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Abstract

We combine JWST observations with Atacama Large Millimeter/submillimeter Array CO and Very Large
Telescope MUSE Ha data to examine off-spiral arm star formation in the face-on, grand-design spiral galaxy
NGC 628. We focus on the northern spiral arm, around a galactocentric radius of 3—4 kpc, and study two spurs.
These form an interesting contrast, as one is CO-rich and one CO-poor, and they have a maximum azimuthal offset
in MIRI 21 gm and MUSE Ha of around 40° (CO-rich) and 55° (CO-poor) from the spiral arm. The star formation
rate is higher in the regions of the spurs near spiral arms, but the star formation efficiency appears relatively
constant. Given the spiral pattern speed and rotation curve of this galaxy and assuming material exiting the arms
undergoes purely circular motion, these offsets would be reached in 100-150 Myr, significantly longer than the
21 um and Ha star formation timescales (both < 10 Myr). The invariance of the star formation efficiency in the
spurs versus the spiral arms indicates massive star formation is not only triggered in spiral arms, and cannot simply
occur in the arms and then drift away from the wave pattern. These early JWST results show that in situ star
formation likely occurs in the spurs, and that the observed young stars are not simply the “leftovers” of stellar birth
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in the spiral arms. The excellent physical resolution and sensitivity that JWST can attain in nearby galaxies will
well resolve individual star-forming regions and help us to better understand the earliest phases of star formation.

Unified Astronomy Thesaurus concepts: Galaxies (573); Spiral galaxies (1560); Interstellar medium (847); Star

formation (1569)

1. Introduction

Spiral arms are a distinctive characteristic of star-forming
galaxies, featuring large, curved arcs across the galaxy disks as
gas is compressed and star formation occurs. Historically, spiral
arms have been seen as the sites where the majority of stars form
within galaxies (e.g., Morgan et al. 1953; Roberts 1969; Louie
et al. 2013). This is thought to stem from high gas densities
achieved in the spiral arms, combined with low shear (Elme-
green 2007), which favors cloud (and from this, star) formation
(see reviews by Dobbs & Baba 2014; Chevance et al. 2022). Star
formation triggering is also thought to take place in spiral arms,
given the shocking that occurs at these locations (Roberts 1969),
and the potential for cloud—cloud collisions (e.g., Kennicutt 1998;
Tan 2000; Longmore et al. 2014; Chevance et al. 2020; Fukui
et al. 2021). Here, gas compressed by molecular clouds colliding
can lead to an episode of star formation.

Modern views of the process of star formation in spiral arms
built from observations and simulations emphasize that the
pattern of star formation in and around these locations is
complex (e.g., Dobbs & Pringle 2010; Chandar et al. 2017;
Schinnerer et al. 2017; Kim et al. 2020). This is thought to
reflect that spiral arms are not smooth, singular structures but
instead themselves host a complex array of substructures.
These structures have a variety of names, such as spurs or
feathers (see La Vigne et al. 2006, for a discussion of the
nomenclature). These features protrude from the spiral arms,
are fairly regularly spaced with azimuth, and are predicted in
simulations to extend to kiloparsec scales. The origin of these
spurs is currently unclear. Several mechanisms have been
proposed, including gravitational instabilities (e.g., Dobbs &
Bonnell 2006), magneto-Jeans instabilities (e.g., Kim &
Ostriker 2006), wiggle instabilities (e.g., Wada & Koda 2004;
Mandowara et al. 2022), supernova feedback, or formation on
the edges of superbubbles (primarily feedback driven expan-
sions of gas; see, e.g., Oey & Clarke 1997; Kim et al. 2020).
Depending on the formation mechanism, these spurs are also
thought to be viable sites of further fragmentation and collapse.
Thus, star formation may not occur exclusively in the high-
density spiral arm ridge. Measuring the star formation as a
function of distance from spiral arms is critical for testing spur
formation pathways, and can help us to better understand star
formation associated with the spiral arm passage of gas.

Spurs can be seen in molecular gas tracers (Corder et al.
2008; Koda et al. 2009; Schinnerer et al. 2017; Stuber et al.
2022), as well as in the dust morphology (La Vigne et al.
2006). The goal of this work is to ask and answer whether stars
are forming natively within spurs or if stars have formed in the
dense spiral ridge and drifted to their present positions
coincident with the spurs. Certainly for M51, the former
appears to be the case (Schinnerer et al. 2017), as typical
extragalactic star formation rate (SFR) tracers (Ha, 24 ym) are
coincident with CO in the spurs, rather than with the ridge of
the CO spiral arm. Localizing the natal site of star formation
requires the use of a tracer of the youngest, most embedded
phase of the star formation process (i.e., with timescales
<10 Myr). This ensures that we can catch star formation “in the

act.” For this, the mid- and far-infrared are ideal, as bright and
compact emission at these wavelengths directly traces the hot
dust heated by young, embedded stars. However, given the
limited resolution of the Spitzer MIPS (Rieke et al. 2004)
instrument (which had a resolution of ~300pc at a distance of
10 Mpc, but was the only viable instrument in this wavelength
range before JWST), until now localizing the mid-infrared (MIR)
emission to spurs or spiral arms has been challenging in galaxies
outside the Local Group. This means establishing whether the
phenomenon of star formation within spurs is unique to M51 or a
general feature of all disk galaxies is still an open question, with
important implications for star formation models.

In this Letter, we use new JWST observations taken as part
of the PHANGS-JWST Treasury Program (PI J.C.Lee; Lee
et al. 2022) to study star formation in the spiral arms of
NGC 628. We test whether star formation off of the spiral arms
in NGC 628 could be from stars forming within spiral arms and
then drifting, or whether stars are formed locally within spurs.
The structure of this Letter is as follows: we briefly describe
why NGC 628 is an ideal target for this study, and the data
provenance in Section 2, and we identify our spiral arm region
of interest and the timescales for offset between the spiral arm
and spur in Section 3. We conclude in Section 4.

2. NGC 628 and Data

As an archetypal grand-design spiral galaxy, NGC 628 is an
ideal target for studies of spiral arms, given its clear arm
structure and lack of a bar. Located at a distance of 9.84 Mpc
(McQuinn et al. 2017; Anand et al. 2021a, 2021b), NGC 628 is
almost face-on (i = 8°9; Lang et al. 2020), and aligned nearly
north-up with a position angle of 20°7 (Lang et al. 2020). It is
also the only galaxy in PHANGS-MUSE with a robustly
measured spiral arm pattern speed from stellar kinematics by
Williams et al. (2021; the rest of the pattern speeds in this work
being attributed to bars), which is necessary to obtain
timescales for the spur offset (Section 3). We present a three-
color composite image in Figure 1 including the data we will
use in this study, and Figure 2 presents a more holistic
overview of the spurs, which shows the wealth of high-quality
observations, and rich detail present in the PHANGS (and
especially the PHANGS-JWST) data that exist for this galaxy.
Returning to Figure 1, in blue, we show a CO(J =2 —1),
hereafter CO, moment 0 map from the Atacama Large
Millimeter/submillimeter Array (ALMA; Leroy et al
2021a, 2021b), tracing the cold molecular gas across the
galactic disk. Here, a number of gas spurs are visible as
structures that are almost perpendicular to the spiral arm. These
data have a resolution of ~1” (~50pc) and a sensitivity of
~1Kkms™'. In green, we show Ha emission from Very Large
Telescope (VLT) MUSE observations as part of PHANGS-
MUSE (Emsellem et al. 2022), tracing young stars that are
producing ionizing radiation but have blown a hole in their
natal cloud. The MUSE data also have a resolution of around
17, with an Ha sensitivity of ~1.5 x 10°” ergs~' kpc 2. Ho
emission traces star formation over timescales of <10 Myr
(e.g., Moustakas et al. 2006; Kennicutt & Evans 2012;
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Figure 1. Three-color image of NGC 628, with ALMA CO in blue, MUSE Ha in green, and JWST 21 pm in red. The blue, red, and green boxes show the extent of
each corresponding observation. The two spurs we focus on are shown as cyan (CO-rich), and orange (CO-poor) contours (see Section 3). Also shown are the spiral
arms from the environmental mask, in gray. The position angle (21°; corresponding to # = 0° in Figure 3) is indicated in the lower right, and a 1 kpc scalebar is shown

in the lower left.

Leroy et al. 2012; Boquien et al. 2014). In red, we show 21 pm
JWST data (Lee et al. 2022), with a resolution of 0767 and a
surface brightness sensitivity of around 0.3 MJysr~'. In star-
forming regions, this wavelength traces young, highly
embedded star formation (see, e.g., radiative transfer models
by De Looze et al. 2014; Williams et al. 2019), with an
emitting timescale in the star-forming regions of 10 Myr for
NGC 628 (Kim et al. 2022). Finally, we overlay spiral arms as
defined by Querejeta et al. (2021) in gray, based on Spitzer
3.6 um imaging, which traces the spiral arms from the old stars.

3. Spur Offset and Timescale

In Figure 3, we perform a polar (i.e., r, f space) remapping
(i.e., deprojection and derotation) of Figure 1. Here, 0°
corresponds to the position angle of the galaxy shown in
Figure 1, with € increasing in a clockwise direction. In this
polar projection, the spiral arms appear as nearly straight lines
(these are well described as log-spirals in Querejeta et al.
(2021), but the difference here is minor), and the spurs off the
arms become more clear. There is also a clear offset between
these three tracers in the spiral arms, as a consequence of the
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Figure 2. A holistic overview of the spurs analyzed in this study. Left: three-color image of NGC628 produced from the 770W (blue), 1000W (green), and 1130W
(red) band filters from the JWST (Lee et al. 2022), and overlaid in orange is the continuum subtracted HST-He, with CO-rich and CO-poor spur (see Section 3)
highlighted in cyan and orange, respectively. Right, top row: from left to right, three-color MIRI (same as left panel) and NIRCam (red: 200W, green: 300M, blue:

335M) zooms of the spurs, as well as MUSE Ha and ALMA CO. Right, middle: from left to right, increasing JWST NIRCam wavelengths, showing the stellar light.
Right, bottom: from left to right, increasing JWST MIRI wavelengths, showing the ISM emission.

¥0arcsec/500pc

spiral pattern (e.g., Egusa et al. 2009; Kreckel et al. 2018). This
is not a focus of this paper, but we note that the high resolution
now available with these tracers may be useful for future direct
measurements of spiral pattern speeds. There is a significant
amount of CO, He, and 21 pum emission in spurs off the spiral
arms, which is visible off all the spiral arms in Figure 1.

We will focus on two spurs in particular, both between a
(deprojected) galactocentric radius of 3—4 kpc. These spurs are
present near corotation (Williams et al. 2021), implying the
drift times from the spiral arm will be quite long. The first has a
maximum offset from the spiral arm of # ~ 40°, and has clearly
associated CO, Ha, and 21 um emission. We will refer to this
as the “CO-rich” spur. The second has a maximum offset from
the spiral arm of § ~ 55°, and is well detected in Ha and 21 pm
but has no associated emission in the “strict mask™ (i.e., a high-
confidence, but lower-completeness mask; see Leroy et al.
2021a for details) CO moment 0 image (shown in Figure 1,
although it is barely detected in the “broad mask” moment 0,
which has lower confidence but higher completeness as
compared to the strict mask, and is not shown here, but see
Leroy et al. 2021a). Both of these spurs are also clearly
detected in the other MIRI (7.7, 10, and 11.3 um) bands, and
the emission is coincident with that at 21 ym. We have selected
these two as a test case, as they are neighboring spurs but quite
different in their interstellar medium (ISM) composition. We
reserve a more thorough cataloging and study of spurs for
future work with the larger PHANGS-JWST sample.

The total 21 pm flux outside the spiral arms as defined by the
environmental mask (excluding the central 1.2 kpc diameter
region based on photometric decomposition by Salo et al.
(2015), where disentangling the spiral arms from any potential

Vﬁarcse‘clstmpc
o

WST 11.3um

-

o — e f—
T0arcsec/500pc T0arcsec/500pc 10arcsec/500pc

stellar bulge or nuclear component is difficult) is around 60%,
indicating a nonnegligible amount of star formation outside the
spiral arms. We caution that the environmental mask is defined
by Spitzer data and the gas and stellar spiral arms may not
necessarily coincide. However, the spiral arm width follows an
empirical definition based on the CO emission, to attempt to
overcome this (Querejeta et al. 2021). There also may be a
significant amount of diffuse emission at 21 ym flux, that is
unlikely to originate from star formation (Leroy et al. 2022). In
this sense, the percentage is likely an upper limit to the amount
of 21 um flux that can be ascribed to star formation.

We next investigate how the flux profiles of the CO, Ha, and
21 pm vary with galactocentric radius along these two spurs, to
better understand the role the spiral arms have in enhancing the
SFR and star formation efficiency (SFE; SFR per unit
molecular gas mass). Using the spur contour in Figure 1 as a
mask, we calculate radial profiles of the intensity of the three
tracers for the two spurs. We use Balmer decrement-corrected
Ha as a proxy for the SFR, and also calculate the profile for
SFE (i.e., corrected Ha/CO). We show the profiles in Figure 4.
Between the spiral arms, the SFR appears to be relatively
constant, arguing against the idea of an evolutionary sequence
with stars further out in the spurs being formed at an early time
to those closer to the spiral arm. However, there is an increase
toward the spiral arms—the inner arm for the CO-rich spur, and
the outer for the CO-poor. This agrees with simulations
showing that the spiral arms act to concentrate star-forming
regions, leading to an overall increase in the SFR surface
density (e.g., Kim et al. 2020). Yet, comparing the 21 ;ym and
Ha to that of the CO, we see a good correspondence between
the profiles, with the tracers tending to upturn at the same radii.
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Figure 3. Polar deprojection of NGC 628 in CO (top), 21 um (middle), and MUSE Ha (bottom). 0° is defined as the position angle (see Figure 1), and 6 increases
from left to right. The nominal corotation radius from Williams et al. (2021) is shown as a horizontal dashed white line. We show the approximate ridge of three spiral
arms as red lines (determined from the CO). We note there is a clear offset between this CO ridge and the 21 ym/Ha ridges (see also, e.g., Kreckel et al. 2018) The

cyan contour indicates the “CO-rich” spur, and the orange the “CO-poor” spur.

Indeed, the SFE profile bears this out—the SFE sometimes
shows strong variation along the spurs, but the increases in SFE
are localized and do not correlate with the spiral arm positions
(although there is a slight increase toward the outer spiral arm
in the case of the CO-poor spur). Taken together, these results
advocate that the spiral arms gather together gas and star-
forming regions, but have little impact on how efficiently stars
are being formed, as seen in larger (but lower-resolution)
samples (Querejeta et al. 2021) or in simulations (e.g., Dobbs
et al. 2015).

We estimate the timescale for both of these features to
appear, assuming they have drifted from the spiral arm with the
passage of the density wave and at the same pattern speed.
Following Egusa et al. (2009) we compute the timescale
required for this spiral arm offset to occur (neglecting any
noncircular motion), as

Q) — Qp )1 0

=768 Myr( M) .
45° )\ 10 km s~' kpc™!
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Figure 4. Profiles of 21 um, Balmer-corrected Ha (equivalent to SFR), CO, and SFE values across the CO-rich and CO-poor spurs (the mask generated from the
contours in Figure 1) as a function of galactocentric radius. The solid line shows the rolling median of the data, and the shaded regions the 16th and 84th percentiles.
Each intensity is normalized by its 50th percentile value within the spur mask, and is offset for visual clarity. The shaded gray region indicates the parts of the spur
within the spiral arm mask. For reference, the offsets are 1, 2, 3, and 4 for 21 pm, SFR, CO, and SFE, respectively. These lines correspond to the median value of 1.6
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where (2 is the angular rotation velocity, (2p the pattern speed
(both in kilometers per second per kiloparsec), A6 the offset in
degrees (i.e., the distance from spiral arm to spur along the x-
axis in Figure 3, and will vary from O where the spur meets the
spiral arm to some maximum offset), and ¢ the timescale in
units of Myr. We use Qp = 31.1730 kms~'kpc! from
Williams et al. (2021). This is a conservative value, as, for
example, gravity will act to pull the gas back toward the spiral
arm, lengthening the timescales. We obtain (r) from the
measured rotation curves in Lang et al. (2020), which vary
from around 36 to 39 km s~ kpc~'. We estimate the maximum
spur offset from Figure 3, and assume it varies linearly (as the
spurs are mostly vertical in the polar projection) with » up to a
maximum offset at a galactocentric radius of 4 kpc. We assign a
relatively conservative uncertainty to these values of 5°.

The calculated timescales are shown in Figure 5, and are
indeed quite long, as expected. These numbers are also likely
lower bounds, as processes like gravitational attraction toward
to spiral arm ridge will only serve to make these timescales
longer. We see that the values range from close to 0 at the point
where the spur joins the spiral arm up to more than 100 Myr at
the farthest extent of the spur, significantly longer than the
timescale we would expect the Ha and 21 pym emission to be
visible for, if star formation was initiated in the arms
(<10 Myr; see Section 2). The same conclusion was found
by Schinnerer et al. (2017) in M51, perhaps indicating that this
is a general result within galaxies. Altogether, our analysis
suggests that stars can form in situ within spurs, rather than
moving from the spiral arms. This has been seen in some recent
simulations (e.g., Smith 2020; TreB et al. 2021), and combined
with results showing the star formation efficiency may not be
higher in the spiral arms (e.g., Ragan et al. 2018; Querejeta
et al. 2021), these results point toward a picture where the spiral
arms merely gather gas together, rather than being instrumental
in causing the onset of star formation.

al. 2007 conversion factor), 4.7 K km s~ (CO), and 3.4 x 10~/ yr" (SFE) for
107 yr~! for the CO-poor spur.
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Figure 5. Offset timescale (see Equation (1)) as a function of galactocentric
radius for the CO-rich (blue) and CO-poor (red) spurs, calculated between a
galactocentric radius of 3 and 4 kpc.

The fact that one of these spurs is rich in CO and the other
poor is also intriguing, given their close proximity. It seems
possible that these spurs could potentially be forming from
superbubble expansion (Kim et al. 2020), as these spurs are on
the edge of one of the large bubbles cataloged in Barnes et al.
(2022) and Watkins et al. (2022), and so should be in roughly
the same evolutionary state. Perhaps, then, some feedback
mechanisms have been more efficient at destroying gas in one
spur compared to the other, or maybe the CO-poor one is older.
This could be addressed both by observing the coincidence of
spurs and bubbles, and using stellar clusters from combined
Hubble Space Telescope (HST) JWST observations as
“clocks.” This is beyond the scope of this work, but would
be an interesting future study with a full PHANGS-JWST
sample of spurs, bubbles, and stellar clusters.
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4. Conclusions

In this Letter, we have combined ALMA, VLT-MUSE, and
new JWST observations in the context of the PHANGS
collaboration to examine the youngest, highly embedded stage
of star formation in a CO-rich and CO-poor spur off the
prominent northern spiral arm of NGC 628. These were chosen
as a test case, as they are next to each other but clearly quite
different in their ISM composition. Both of these spurs show an
increase in star formation toward spiral arms, but little
indication of an increase in the star formation efficiency.
Given the angular offset of these spurs, assuming they are
formed on the arm and drifted off due to the difference between
circular rotation speed and arm pattern speed, we infer a
timescale of around 100 Myr or more, 1 order of magnitude
higher than the timescales of the Ha and 21 ym emission (Kim
et al. 2021, 2022). These results imply that stars are forming
in situ within the spurs, rather than being produced within the
spiral arms and then traveling there.

This work represents an initial exploration into how JWST
observations will redefine our view of the earliest phases of
galactic-scale star formation, and how this affects the structure
of the ISM and the process of star formation in different
environments. In particular, combining a spur catalog with both
exposed (measured from HST) and embedded (measured from
JWST) stellar clusters will help to understand the evolutionary
sequence of the structure of the ISM (e.g., Chandar et al. 2017).
With the full 19 galaxies of the PHANGS-JWST sample, we
will be able to form a new picture of the highly complex,
filamentary nature of the ISM.
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