, �CO(2−1) , in K km s−1 is
converted into the molecular gas mass surface density, Σ" (�2), as:

Σ" (�2) [M� pc−2] = U1−0
CO · '

−1
21 · �CO(2−1) · cos 8 , (8)

where U1−0
CO is the CO(1-0) conversion factor in M� pc−2 (K km

s−1)−1, '21 is the CO(2-1)-to-CO(1-0) line ratio, and 8 is the in-
clination. We assumed '21=0.61, which is the luminosity-weighted
mean derived for NGC 628 in den Brok et al. (2021), and adopt a
constant Galactic value for U1−0

CO of 4.35 M� pc−2 (K km s−1)−1, as
in Bolatto et al. (2013), since in NGC 628 almost all high-confidence
U1−0
CO measurements are contained within a factor of two of the MW

value of 4.4 M� pc−2 (K km s−1)−1 (Sandstrom et al. 2013).

3 DEFINING THE SFR CHANGE DIAGNOSTIC

Our aim is to calibrate a prescription to estimate the rate of change
in the SFR at the present time, dSFR/dt, based on simple observ-
ables rather than full SED modeling. Given both the stringent data
requirements and important computational costs associated with the
full modeling of SFH, a simple calibrated method relying on as few
observables as possible has the advantage of a broader applicability.
As discussed in Section 1, the HU-to-FUV flux ratio is a commonly-
used observable to infer the recent SFH of galaxies since HU probes
the SFR on timescales of 5–10 Myr, while the FUV is sensitive to
star formation on a timescale of ∼100−300Myr. To identify possible
degeneracies between HU−FUV colour and different SFHs, as well
as to calibrate the conversion between the observed colour and the
rate of change in the SFR, we make use of synthetic models gener-
ated with CIGALE, as explained in Section 3.2. Our proposed SFR
change diagnostic, 〈(�'5〉

/
〈(�'200〉 is calculated from the cor-

rected HU−FUV colour and calibrated to represent the ratio between
the SFR averaged over the past 5 and 200 Myr (Section 3.3).

3.1 Combining HU line and UV continuum emission

To transform theHU line flux into flux density and relate it to the FUV
photometry, we followed a procedure presented and used in Boselli
et al. (2016, 2018, 2021). The procedure involves creating a pseudo-
filter that relates the number of the Lyman continuum photons (LyC)
that ionise H ii regions to HU luminosity. Boselli et al. (2016) did so
by generating a grid of simulated galaxies and extracting their SED,
measuring the flux density within the pseudo-filter, and comparing
it to the number of ionising photons provided by the population
synthesis models. This gave the expression:

LyC [mJy] =
1.07 · 10−37 × ! (HU) [erg s−1]

(� [Mpc])2
. (9)

6 https://sites.google.com/view/phangs/home/data
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Figure 2. Top panel: CIGALE models colour-coded according to the �bq pa-
rameter, i.e., how many Myr ago an increase or decrease in the SF took place.
The dashed horizontal shows the 〈(�'5 〉

/
〈(�'200 〉 threshold between

an enhancement and suppression of the SFR, while the dashed vertical line
represents the same threshold at HU−FUV = 2.4 mag. The turquoise line is
the best fit function that describes the relation between 〈(�'5 〉

/
〈(�'200 〉

and HU−FUV. The models with a high �bq along 〈(�'5 〉
/
〈(�'200 〉 = 1

and those creating a gap with 〈(�'5 〉
/
〈(�'200 〉. 2 × 10−3 were ignored

during the fitting. The large squares indicate the models presented in Figure
3. Middle panel: same as above but now colour-coded according to the Asfr
parameter, which is the ratio between the SFR after and before a recent SF in-
crease or decrease. Thus, Asfr > 1 indicates an enhancement in the SF, Asfr < 1
represents suppressed SF, and Asfr = 1 means a constant SFR. Bottom panel:
the distribution of the observed HU−FUV colour in NGC 628 (corrected both
for the internal dust attenuation and Milky Way extinction), which shows that
NGC 628 has most recently undergone a suppression of the SF.

From this, the HU–FUV colour can be derived as:

HU–FUV = −2.5 · log10 (LyC [mJy]) + 20 − FUV [mag] . (10)

We used the attenuation-corrected HU and FUV observations in
the calculations above. The average uncertainty of the corrected
HU−FUV colour is 0.06 mag.

3.2 CIGALE models

To find a relationship between the observed HU−FUV colour and
the recent SFR change diagnostic, 〈(�'5〉

/
〈(�'200〉, we generated

a set of theoretical models in CIGALE (Code Investigating GALaxy
Emission; Burgarella et al. 2005; Noll et al. 2009; Boquien et al.
2019). CIGALE models galactic spectra from FUV to radio wave-
lengths to estimate their physical properties, such as SFR, attenua-
tion, dust luminosity, stellar mass, etc.

In CIGALE, we assumed a Chabrier (2003) IMF, while the pop-
ulation synthesis models for the stellar emission were taken from
Bruzual & Charlot (2003) (bc03). We selected a delayed SFH with a

Table 1. Parameter values used to generate CIGALEmodels. SFH parameters:
gmain, e-folding time of the main stellar population model in Myr; �main,
age of the main stellar population in the galaxy in Myr; �bq, how many
Myr ago an increase or decrease in the SF occurred; ASFR, ratio of the SFR
after/before an increase or decrease in the SF; (�'A, value of SFR at t =
0 in M� yr−1; =>A<, flag to normalise the SFH to produce 1 M� . Nebular
emission parameters: log10* , ionisation parameter; 5esc, fraction of LyC
photons escaping the galaxy; 5dust, fraction of LyC absorbed by dust;,lines,
line width in km s−1; 4<8BB8>=, flag to include nebular emission. Other
parameters: �"� , initial mass function; / , metallicity; �sep, separation age
between the young and the old stellar populations in Myr; I, redshift.

SFH parameters [sfhdelayedbq]

gmain 1000, 2000, 4000, 5000, 6000, 7000, 8000
�main 8000, 9000, 10000, 11000, 12000
�bq 1, 2, 3, 4, 5, 6, 8, 10, 15, 20, 30, 40,

50, 60, 70, 80, 90, 100, 200, 400,
600

ASFR 0.0001, 0.0002, 0.0004, 0.0006,
0.0008, 0.001, 0.01, 0.02, 0.04,
0.06, 0.08, 0.1, 0.2, 0.5, 1, 2, 5, 10,
20, 50, 100, 1000

(�'A 1.0
=>A< True

Nebular emission [nebular]

log10* –3.0
5esc 0.0
5dust 0.0
,lines 300.0
4<8BB8>= True

Other parameters

�"� 1 (Chabrier)
/ 0.02
�sep 10
I 0.00219

constant instantaneous increase or drop in the SFR (sfhdelayedbq).
The range of SFH parameters, such as the age, �main, and the e-
folding time, gmain, of the main stellar populations were taken from
Decleir et al. (2019), who performed an SED fitting to individual
pixels in NGC 628. The intensity of a SF increase or a drop in the
SFR is parameterised by ASFR which represents the ratio between the
SFR after and before the event. Thus, ASFR < 1 means a suppres-
sion in recent SF, ASFR > 1 means an increase in SF, and ASFR = 1
represents no change in the SFR. The �bq parameter denotes how
many Myr ago an enhancement or suppression in the SF occurred.
The parameters of the model and the range of values explored are
summarised in Table 1. We note that since we have corrected the
HU−FUV colour for attenuation effects, we can assume a dust-free
environment for the models.

3.3 Calibration of the SFR change diagnostic

In Figure 2, we show themodels generated with CIGALE given the pa-
rameter values in Table 1.Models that lie above 〈(�'5〉

/
〈(�'200〉 =

1 experienced an increase in the SF, while those below had a recent
drop in the SFR.

In total, we generated 16170 CIGALE models. In Figure 3, we plot
a selection of modelled SFHs, their parameters, and their location in
Figure 2 (inset). These models were selected at random in different
parts of the trend to illustrate how their SFHs compare w.r.t. each
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Figure 3. Selected SFHs of six CIGALE models with corresponding parameters. The inset plot shows the position of each model (coloured squares) in the
〈(�'5 〉

/
〈(�'200 〉 vs. HU−FUV plane, as in Figure 2. The colour and line style of each box around the model parameters match those of the corresponding

curve. In CIGALE, we followed the standard procedure and normalised SFHs such that the total stellar mass formed between the first and the last time step always
equals to 1 M� , hence, small SFR values.

other. However, in Figure 2, we plotted 10627 models, excluding the
models with gmain = 1 Gyr and �main = 9–12 Gyr since those showed
very little variation in HU−FUV. That is rather expected because in
these systems, the SFR peaked at very early times. In addition, the
pixel-by-pixel SED fitting in CIGALE in Decleir et al. (2019) did not
result in any such SFHs with mostly old stars. Therefore, we are
confident that we can exclude these model data points as they do
not represent physical conditions encountered in nearby star-forming
galaxies such as NGC 628.
To obtain 〈(�'5〉

/
〈(�'200〉, we extracted the SFR from the last 5

and 200Myr (i.e., the last 5 and 200 steps in themodel) and calculated
the ratio of their averages. There is a certain dependence between the
ASFR parameter and 〈(�'5〉

/
〈(�'200〉 diagnostic since ASFR is >

1 for an enhanced SF and < 1 for a suppressed SF, as seen in the
middle panel of Figure 2. The advantage of the 〈(�'5〉

/
〈(�'200〉

diagnostic, however, is that we do not need to perform full spectral
modelling, once the relationship between this parameter and the
HU−FUV colour is established.
As shown in Figure 2, there are two other branches in addition to

the main trend: (i) a cluster of points with a strongly suppressed
〈(�'5〉

/
〈(�'200〉 and ASFR < 10−3 and �bq = 5 − 6 Myr at

HU−FUV ≈ 6; (ii) a branch with models that have �bq ≥ 100 Myr
and fall onto 〈(�'5〉

/
〈(�'200〉= 1.

The gap between the main population and branch (i) at
HU−FUV ≈ 6 arises due to a drop in the 〈(�'5 Myr〉, which is
potentially connected to the typical lifetime of HU ionising photons
(∼5Myr), and their exhaustion in thesemodels. This scenario is likely
to be transient because of the very narrow range of �bq = 5− 6 Myr.

In addition, the unrealistically drastic drop in the SFR, as shown by
the long-dashed red line in Figure 3, also suggests that this scenario is
unlikely to be observed in a real galaxy. Therefore, we do not expect
pixels with HU−FUV ≈ 6 to represent this particular case.

Branch (ii), with 〈(�'5〉
/
〈(�'200〉 = 1, arises for models with

�bq ≥ 100 Myr, meaning that in these models any changes in the
SF activity occurred at relatively early times and the SFR has been
constant over the past > 200 Myr. This is also visible in Figure 3 (the
yellow line). To break the degeneracy at fixed HU-FUV colour be-
tween themodels of branch (ii) and those on themain relation, we use
additional photometric information to mask out pixels in the map of
NGC 628 that are likely to be on the 〈(�'5〉

/
〈(�'200〉 = 1 branch.

We opted for a double criterion based on the FUV–IRAC 3.6`m
colour and the equivalent width of the HU emission line, EW(HU).
Models with suppressed SF should be red in the FUV–IRAC 3.6`m
colour, while having a low EW(HU).The final criteria were set to
FUV–IRAC 3.6`m > 3 mag and EW(HU) < 5 Å.

In the next step, we isolated the main trend in the
〈(�'5〉

/
〈(�'200〉 vs. HU−FUV plane and fitted a curve to it, as

shown in Figure 2. The main trend contained 7786 models. The fit
was performed using the lmfit package (Newville et al. 2014) in
Python, assuming a natural logarithm of a model � (G), that com-
bines an arctangent and a linear function:

ln � (G) = 0 · arctan(1G) + (:G + <) , (11)

where 0, 1, : , and < are the fitted parameters. The fitting function is
constrained to pass through the (2.4, 1) point since it is the transition
between an enhancement and suppression in the SF activity, giving
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Figure 4. Top panel: HU−FUV map corrected for internal attenuation and
Milky Way extinction. Bottom panel: observed 〈(�'5 〉

/
〈(�'200 〉 derived

from the fitted relation shown in Figure 2 and Equation 12. Blue colours show
a recently increased SF, while red represents a recent suppression of the SFR.
The contours follow levels of 〈(�'5 〉

/
〈(�'200 〉= 0.2, 1, 2, respectively.

The central pixelswere removed since they satisfy FUV–IRAC3.6`m>3mag
and EW(HU) < 5 Å due to the absence of recent SFR changes.There are six
pixels that pass through HU−FUV = 2.4 within uncertainties, and thus, could
correspond both to an event of an increase or decrease in the SF.

a relation:

〈(�'5〉
/
〈(�'200〉fit = exp[−10.123 · arctan(0.456·

·(HU − FUV)) + 0.244 · (HU − FUV) + 7.820] .
(12)

4 RESULTS

4.1 Observed 〈(�'5〉
/
〈(�'200〉 in NGC 628

In the top panel in Figure 4, we show the distribution of the observed
HU−FUV colour in NGC 628. The 〈(�'5〉

/
〈(�'200〉 parameter in

this galaxy was derived by inserting the HU−FUV colour corrected
for the internal attenuation andMW extinction into Equation 12. The
corresponding 〈(�'5〉

/
〈(�'200〉map is presented in the bottom

panel of Figure 4. Pixels with blue colours are currently experiencing
a phase where their SFR is increasing (〈(�'5〉

/
〈(�'200〉 > 1),

while those with red hues are currently experiencing a drop in the SF
activity (〈(�'5〉

/
〈(�'200〉 < 1).

The 〈(�'5〉
/
〈(�'200〉map of NGC 628 shows that the galaxy is

predominantly undergoing a phase of SFR suppression, although that
decline is less rapid in the spiral arms. One region, east of the centre,
stands out due to its strong recent burst – that is the headlight cloud
mentioned in Section 1. The masked pixels in the central region are
those with FUV–IRAC 3.6`m > 3 mag and EW(HU) < 5 Å where
〈(�'5〉

/
〈(�'200〉 is insensitive to the recent SFH, as revealed by

the CIGALE models (see Section 3.3 and Figure 2).

4.2 〈(�'5〉
/
〈(�'200〉 and SFEH2versus molecular gas

reservoir

Knowing what areas have recently undergone a recent increase or
suppression in the SFR, the next question we pose is how these areas
are locatedwith respect to themolecular gas reservoir. In Figure 5, we
show 〈(�'5〉

/
〈(�'200〉, SFR surface density, ΣSFR, and molec-

ular SFE, SFEH2= ΣSFR/ΣM(H2), with the contours representing
molecular gas mass surface density, ΣM(H2). There is a strong over-
lap between ΣM(H2) and both 〈(�'5〉

/
〈(�'200〉 (left panel) and

ΣSFR (middle panel). There are however some areas with low-level
star formation occurring outside of the regions of high molecular gas
mass surface density, resulting in the relatively high star formation
efficiency in the inter-arm regions (right panel). If one were to look
only at the ΣSFRmap, they might conclude that NGC 628 is forming
new stars rather actively; while, 〈(�'5〉

/
〈(�'200〉 reveals that the

SF has recently been decreasing in most regions.
In the rightmost panel of Figure 5, we see that the high SFEH2 does

not necessarily appear in the most gas-rich regions of the galaxy. For
example, we observe a low level of the SFEH2 in the central region
of the galaxy, despite a large H2 gas reservoir. Looking at the inverse
of the SFEH2 , the molecular depletion time gdep ≡ SFEH2

−1, we see
an increase in its median value from 3.2 Gyr, averaged over the entire
galaxy, to 5.2 Gyr in the bulge. Longer molecular depletion times
in the inner part of NGC 628 have been observed before in Kreckel
et al. (2018), for example. In our case, the decrease could be partly
attributed to the radial variations of the U1−0

CO parameter, although its
range is very limited in NGC 628 as it remains consistent with the
MW value of 4.4 M� pc−2 (K km s−1)−1 within a factor of two, as
examined in Sandstrom et al. (2013).

The innermost part of our MilkyWay, the Central Molecular Zone
(CMZ), contains ∼80% of all dense molecular gas (Morris & Ser-
abyn 1996). Yet, this region forms stars rather inefficiently (e.g.,
Longmore et al. 2013), in similarity with NGC 628, as the gas ap-
pears to be stabilised by turbulence (Krumholz & Kruijssen 2015).
Orr et al. (2021) studied a set of Milky-Way mass spirals without
AGN simulated with FIRE–2 (Hopkins et al. 2018) and found that
such a scenario could be a result of asymmetric and bursty galac-
tic cores. Moreno et al. (2021) used FIRE–2 interacting AGN-free
galaxies and saw a fraction of their primary galaxies often experi-
encing low SFE levels, despite large boosts in cold-dense gas fuel.
They explain it by the (stellar) feedback injecting turbulence into the
ISM and preventing it from collapsing.

Alternatively, the drop in the SFEH2at the centre of NGC628 could
be due to stabilisation of the gas by the bulge, as proposed in Martig
et al. (2009). They propose that the shear, induced by the deeper
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Figure 5. From left to right: 〈(�'5 〉
/
〈(�'200 〉, ΣSFR, and SFEH2 plotted with the contours representing ΣM(H2) above the average noise level(4.5f and

8f). The colour bar in the rightmost panel shows both the SFEH2values (left-hand side) in yr−1 and the molecular depletion time, gdep, in Gyr (right-hand side).
The masked pixels in the SFEH2map are non-detections.

gravitational well, prevents the gas from forming bound structures,
suppressing star formation. Davis et al. (2022) indeed show that the
molecular gas in the central region of galaxies is less fragmented in
the presence of a massive bulge, resulting in significantly less star
formation at fixed molecular gas surface density.
Another common approach for visualising the SFEH2 is by plotting

the Kennicutt-Schmidt (K-S) relation, which we show in Figure 6.
We compare our results to Leroy et al. (2013) as well as Kumari et al.
(2020) (not corrected for the diffuse ionised gas (DIG) emission).
Bothworks studied a set of nearby galaxies on resolved scales, includ-
ing NGC 628. Similarly as in Kumari et al. (2020), we create an un-
weighted linear fit for log10 (ΣSFR) = # log10 (ΣM(H2)) + log10 �,
where # is the slope and log10 � is the intercept. The fit was per-
formed using the orthogonal distance regression (ODR) algorithm
in Python. This algorithm assumes normally distributed errors and
finds the maximum likelihood estimators of parameters in measure-
ment error models (Boggs & Donaldson 1989). This gives a slope
# = 0.94 ± 0.04. In Kumari et al. (2020), the slope is # = 1.06
for NGC 628 and # = 0.93 ± 0.06 for the average in their galaxy
sample. Leroy et al. (2013) fit a similar equation but using the Monte
Carlo technique instead, accounting for uncertainties, upper lim-
its, and intrinsic scatter. They get an average # = 0.95 ± 0.15 for
ΣSFR(HU+24 `m) and no cirrus subtraction. Thus, our slope value
agrees with the literature rather well.
The colour-coding according to the log10〈(�'5〉

/
〈(�'200〉 in

Figure 6 shows that at fixed ΣM(H2), 〈(�'5〉
/
〈(�'200〉 increases

with ΣSFR. In addition, the SFR enhancements reside at the highest
ΣM(H2)–ΣSFR end. For SFE, this is not always the case as illustrated
by the headlight cloud in the rightmost panel of Figure 5, for example.
There, the high SFR and molecular gas mass surface densities do not
translate into a strong SFE. Moreover, SFE appears to be elevated in
gas-poor and regions, where ΣSFR is suppressed.
The linear SFR relation, such as the one in Equation 5, might break

down at smaller scales, which would be directly translated into the
scatter in the resolvedK-S relation. Generally, Kruijssen&Longmore
(2014) formulated an uncertainty principle for the minimum scale
size, for which the SFR relation still holds. In an idealised spiral
galaxy, they found that such minimum scale is 500 pc. Kreckel et al.
(2018) showed that in NGC 628, the scatter in the depletion time
at 300 pc scales is intermediate compared to the smallest (50 pc)
and largest scales (2.4 kpc). The scatter we observe on 325 pc scales
is f(log10(SFEH2 )) = 0.27 dex (cf. f(log10(SFEH2 )) = 0.33 dex at
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Figure 6. The resolved Kennicutt-Schmidt (K-S) relation with the arrows
indicating 3f upper limits and a typical uncertainty in the lower right corner.
d denotes the Spearman correlation coefficient. The solid black line shows
the fitted linear relationship, the dashed purple line indicates the K-S relation
for NGC 628 from Leroy et al. (2013) with the slope of # = 0.95 ± 0.15,
while the solid purple line shows the corresponding results from Kumari
et al. (2020) with # = 1.06. The non-detections were excluded from the
calculations.

300 pc scales in Kreckel et al. (2018)). Our K-S relation is also more
strongly correlated than in Kreckel et al. (2018) at 300 pc scales,
with the Spearman correlation coefficient of 0.54 versus 0.25. This
larger scatter could, however, originate from the DIG removal, which
introduces additional complexity to the analysis.

In summary, elevated 〈(�'5〉
/
〈(�'200〉 values are generally ob-

served in the areas with a large available molecular gas reservoir,
which is expected since more SF should take place in the pres-
ence of cold gas, while the agreement between the SFEH2 and
the molecular gas is not as clear. We also confirmed observation-
ally that a higher 〈(�'5〉

/
〈(�'200〉 corresponds to an increase in

ΣSFR at fixed ΣM(H2), which is, again, expected as both ΣSFR and
〈(�'5〉

/
〈(�'200〉 were derived using HU emission. We interpret

this as evidence that our 〈(�'5〉
/
〈(�'200〉 diagnostic is a more

robust tool for predicting the recent SFH than the SFEH2 .
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4.3 〈(�'5〉
/
〈(�'200〉 and SFEH2 in arms and interarms

In this section, we investigate the dependence between the spiral arm
structure, 〈(�'5〉

/
〈(�'200〉, and SFEH2 . For this, we use a simple

environmental mask for NGC 628 from Querejeta et al. (2021)7
that was constructed from Spitzer IRAC 3.6`m images at ∼1.7′′
resolution. We convolved and rebinned the environmental mask to
match our resolution and pixel scale. In the upper panels in Figure
7, we show the results for the SFEH2and 〈(�'5〉

/
〈(�'200〉maps

separated into arm-interarm regions. 〈(�'5〉
/
〈(�'200〉 generally

follows the spiral structure better than the SFEH2 , with high SFEH2
often occurring on both inner and outer edges of the spiral arms.
This could be a result of the physical offset between the H ii regions
and molecular gas in NGC 628 which was studied by Kreckel et al.
(2018) who saw such offsets of >∼ 100 pc at a higher resolution (∼1

′′

both for HU and CO observations). Egusa et al. (2009) found 33
offsets between the CO gas and HU emission in the inner part of the
galaxy (7.2×5.3′′ resolution for CO and 0.43′′ for HU data limited
by 2′′ seeing). Given that a typical size of an H ii region is ∼35 pc
(e.g., Kreckel et al. 2018), we operate on physical pixel scales about
ten times larger than that. This can average out the stochastic effects
of the SF, and reduce the observed offset between the molecular gas
and HU emission, but not entirely.
The lower panels in Figure 7 show the distribution of SFEH2

and 〈(�'5〉
/
〈(�'200〉 in the arm-interarm regions. We applied

the same masks to both maps (the ΣM(H2) upper limits and
the 〈(�'5〉

/
〈(�'200〉masks discussed in Section 4.1) and per-

formed the Kolmogorov-Smirnov test to investigate whether the arm-
interarm populations are distinct for the two SF tracers. To do so, we
used the ks_2samp function in Python. The high p-value in the case
of the SFEH2 suggests that these two populations are likely to origi-
nate from the same population. 〈(�'5〉

/
〈(�'200〉, on the contrary,

appears to be sensitive to the arm-interarm structure with a high
statistical significance. Considering that the spiral arms reside in an
increased gravitational potential, an increased presence of gas leads
to a higher SFR in those regions. The 〈(�'5〉

/
〈(�'200〉 parameter,

which is a ratio of SFR at two scales, is able to capture exactly that.

4.4 〈(�'5〉
/
〈(�'200〉 and SFEH2versus gas pressure

Galaxy simulations show that ΣSFR is proportional to the ISM pres-
sure in the disk (see e.g., Gurvich et al. 2020). In this section, we
examine the dependence between 〈(�'5〉

/
〈(�'200〉 andSFEH2 and

the pressure. We consider the expression for the mid-plane, or hy-
drostatic, pressure, following the procedure from Elmegreen (1989):

%h ≈
c

2
�Σ2

gas +
c

2
�

fg
f★,I

ΣgasΣ★ , (13)

where � = 4.301·10−3 pc M−1
� km2 s−2 is the gravitational constant,

Σgas is the total ISM mass surface density (H i + H2), Σ★ is the
stellar mass surface density, fg and f★,I are the total gas and vertical
component of the stellar velocity dispersion, respectively.We assume
fgas = 11 km s−1 when calculating the pressure to match the findings
in Leroy et al. (2008).
The first part of Equation 13 describes the self-gravity of the

gas, while the second part represents the gas weight in the stellar
potential well. This expression reflects the average behaviour of the
midplane pressure needed to support the gas disk (ISM) from the
gravitational collapse.We emphasise that we useΣM(H i+H2), rather

7 http://dx.doi.org/10.11570/21.0024

than ΣM(H2), when calculating %h. This is due to the fact that the
gas in both phases contributes to the total pressure in the galactic
disk.

To estimate the vertical component of the stellar velocity disper-
sion, f★,I , we follow the procedure in Leroy et al. (2008). It is based
on the following assumptions: (i) the exponential stellar scale height,
ℎ★, does not vary with radius; (ii) ℎ★ is related to the stellar scale
length, ;★, by ;★/ℎ★= 7.3 ± 2.2; (iii) the galactic disk is isothermal
in the z-direction. The above gives:

f★,I =

√
2c�;★Σ★

7.3
, (14)

where ;★ = 2.3 kpc for NGC 628 (Leroy et al. 2008).
Since IRAC 3.6`m observations are dominated by the emission

from old stellar photospheres, we use the intensity in this band, �3.6,
to calculate Σ★, again following the recipe from Leroy et al. (2008):

Σ★ [M� pc2] = Υ ★

〈
� 

�3.6

〉
cos 8�3.6 = 280 cos 8�3.6 , (15)

whereΥ ★ = 0.5 "�
!�, 

is theK-bandmass-to-light ratio, I3.6 = 0.55I ,
and I3.6 is in MJy sr−1, assuming a Kroupa (2001) IMF.

We present the hydrostatic mid-plane pressure map of NGC 628
in the left panes of Figure 8. Interestingly, in the top right panel
of Figure 8, the SFEH2 shows a decreasing trend with increasing
pressure. The pressure, being proportional to the gas and stellar mass
surface density, Σgas and Σ★, respectively, increases towards the
centre of NGC 628. As we previously noted in Section 4.2, the SFEH2
in the centre is relatively low, resulting in the observed decreasing
trend. Separating the observations into the arm, interarm and central
regions using the simple environmental mask for NGC 628 from
Querejeta et al. (2021), this is exactly what we see: the central part
of the galaxy stretches out to the high pressure end, while the SFEH2
remains suppressed. When we binned the data, the median values in
each bin create otherwise similar decreasing trends in all three parts
with large overlaps.

Unlike the SFEH2 , the 〈(�'5〉
/
〈(�'200〉 diagnostic increases

with increasing pressure, as shown in the bottom right panel of
Figure 8. This is in line with the expectations as higher pressure
should increase recent SF activity, with the pixels corresponding to
the strongest SF enhancements tending to lie at a higher pressure.
We also see that the central part of NGC 628 has a systematically
lower 〈(�'5〉

/
〈(�'200〉 than the arm-interarm regions.

As previously reported in Kreckel et al. (2018), we find that
SFEH2decreases towards the central, higher pressure region of
NGC 628. This could be due to the stabilising effect of the stel-
lar bulge against fragmentation and collapse (e.g., Martig et al.
2009) or (stellar) feedback effects (Moreno et al. 2021; Orr et al.
2021), discussed in Section 4.2. On the other hand, we observe
〈(�'5〉

/
〈(�'200〉 to increase in the regions of highest pressure

within the galactic disc.

5 DISCUSSION

5.1 The role of spiral arms in regulating SF

The question of whether spiral arms can boost SF activity, and con-
sequently SFE, has been debated over several decades. Early works
suggested that the arms could boost the SFE by propagating a su-
personic density wave w.r.t the ISM (e.g., Roberts 1969; Roberts
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Figure 7. Top row: the SFEH2and 〈(�'5 〉
/
〈(�'200 〉 mapswith the spiral structure outline.Bottom row: the arm and interarmdistribution of the log10SFEH2and

〈(�'5 〉
/
〈(�'200 〉 shown with the p-values from the Kolmogorov-Smirnov test. The same pixels were masked in both maps (see Figure 4 and 5) and were

excluded from the statistical analysis.

et al. 1975; Gittins & Clarke 2004). For example, Cepa & Beck-
man (1990) used HU emission and H i surface density to derive SFE
in NGC 628. They found enhancements in the arm-interarm ratios,
suggesting that spiral arms can indeed boost the SFE. Vogel et al.
(1988) and Lord & Young (1990) used CO emission and total gas
surface density, respectively, combined with HU emission and found
similar results for M51. Knapen et al. (1996) looked at the H i, CO,
and HU emission distribution in the grand-design spiral NGC 4321,
and determined that the total gas SFE is about three times higher
compared to the interarm regions due to the compression of the gas
by a density wave shock. Seigar & James (2002) used HU and K-band
light in the arms for a sample of 20 spiral galaxies, again, confirming
a SFE boost in the arms. Based on the idea that GMCs are formed by
the spiral shock wave and therefore appear to be fixed to the spiral
pattern (Egusa et al. 2004, 2009), Gao et al. (2021) argue that the
compression of the molecular gas can even lead to differences in SFE
between the front (leading) and back (trailing) part of a spiral arm,
potentially breaking the K-S relation at higher resolutions.
On the other hand, some observations have been in favour of the

alternative theory, which states that any enhancement in the SFR
along the spiral arms is simply due to a higher concentration of gas
in these regions. This gas remains longer there which favours SF
(e.g., Elmegreen & Elmegreen 1985, 1986). Thus, the spiral arms,

as such, do not enhance the SFE. Foyle et al. (2010) studied the
SFR traced by a combination of FUV and 24`m emission and the
molecular SFEH2 in NGC 628, among other galaxies, at spacial scales
of 250–600 pc. They found no evidence that spiral arms would lead
to a higher SFEH2 through shocks. Kreckel et al. (2016) examined
391 H ii regions at 35 pc resolution in arm and interarm regions in
NGC 628. They used optical MUSE observation to estimate the SFR
and total gas mass through dust attenuation. The authors found no
difference between the SFE within the H ii clouds in the arm and
interarm environments. This conclusion is, however, very sensitive
to the corrections preventing the contamination of the H ii emission
by DIG. Schinnerer et al. (2017), who studied SF in M51, found that
it did not only occur inside the spiral arms, but also immediately
outside of them, in so-called spurs, which could not be explained by
shocks induced by a density wave. Querejeta et al. (2021) arrived
at a similar conclusion after having studied a sample of 74 nearby
PHANGSgalaxies and compared the depletion time in the arm versus
interarm available in 26 of those. In fact, they saw that in some cases
the depletion timewas longer in the spiral arms. This, again, indicates
that the spiral arms accumulate gas and SF, but do not necessarily
render the SF more efficient.

There have been other attempts to explain the variations of the SFE
along the galactic disk. For instance, Meidt et al. (2013) examined
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Figure 8. Left panel: The distribution of the logarithm of the hydrostatic mid-plane pressure in NGC 628. The masked pixels are non-detections. Top and bottom
right panels: SFEH2and log10 〈(�'5 〉

/
〈(�'200 〉 as a function of the hydrostatic mid-plane pressure, log10 %h separated into the arm, interarm, and central

pixels. The vertical solid lines represent the spread (one standard deviation) plotted at the median value within each bin. The 3f upper limits are shown as
arrows and were not used for binning. The dashed grey line in the right panel marks the transition from an increased and suppressed star formation.

the depletion time in M51 through the CO, HU and 24`m emission
and found a variation in gdep along the galactic disk. They explain
this finding with the changes in the gas streaming motions caused
by gravitational deviations from axisymmetry in the disk. These
deviations can lead to large streaming motions which can stabilise
giant molecular clouds (GMCs) and prevent them from collapsing.
There is also a possibility that the spiral structure in NGC 628

does not (fully) originate from a stationary density wave. Instead, it
could be a transient feature caused by swing amplifications, that is,
local amplifications in a differentially rotating disk, (Toomre 1981).
A static wave should produce an age gradient across the spiral arms,
with young stars trailing behind the spiral arm inside the co-rotation
radius (CR), where the matter and the spiral structure have the same
angular speed, and the in front of it, outside of the CR (for more
details see, e.g., Martínez-García et al. 2009). However, this has not
been observed in NGC 628 (Shabani et al. 2018; Ujjwal et al. 2022).

In our case, we see that the SFEH2varies along the spiral arms in
NGC628, as shown in the left panel in Figure 7,with somedifferences
between the trailing and leading side of the spiral arms. This would
suggest that the spiral structure does increase the SFEH2 . However,
looking at the distributions of the SFEH2 in the arms and interarms in
Figure 7, there is no significant statistical evidence that these regions
are any different, which indicates that the spiral structure does not
have an effect of the SFEH2 . 〈(�'5〉

/
〈(�'200〉, on the other hand,

is more sensitive to the spiral structure, again see Figure 7. This is
expected since the density wave concentrates the gas along the spiral
structure, thus, we can expect an increase in the recent SFR in the
arms compared to the interarms. Therefore, our results are more in
line with the previous SFE observations of NGC 628 from Foyle
et al. (2010) and Kreckel et al. (2016), for example. This means that
the spiral arm structure increases the amount of gas and SFR but not
necessarily the efficiency with which molecular gas is transformed
into stars.
In the analysis, we did not remove the DIG emission. Its removal

is method-dependent and would introduce additional uncertainties.
Moreover, if we remove DIG, we should also remove diffuse CO
gas which does not directly participate in SF either. That would
add another level of complexity and enhance uncertainties even fur-
ther. Moreover, the conclusion that we draw about the SFE and
〈(�'5〉

/
〈(�'200〉 in the arm-interarm environments would only

be reinforced without the DIG contribution. We likely overestimate
the SFR in the interarm regions, and thus, the contrast between the
spiral arms and interarm regions would be even stronger.

Considering the results on the mid-plane gas pressure in Section
4.4, the SFEH2 in NGC 628 does not grow with higher pressure,
potentially due to the stabilisation of the gas at the centre of the
galaxy. 〈(�'5〉

/
〈(�'200〉 behaves more intuitively, as higher pres-

sure leads to elevated 〈(�'5〉
/
〈(�'200〉. An increase in pressure

that can trigger SF may not be immediately captured by the SFEH2
measurement, if there is a large gas reservoir available in that par-
ticular part of the galaxy, or if the SFR indicator used represents the
time average over a longer period.

5.2 Comparison with other SFR change diagnostics

In this section,we compare our SFR change index to other diagnostics
that were similarly calibrated to identify recent changes in the SF
activity. One such diagnostic was presented in Wang & Lilly (2020),
and makes use of the HU equivalent width, EW(HU); the Lick index
of the HX absorption, EW(HX)A; and the 4000 Å break, �n(4000).
The HU emission traces star formation on short timescales (∼5Myr),
while the HX absorption is sensitive to SF during the last 1Gyr. The
�n(4000) break is sensitive to the average (luminosity-weighted)
stellar age within 2Gyr. The combination of these three diagnostics
has been calibrated in Wang & Lilly (2020) to trace the SFR change
parameter, 〈(�'5Myr〉/〈(�'800Myr〉 or “log10SFR79” following
their notation. Their SFR change parameter is particularly sensitive
to changes in the SF activity that have occurred during the last 5Myr,
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Figure 9. Left to right: the comparison between 〈(�'5 〉
/
〈(�'200 〉, Dn (4000) , and log10SFR79 (Wang & Lilly 2020), probing recent changes in the SF. The

contours show elevated levels of 〈(�'5 〉
/
〈(�'200 〉 as in Figure 4. Recent SF enhancements are shown in blue, while the suppression is in red. The �n(4000)

parameter was defined as 1.5/�n(4000) following Kauffmann et al. (2003) to match the colour scale of the other diagnostics.

relative to the long-term SF activity on 800Myr timescales. Given
that this SFR change parameter identifies changes in the recent SF
activitywith respect to the SF onmuch longer timescales (∼800Myr),
we may expect deviations from our 〈(�'5〉

/
〈(�'200〉 diagnostic.

Nevertheless, it remains a good exercise to compare both SFR change
parameters, and to study possible differences between both methods.
Since the MUSE spectra do not cover either the HX line nor the

4000 Å break, we use the PINGS IFS data cube from Rosales-Ortega
et al. (2010) to calculate the SFR change index presented in Wang &
Lilly (2020). We first regridded the interpolated 3D data cube from
PINGS to the 7′′ pixels used in the analysis with the MUSE spec-
tra to enable a one-to-one comparison of different regions.We used
pPXF to fit the stellar absorption and gas emission lines and inferred
the HU (corrected for stellar absorption) and HXA (corrected for gas
emission) equivalent widths (EWs) from these fits. We adopted the
bandpasses as defined in Balogh et al. (1999) to calculate �n(4000)
and EW(HX)A. We used the calibration coefficients for solar metal-
licity presented in Table 1 of Wang & Lilly (2020) to calculate the
SFR change parameter log10SFR79. We only applied the calibration
to the pixels in which both the HU and HX line were detected at
sufficient signal-to-noise, i.e., SNR ≥ 3.

Although the use of EWs in the log10SFR79 diagnostic limits
the effects of dust attenuation, the differential attenuation between
young (<10Myr) and old stellar populations — or between line and
continuum emission — may bias the log10SFR79 diagnostic. We
applied the calibrations for dust corrections to EW(HU), EW(HX)A,
and �n(4000) from Wang & Lilly (2020) that were inferred based
on the Cardelli et al. (1989) dust curve and the assumption that
stars younger than 10Myr are more heavily obscured (i.e., they ex-
perience roughly 3 times higher attenuation than old stars). These
dust-correction calibrations require an estimate of the reddening ex-
perienced by young stars — � (�−+)young —which we derive from
the Balmer decrement.
Figure 9 shows the 〈(�'5〉

/
〈(�'200〉 (left), �n(4000) (middle)

and log10SFR79 (right) maps. In the middle panel, we actually
show 1.5/�n(4000), since Kauffmann et al. (2003) first indicated
that �n(4000) < 1.5 is characteristic for stellar populations younger
than 1 Gyr. Thus, 1.5/�n(4000) > 1 would imply an increase in
SF and a suppressed SF otherwise. We do see that 1.5/�n(4000)
> 1 in most parts of the galaxy, indicating an increased SF. Our
〈(�'5〉

/
〈(�'200〉 index is on the contrarymostly decreasing,which

can be explained by the different timescales probed by these metrics.

Moreover, the 1.5/�n(4000) metric is unable to detect the headlight
cloud. This discrepancy could be eliminated if the SFR reached its
peak between 5 Myr and ∼1 Gyr ago and its intensity in the head-
light cloud was typical across almost the entire galactic disk. In fact,
MacArthur et al. (2009) suggest that there was indeed a boost in SF
∼1 Gyr ago that is responsible for ∼40% of the central stellar mass
in NGC 628.

The log10SFR79 index calculated as inWang& Lilly (2020) in the
right panel shows a decreasingSF in the central part of the galaxy (i.e.,
log10SFR79 < 0), which agrees with our findings. It also indicates a
recently enhanced SF on the periphery: that could be consistent with
our results in some cases, for instance, if the SFR peaked between the
past 800 and 5 Myr and remained higher at 5 Myr than at 800 Myr.
This metric also does not identify the headlight cloud, which could
have occurred if the SFR was much higher in that area ∼800 Myr
ago, with an upturn between the past 5–200 Myr. Again, if there was
a major boost in SF ∼1 Gyr ago as mentioned in MacArthur et al.
(2009), this scenario would be possible.

Generally, our 〈(�'5〉
/
〈(�'200〉 index partly agrees with the

log10SFR79 diagnostic, although, the differences could be due to
varying timescales. It is, however, difficult to draw any meaningful
conclusions about log10SFR79 in NGC 628 due to a large number of
missing pixels due to weak HX absorption lines. The discrepancies
between these SFR change metrics could be reconciled if there was a
major increase in SF ∼1 Gyr across almost the entire disk, that would
be comparable to the current SFR in the headlight cloud.

6 SUMMARY AND CONCLUSIONS

Star formation (SF) activity in nearby galaxies varies strongly both
between the galaxies and also on resolved scales inside one galaxy.
These changes are important for our understanding of galaxy evolu-
tion and are imprinted in star formation histories (SFHs) of individual
galaxies. One way to study the SFH observationally is to compare
the changes in the star formation rate (SFR) occurring on different
timescales.

In this paper, we studied SFR changes in a nearby spiral galaxy
NGC 628. Using CIGALE, we defined a SFR change diagnostic
as a ratio of the SFR averaged over the past 5 and 200 Myr,
〈(�'5〉

/
〈(�'200〉, probed by the HU−FUV colour. The main fin-

dings of this work are:

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/advance-article/doi/10.1093/m
nras/stac2940/6761409 by C

atherine Sharp user on 18 O
ctober 2022



O
R
IG

IN
A

L
 U

N
E
D

IT
E
D

 M
A

N
U

S
C

R
IP

T

The resolved recent SFH of NGC 628 13

(i) Our 〈(�'5〉
/
〈(�'200〉 indicator shows that NGC 628 is over-

all going through a recent suppression of the SFR, albeit at a slower
rate along the spiral arms. We also successfully managed to identify
a strong burst that corresponds to the headlight cloud, that is, the
large molecular gas cloud being destroyed by young massive stars
(Herrera et al. 2020).
(ii) 〈(�'5〉

/
〈(�'200〉 follows the available molecular gas reser-

voir, while the agreement between the SFEH2 and themolecular gas is
not as clear. In addition, 〈(�'5〉

/
〈(�'200〉 increases with ΣSFR at

fixed ΣM(H2), with the strongest SF enhancements occurring where
the highest concentration of the SFR and molecular gas mass surface
density is present, as shown in Figure 6.
(iii) Looking at the spiral arm structure, 〈(�'5〉

/
〈(�'200〉,

again shows a better agreement than the SFEH2 . We compared the
distributions of the two parameters in the arms and interarms using
the Kolmogorov-Smirnov test and found that 〈(�'5〉

/
〈(�'200〉 is

sensitive to the spiral arm structure with high statistical significance
(p-value = 1.67 × 10−15), unlike the SFEH2 (p-value = 0.25). From
this we conclude that the spiral density wave concentrates gas in the
spiral arms in NGC 628, leading to an increase in the recent SF, but
does not enhance the SFEH2 , in line with previous findings (Foyle
et al. 2010; Kreckel et al. 2016).
(iv) We also examined if an increase in pressure within the galac-

tic disk, estimated by the hydrostatic pressure, can boost recent SF
and SFEH2 . 〈(�'5〉

/
〈(�'200〉 appeared to react expectedly to such

an increase resulting in elevated 〈(�'5〉
/
〈(�'200〉. The SFEH2 , on

the other hand, showed a decreasing trendwith pressure. InNGC628,
the pressure grows towards the centre of the galaxy due to the con-
centration of gas and stars, indicating that the lower SFEH2 at the
central, higher pressures may result from the stabilisation of the gas
by the stellar bulge.
(v) Lastly, we compare our findings to other tracers of re-

cent SFR change: the �n(4000) break and log10SFR79 from
Wang & Lilly (2020). There are some discrepancies between
〈(�'5〉

/
〈(�'200〉 and log10SFR79, as log10SFR79 predicts large

areas that recently have experienced an increase in the SF. The 4000Å
break also indicates that most of the galaxy has recently experienced
a significant SF increase, comparable to the current SFR in the head-
light cloud. These discrepancies, however, could be attributed to the
different timescales probed by these SFR probes.
In conclusion, we find 〈(�'5〉

/
〈(�'200〉 to be a suitable probe

for recent SFH, as it correlates to the molecular gas presence, spiral
arm structure, and disk pressure, and can therefore reflect recent
SFR changes. We also point out that NGC 628 may not be the most
optimal galaxy to study recent SFR changes, given that its SFR
has mostly been going down in the recent past. For this reason, we
would like to extend the galaxy sample in the future, to probe a
wider range of galactic environments where more pronounced star
formation activity changes may be happening at the present time. We
intend to explore other galaxies in the PHANGS-MUSE survey and
combine it with the IR observations required for the dust attenuation
corrections. This will provide up to eleven additional star-forming
spiral galaxies to test the 〈(�'5〉

/
〈(�'200〉 diagnostic on.
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