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2 BOLATTO ET AL.

We present new observations of the central 1 kpc of the M 82 starburst obtained with the James Webb
Space Telescope (JWST) near-infrared camera (NIRCam) instrument at a resolution 6 ~ 0.05” — 0.1”
(~ 1—=2 pc). The data comprises images in three mostly continuum filters (F140M, F250M, and
F360M), and filters that contain [Fe IT] (F164N), Hy v = 1 — 0 (F212N), and the 3.3 pm PAH feature
(F335M). We find prominent plumes of PAH emission extending outward from the central starburst
region, together with a network of complex filamentary substructure and edge-brightened bubble-like
features. The structure of the PAH emission closely resembles that of the ionized gas, as revealed in
Paschen « and free-free radio emission. We discuss the origin of the structure, and suggest the PAHs
are embedded in a combination of neutral, molecular, and photoionized gas.

Keywords: galaxies: individual (NGC 3034) — galaxies: starburst — ISM: dust — ISM: molecules

1. INTRODUCTION

Local starburst galaxies are characterized by fast star
formation causing rapid consumption of their gas reser-
voirs on typical time-scales of ~ 100 Myr. This ‘high
activity’ mode resembles the situation found at cosmic
noon (z ~ 2), where gas-rich, strongly star-forming
galaxies dominate the cosmic star formation budget.
Therefore it is important to understand the physics that
drive this mode of star formation, something best done
in nearby galaxies which can be studied in detail. Dif-
ferences in the physical conditions of the interstellar
medium (ISM) during starburst phases have been in-
voked as drivers for variations in the stellar initial mass
function (IMF, e.g., Conroy & van Dokkum 2012), while
concentrated star formation events can also drive multi-
phase winds that drastically affect the evolution of a
galaxy (Heckman et al. 1990; Veilleux et al. 2005, 2020),
limiting gas available to fuel super-massive black holes
and grow galaxies, and playing a key role in determining
the galaxy mass function.

The higher rate of star formation per unit molecular
gas mass observed in starbursts strongly suggests ac-
tual physical changes in the process of forming stars,
not just a one-to-one scaling of the activity with the
gas reservoir. Starbursts occur due to the concentration
of large masses of (molecular) gas, that when combined
with shorter free-fall timescales, produce high star for-
mation rates (e.g., Krumholz et al. 2012; Leroy et al.
2015a). High gas surface densities in starbursts imply
that very high gas consumption rates are required for
star formation feedback to prevent the collapse of their
gas disks (Ostriker & Shetty 2011).

These conditions alter how star formation happens,
causing the fraction of stars formed in clusters to likely
increase with the surface density of star formation (e.g.,
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Kruijssen 2012; Krumholz et al. 2019). Vigorous star-
bursts produce super star clusters (SSCs, e.g., Her-
rera et al. 2012; Whitmore et al. 2014; Turner et al.
2015; Leroy et al. 2018; Emig et al. 2020); massive
(M, ~ 10°Mg), and compact (R ~ 1pc) concentra-
tions of stars that are the younger cousins to globular
clusters (Whitmore et al. 2005; Portegies Zwart et al.
2010; Linden et al. 2021). The formation of SSCs is
a particularly efficient way of converting gas into stars
(Krumbholz et al. 2019), likely characteristic of starburst
environments.

This highly concentrated star formation activity
also results in massive ejections of material from the
galaxy into the circumgalactic medium, which eventu-
ally quenches the starburst and curtails the growth of
the galaxy (Heckman et al. 1990). Galactic winds are
thought to regulate the growth of galaxies and thus
shape the galaxy mass function, in part because they
eject cool gas into the circumgalactic medium that is
then no longer immediately available for star formation
(although it may be reaccreted on long time scales), in
part by preventing the accretion of cosmic web gas into
the galaxy halo (e.g., Mitchell & Schaye 2022). The
concentrated starburst and the launching of a wind are
intimately related, and this may leave an imprint in their
respective structures. For example, starburst rings may
produce fast biconical hot outflows collimated along the
ring axis sheathed in cooler material (Nguyen & Thomp-
son 2022). The mass loss rate of the wind — key to un-
derstand its effect on galaxy evolution —, is highly un-
certain because it requires measuring the contribution
of its different phases, specially the cooler (T" < 10* K)
phases thought to carry the bulk of the mass.

The key observations we present in this study concern
the imaging of the base of the M 82 wind in polycyclic
aromatic hydrocarbon (PAH) emission. PAHs are com-
plex molecules and/or very small dust grains that per-
vade the cool ISM, absorbing UV and optical photons
and re-emitting their energy in relatively broad spectral
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features (bands) throughout the mid-infrared spectrum.
They play a key role in the heating of the neutral gas
and possibly in the formation of Hy. The 3.3 yum PAH
band is thought to be mostly due to small, neutral PAHs
(Draine & Li 2001; Maragkoudakis et al. 2020; Draine
et al. 2021). PAHs are extraordinarily resilient, be-
ing observed in close proximity to active galactic nuclei
(e.g., Garcia-Bernete et al. 2022). They are destroyed
by shocks (Micelotta et al. 2010a) or X-rays associated
with luminous AGN (Xie & Ho 2022; Lai et al. 2023) and
T-Tauri stars (Siebenmorgen & Kriigel 2010), however,
and are rapidly destroyed in hot gas (e.g., Micelotta
et al. 2010b), therefore they trace the cooler phases of
the ISM and their spectrum provides key information on
the physical conditions in those phases.

M 82 is part of the M 81 group located 3.6 Mpc away
(Freedman et al. 1994; Dalcanton et al. 2009), and repre-
sents the prototypical example of an interaction-driven
global starburst (Yun et al. 1994; Mayya et al. 2006; de
Blok et al. 2018) in a dwarf galaxy (the mass of M 82
is approximately 10 M, Greco et al. 2012), affording
a uniquely detailed view of the astrophysical processes
at the core of the starburst phenomenon. Modeling of
near to mid-infrared spatially resolved spectroscopy sug-
gests that M 82 experienced a first starburst episode
in its central 500 pc between 8 — 15 Myr ago peaking
at 160 My yr—!, followed by a second, somewhat more
compact burst occurring in a circumnuclear ring and
stellar bar 4 — 6 Myr ago and peaking at 40 My yr—!
(Colbert et al. 1999; Forster Schreiber et al. 2003). The
far-infrared luminosity of 4 x 101 Ly (Herrera-Camus
et al. 2018) corresponds to a current star formation rate
of SFR ~ 12 Mg yr—!, broadly consistent with other
recent estimates (Forster Schreiber et al. 2003).

M 82 not only hosts a large number of compact, mas-
sive clusters that represent a significant fraction of the
star formation activity (O’Connell et al. 1995; McCrady
et al. 2003; Melo et al. 2005; Smith et al. 2006; Mc-
Crady & Graham 2007; Mayya et al. 2008), but it also
has a powerful multiphase wind. This wind is visible in
X-rays (Strickland et al. 1997; Lopez et al. 2020), hydro-
gen recombination (Shopbell & Bland-Hawthorn 1998;
Lokhorst et al. 2022), far-infrared dust and line emission
(Engelbracht et al. 2006; Contursi et al. 2013; Beirao
et al. 2015; Levy et al. 2023), warm molecular hydro-
gen (Veilleux et al. 2009; Beirao et al. 2015), and cold
molecular and neutral atomic gas (Walter et al. 2002;
Leroy et al. 2015b; Martini et al. 2018; Krieger et al.
2021). The wind geometry corresponds to a truncated
bi-cone with its southern lobe approaching us, and an
opening angle of Q,, ~ 0.8wsr (Xu et al. 2023). The
main ionization mechanism of the wind is photoioniza-

tion close to the starburst, with increasing shock ioniza-
tion 1—2 kpc away from it (Shopbell & Bland-Hawthorn
1998). The wind extends at least 11 kpc away from the
galaxy (Devine & Bally 1999; Lehnert et al. 1999), and
it may reach out to 40 kpc (Lokhorst et al. 2022). Po-
larization work shows the existence of a large reflection
nebula in Ha (Scarrott et al. 1991), with a polarization
fraction that increases to 30% outwards, at 4 kpc from
the nucleus (Yoshida et al. 2019). Kinematic analysis
suggests that some of the dust causing the reflection
4 kpc away from the galaxy center is moving at veloci-
ties of 300 — 450 km s~', faster than the molecular gas
velocities observed closer in (Leroy et al. 2015b). The
radiation reflected appears to have been emitted by a
combination of two sources; one is the nucleus of M 82
as identified at 2.2 ym (which dominates at large dis-
tances), the other coincident with the 3 mm continuum
peak west of the nucleus (Yoshida et al. 2019).

In this manuscript we present new observations of
the central region of the M 82 starburst obtained with
the James Webb Space Telescope (JWST) near-infrared
camera (NIRCam) instrument (Figure 1), at a resolution
(0 ~ 0.05” —0.1” ~ 1 — 2 pc) and sensitivity unavail-
able before. These observations are part of Cycle 1 GO
program 1701, which also images NGC 253. Pointing
JWST to a very bright source, like a nearby starburst
nucleus, carries the risk of saturation. The observations
presented here were designed to avoid saturating in the
nuclear region and complement larger, deeper mosaics
that at the time of writing were not yet observed. As
a new very high resolution view of the archetypal star-
burst in the near-IR they present a unique opportunity
for science. We discuss the observations and their pro-
cessing in §2, we present the results on PAH emission
at the base of the outflow in §3, and the conclusions in
§4. Companion papers analyze the detailed correlations
between outflow tracers (Fisher et al., in prep.), and
the identification and properties of massive star clusters
(Levy et al., in prep.) based on these same data.

2. OBSERVATIONS AND DATA PROCESSING
2.1. Observations

Observations were acquired by JWST as part of the
Cycle 1 GO project 1701 (P.I. Alberto Bolatto) using
the NIRCam instrument in a 1.5 hours-long visit start-
ing on October 17, 2022, 23:20 UT. To minimize the
chance of saturation, the observations were set up using
the SUB640 sub-array with the RAPID readout pat-
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Figure 1. Advanced Camera for Surveys (ACS) image of M 82 (Mutchler et al. 2007) with the JWST NIRCam central mosaic
footprint overlaid for reference. We use F658N (Ha), F555W, and F435W for red, green, and blue respectively. These JWST
observations cover the central region of the starburst and the base of the wind bi-cone. They are part of a larger mosaic imaging

the wind and the starburst, which will be acquired in 2024.

tern. The mosaics', shown in Figure 2, have a linear
extent of 50" (~ 870 pc) and a resolution of 0.05” —0.1”
(~1-—2pc).

Data were obtained in six NIRCam filters: F140M,
F164N, and F212N on the blue side (SW detector), and
F250M, F335M, and F360M on the red side (LW de-
tector). Color combinations of most of these filters are
presented in Figures 3 and 4. The F164N and F212N
narrow band filters contain a bright fine-structure tran-
sition from [Fe II] and the v = 1—0 vibrational transition
of Hy respectively, while the F335M filter is dominated
by a bright 3.3 um PAH feature. The mosaic consisted of
4 primary dithers in INTRAMODULEBOX mode and
4 small dithers in SMALL-GRID-DITHER mode, with
a depth of 6 groups per integration and a total exposure
of just under 470 seconds per filter.

2.2. Pipeline Processing

We processed the NIRCam uncalibrated data prod-
ucts with the JWST pipeline version 1.9.6 (Bushouse
et al. 2023) and CRDS context jwst 1077.pmap. For
stage 1 of the pipeline, we used default parame-
ters except for the following: we used frame0 to

1 Automatic pipeline processed MAST mosaics can be found under

http://dx.doi.org/10.17909 /cwtn-nh63

recover emission from sources that are saturated in
the first integration group in the ramp fitting step
(suppress_one_group = False). In the jump step, we
set expand_large_events = True in order to flag the
“snowball” features that occur due to large cosmic ray
events (e.g., Rieke et al. 2023). We employed all the
default parameters for stage 2 processing. In between
stage 2 and 3, we applied an additional correction to the
*_cal.fits files for the two narrow-band filters, F212N
and F164N, which have the least signal and a compara-
tively larger contribution from 1/f noise from the NIR-
Cam detectors that appears as bright striping features.
We adapted the algorithm presented in Willott et al.
(2022) for use with the SUB640 sub-array and remove
the 1/f noise by masking bright sources and subtracting
the median of each column.

Aligning the small NIRCam mosaics for M 82 was
challenging due to the lack of stars catalogued by the
Gaia observatory within the field of view and the small
number of bright sources outside of the plane of the
galaxy. We used the JWST/HST Alignment Tool
(JHAT; Rest et al. 2023) to align the individual expo-
sures. First, we aligned the F250M exposures to the
stars available in Gaia-DR3 using JHAT. This filter has
the least amount of distortion issues because it uses
the larger field of view LW detector and contains lit-
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tle to no contamination from PAH emission seen in the
F335M and F360M filters. Then, we created a catalog
of the stars from the F250M image by selecting pixels
with brightness between 1 and 250 MJysr—! (the pixel
size is 0.042"). This range ensures that the catalog in-
cludes the fainter stars outside of the plane of the galaxy,
which allows better alignment of the smaller SW de-
tector. We then aligned the rest of the mosaics using
this catalog with JHAT. We applied the stage 3 step in
the pipeline to the aligned files with the tweakreg step
turned off, which yielded the final mosaics used in this
work. The 30 scatter of the relative positional alignment
for all other filters relative to F250M reported by JHAT
is 0.03” or better, and the relative alignment between
any two filters is typically better than 0.015”. The ab-
solute astrometry is based on 5 Gaia stars which were
found to be in common with sources in F250M, so it
is not possible to judge its quality based on the scat-
ter reported by JHAT. In §3.1, however, we report the
cross-identification of SNRs in the JWST images against
VLBI positions, where we find correspondences within
0.2"”. Inspection of the images suggests our absolute
astrometry is of order 0.1” or better. Combination of
these images with our upcoming large scale, deeper mo-
saic will enable more extensive cross-matching against
Gaia and a better estimate of the absolute astrometric
accuracy of the images.

2.3. Point Spread Function Matching

Matching the Point Spread Function (PSF) of the dif-
ferent filters is necessary for a clean continuum sub-
traction. We use the WebbPSF? tool version 1.2.1 to
compute the PSFs of the F250M, F335M, and F360M
images. We oversampled the PSFs to obtain a desired
pixel size of 0.008”. To match the F250M and F335M
PSFs to F360M, we generated convolution kernels us-
ing pypher (Boucaud et al. 2016). We used the default
regularization parameter of 10=%, which stabilizes the
kernel solution by penalizing noisy high frequencies. We
experimented with changing this parameter, and it did
not affect our results in any significant manner.

To quantitatively check the performance of these ker-
nels, we adopted the Aniano et al. (2011) “figure of
merit” (W_), which focuses on negative values (see their
Equation 21). In essence, the lower the W_ value, the
less aggressive the kernel. Aniano et al. (2011) find that
kernels with W_ < 1 are generally safe to use, though
kernels with W_ =~ 1, while reasonable, are mildly ag-
gressive. The authors caution against using a kernel

2 https://webbpsf.readthedocs.io

with W_ > 1.2, which would be aggressive enough to
result in artifacts. For the F250M and F335M match-
ing kernels we found W_ = 0.45 and 0.98, respectively.
These values indicate that both kernels are reasonably
well-behaved and safe to use, with the F335M kernel
being only moderately aggressive.

After regridding the images to a common pixel size
of 0.008”, we performed a fast Fourier transform (FFT)
convolution of the F250M and F335M images with the
corresponding kernels in order to match the PSFs of the
2.50, 3.35 pm images to the PSF of the 3.60 pm image,
which has a FWHM resolution of 0.118” (2.06 pc). The
clean continuum-subtracted image produced (see next
section) validates this PSF matching procedure.

2.4. Continuum Subtraction

To produce an image of the PAH emission band at 3.3
pm, caused by the C—H stretching mode in the aromatic
(i.e., benzene-like) rings of PAH molecules, we need to
remove the underlying continuum from the F335M im-
age. The 3.3 um feature is the brightest of a complex
of PAH-related spectral features that extends redwards,
including a 3.4 pum feature thought to be due to C—H
vibrational modes in aliphatic (chain-like) hydrocarbons
(Joblin et al. 1996; Lai et al. 2020), and a broad plateau
at 3.47 pm which is observed to be well-correlated with
the 3.3 pm intensity and thought to be also due to aro-
matic material (Hammonds et al. 2015). The intensities
of the 3.3 um PAH, 3.4 pym aliphatic, and the 3.47 pm
plateau are observed to be tightly correlated (Lai et al.
2020). The longer-wavelength features are also in the
passband of the F360M filter, which therefore cannot
be directly used to estimate the continuum (Sandstrom
et al. 2023). In addition, the 3.3 ym feature sits on the
shoulder of a broad water-ice band at 3.05 pm which
sometimes can be seen in absorption in highly extin-
guished systems, such as luminous and ultra-luminous
IR galaxies (e.g., Imanishi et al. 2010; Lai et al. 2020).
In contrast to F360M, we expect the F250M filter to
be a relatively clean measure of the continuum accord-
ing to existing spectroscopy of M 82 (Sturm et al. 2000;
Forster Schreiber et al. 2001).

Assuming that the contamination of the F360M filter
by PAH-related emission is tightly correlated with the
PAH-dominated emission detected in the F335M filter
(see e.g., Sandstrom et al. 2023), we can set up an iter-
ative method to separate the PAH and continuum con-
tributions to the signal measured in F335M. In essence
we apply the following algorithm:

1. Compute the continuum signal at 3.60 pm (Csgo)
by removing from the F360M measurement a frac-
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Figure 2. NIRCam mosaics of the center of M 82, with focal plane orientation. The F140M, F250M, and F360M are primarily
continuum bands. The F164N, F212N, and F335M are a combination of continuum and emission: F164N covers the 1.64 pm
[FeII] fine structure transition, F212N covers Hy vibrational emission at 2.12 pm, and the diffuse emission from the 3.3 pm
aromatic feature is evident in F335M. Contamination by PAH-associated emission can also be seen in F360M. Position offsets

are referred to 09"55™ 51560, +69°40'45”6 (J2000).

tion ¢ of the 3.3 ym PAH intensity where that
intensity is positive.

2. Compute the continuum signal at 3.35 um (Csss)
by using a weighted combination of the F250M
filter and the 3.60 pm continuum.

3. Compute the 3.3 yum PAH intensity by removing
the 3.35 um continuum from the F335M filter.

4. Repeat until convergence.

This corresponds to the equations,

0360:F360M —q X PAH335 (1)
C335 = F250M + (0360 — F250M) X R (2)
PAHzs5=F335M — Cyss, (3)

where ¢ and R are constants, PAH335 is the PAH com-
ponent in F335M, (335 and C3g¢ are the continuum com-
ponent for the F335M and F360M filters, and ¢ = 0 if

PAH < 0. The iteration starts from PAH335 = 0 and
produces values for PAH335, C335, and Csgg.

Here we will adopt single values for ¢ (the ratio be-
tween the contamination in F360M due to aromatic or
aliphatic components, and the PAH emission in F335M)
and R (yielding the continuum in F335M as a linear
combination of the continuum in F250M and F360M)
appropriate for our region of interest, the extra-planar
emission. Note, however, that in principle these are local
quantities with values that change depending on PAH
properties and the color of continuum sources. The typ-
ical value of ¢ as determined using the AKARI spec-
troscopy of entire (unresolved) galaxies in Lai et al.
(2020), is ¢ = 0.36 (T. Lai, priv. comm.) when in-
cluding all the features discussed above that contribute
to F360M as well as extended wings of bright PAH lines
such as the 6.2 pm feature (just the 3.3 pm PAH wing
by itself would yield ¢ = 0.09). Our data are well re-
solved spatially, and the extra-planar region of M 82
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Figure 3. Three color image with F212N, F164N, and F140M for red, green, and blue respectively. Some dust entrained in
the galactic wind is seen as faint, elongated dark streaks against the bright background. Compact green sources are supernova
remnants (see below). Red sources are either highly extinguished or emitting in the vibrationally excited v = 1 — 0 Ha, a tracer
of shocks and strong UV fields (image credit A. Pagan).
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contributes little to the integrated light of the galaxy.
Its conditions will be substantially different from those
in the central regions that dominate the integrated light,
so the AKARI result does not necessarily represent it
well. The wispy structure visible in F360M (which is
completely absent in the continuum-dominated F250M),
however, implies that the PAH contribution is large.
This is similar to the findings of Sandstrom et al. (2023)
in PAH-dominated regions. The factor R, on the other
hand, captures the fractional contribution of Csgg to the
C335 continuum when predicting it via a linear combi-
nation of 0250 and 03603 for R = 0, 0330 = 0250, while
for R = 1, C335 = Cs69. If the slope of the continuum
SED is constant between 2.50 and 3.60 pym, we expect
R to be close to the ratio of central wavelength differ-
ences, (3.35 — 2.50)/(3.60 — 2.50) ~ 0.77, modulo color
correction factors.

Fortunately, it is possible to arrive at optimal values
for ¢ and R by testing a range of values and inspecting
the resulting images. The best ¢ for our purposes should
result in a Csgp continuum without the wispy extra-
planar structures visible in F360M (Figure 2), which
are caused by PAH-related emission in this filter, while
not introducing negative wispy artifacts caused by over-
substraction from using too large a value for ¢. Simi-
larly, the best value of R minimizes the small scale star-
subtraction residuals in the continuum for the extra-
planar regions. Using these considerations, we obtain
g = 0.45 £ 0.05 and R = 0.55 £ 0.05 (Figure 5). The
value of ¢ we find is comparable to the ¢ = 0.36 for en-
tire galaxies from AKARI spectroscopy discussed above,
and somewhat smaller than ¢ ~ 0.66 obtained for very
PAH-dominated lines of sight in highly resolved galaxy
observations (Sandstrom et al. 2023).

We compare our image with that obtained from the
continuum subtraction method used by Sandstrom et al.
(2023), and find both methods produce results largely
consistent with each other. We adopt their slope of
Bpau = 1.6 and offset of Apag = —0.2 for colors in
PAH-dominated regions (see their equation 4). While
Sandstrom et al. (2023) calculates this slope using the
F300M, F335M, and F360M filters, we must substitute
the F250M filter for F300M due to availability. This
substitution should not drastically change the results,
as the Sandstrom et al. (2023) slope appears reasonable
in our F335M/F250M—F360M/F250M plane. We find
a ~ 10% larger intensity in the PAH335 than in the
previous method toward the central regions of the map,
increasing to ~ 30% in the outer regions. Most impor-
tantly, the overall morphology of the extended PAH fea-
tures remains unchanged when adopting the Sandstrom
et al. (2023) approach.

2.5. Ancillary Data

A 6 GHz image from Marvil et al. (in prep.) is de-
rived from data taken with the Karl G. Jansky Very
Large Array (VLA) between Feb 2011 and March 2012
in antenna configurations A (5 hours), B (10 hours) and
C (3 hours) under project codes TDEM0010, 10C-199
and 12A-457, respectively. The data were processed in
CASA (CASA Team et al. 2022), using the flux-density
scale of Perley & Butler (2013) for calibration and the
multi-scale, multi-frequency synthesis algorithm (Rau &
Cornwell 2011) for imaging. The 6 GHz continuum im-
age combines 2048 x 2 MHz channels spanning the en-
tire 4-8 GHz frequency response of the C-band receiver.
The synthesized beam has a FWHM of 0.36”, and the
RMS noise level of the image is 3.5 uJy/beam. Although
the image includes short spacing information from the
compact Jansky VLA configurations, the galaxy emis-
sion sits on a mild negative bowl of order ~ 5 puJy/beam
that suggests some extended emission is missing, but
this does not affect our calculations.

The Paschen « observations are from the Mikulski
Archive for Space Telescopes (MAST) and were ob-
tained by the Hubble Space Telescope (HST) with the
Near Infrared Camera and Multi-Object Spectrometer
(NICMOS) with two filters: F187N (PID 7919, P.I. W.
Sparks), and F166N (PID 7218, P.I. M. Rieke)®. The
continuum subtraction for the Paschen « image uses
F166N and is described by Fisher et al. (in prep.). To
briefly summarize, the subtraction followed the proce-
dure outlined in Boker et al. (1999), in which the flux
in F166N is scaled to the flux of F187N, with a scal-
ing determined in regions avoiding the bright midplane
of the galaxy. For a given F166N flux, there is a well-
defined minimum of the F187N flux. Pixels with values
near the minimum F187N/F166N trace the ratio of stel-
lar continuum in the two filters, while pixels with larger
F187N/F166N are dominated by Paschen « emission.
To determine the continuum, we fit a linear correlation
between F187N and F166N for those pixels in the low-
est 0.5% of the ratio F187N/F166N, which is then sub-
tracted from all pixels in the F187N image.

The CO J =1 -0 image from Krieger et al. (2021)
is part of a large mosaic obtained using the Institut de
Radioastronomie Millimétrique (IRAM) Northern Ex-
tended Millimeter Array interferometer (NOEMA). It
includes short spacings from the IRAM 30m telescope,
so in principle it recovers all the source flux. It has a
synthesized beam of 2.08"” x 1.65” (i.e., a circular beam

3 http://dx.doi.org/10.17909/jdx7-qg88
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Figure 4. Three color image with F335M, F250M, and F164N for red, green, and blue respectively. Dust throughout the base
of the galactic wind lights up in the 3.35 pm filter (red) due to PAH emission. The bright F335M emission appears to outline
a truncated bi-cone corresponding to the edge of the outflow base, particularly on the left side “wall”. In this scenario, the
elongated streaks correspond to the front and back surfaces of the bi-cone, seen in projection against the middle regions north
and south of the starburst (image credit A. Pagan).
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equivalent 0§ =~ 1.85"), and an RMS sensitivity of 138
mK (5.15mJy/beam) in a 5km s~! channel.

3. RESULTS AND DISCUSSION
3.1. Multi- Wavelength Images of the Starburst

The wavelength progression in Figure 2 shows clearly
the dramatic reduction in extinction at longer wave-
lengths. One of the most striking features of these mo-
saics are the highly structured extra-planar tendrils of
emission seen in the F335M and F360M filters. These
are associated with PAH emission features around 3.3
and 3.4 pm, as discussed in §2.4.

A three-color combination of near-IR data in Figure
3 shows images from our three filters on the blue side
of NIRCam (1.40, 1.64, and 2.12 pm), maximizing the
image resolution. This high resolution allows us to iden-
tify resolved stellar sources corresponding to clusters
with stellar masses > 10* M, and larger, which are de-
scribed in a companion paper (R. Levy et al., in prep.).
The highly obscured starburst region is partially visible
at these wavelengths, along with dark extra-planar fil-
aments emanating from the central region due to dust
entrained in the galaxy wind. Figure 4 uses the com-
bination of the 1.64, 2.50, and 3.35 pm filters to show
the PAH emission associated with the entrained dust.
We discuss the structure of the emission, which we sep-
arate from the continuum as described in §2.4 (Figure
5), in §3.2. Note that the bright extra-planar structures
seen in PAH emission in Figure 4 have corresponding
extinction (dark) features due to dust lanes in Figure
3, seen against the blue background of stars. In partic-
ular, the left side “wall” of PAH emission and some of
the prominent PAH plumes on the north side show clear
corresponding extinction features.

The bright green compact sources in Figure 3 are re-
gions with enhanced 1.64 pum emission. They mostly
correspond to supernova remnants (SNRs), visible as an
excess in our F164N image due to the contribution from
the [Fell| transition at 1.644 pm, due to shock-induced
destruction of dust grains and the subsequent release of
iron atoms into a gaseous phase. The first extragalactic
source detected in the 1.644 pm [Fell| transition was in-
deed M 82 (Rieke et al. 1980). SNRs also emit brightly
in the radio due to synchrotron emission powered by
relativistic electrons accelerated by shocks (Dubner &
Giacani 2015). We can thus compare our 1.64 pm ex-
cess positions with radio catalogued SNRs, in particular
the catalog from 1.7 GHz observations with the Multi-
Element Radio Linked Interferometer Network (MER-
LIN) and Very Large Baseline Interferometry (VLBI)
observed by Fenech et al. (2010, Table 5).

Figure 6 shows a zoomed area in detail, illustrating the
very good agreement in several SNe between the [Fe II]
emission and radio data (black circles). The SNRs visi-
ble at 1.64 pm are within 0.2” of their radio positions,
providing an independent check of the absolute astro-
metric accuracy. Not all radio SNRs have clear associ-
ated [Fell] emission. Some of them are located in re-
gions that are very heavily extinguished at 2 pm, and
that may be the cause. Conversely, not all regions with
excess in F164N correspond to catalogued radio SNRs.
Some of these regions may correspond to unidentified
SNRs or extended shocks associated with the galactic
wind, a matter of future research.

3.2. Eaxtra-planar PAH Emission and the Structure of
the Wind

The combined data in Figure 4 shows that material
entrained in the wind emits in the PAH near-IR bands.
We produce an image of the 3.3 ym PAH emission using
the procedure described in §2.4 to separate the contin-
uum and the PAH contributions to the F335M image
(Figure 5). The separation works very well, with no
wispy features or artifacts present in the continuum im-
age. The 3.3 um PAH emission has almost no stellar
residuals, although there are negative (black) areas in
the central regions of the starburst. These areas tend
to correspond to highly-reddened, highly extinguished
dark clouds, and they are mostly mildly negative (~ —30
MJy/sr) except in the area at the very center of the
starburst (near offsets +2,42) where it becomes deeply
negative (~ —1000 MJy/sr). Although the mildly neg-
ative regions depend on the details of the continuum
subtraction (i.e., the local value of ¢) the central deeply
negative region does not: the F335M filter there is con-
siderably below the baseline determined by the contin-
uum at 2.50 and 3.60 pm. As pointed out above, the
F335M filter is on the shoulder of a broad water-ice fea-
ture centered at 3.05 um, so the simplest way to make it
underluminous is to have a deep ice absorption feature.
But it is also possible that the relative mix of aliphatic
(which contribute mostly to the F360M filter) and aro-
matic components changes drastically in some of these
regions. A large growth in the aliphatic component (ex-
pected to be higher in dense regions, Rau et al. 2019)
at these locations may raise preferentially the emission
in the F360M filter. We hypothesize that very negative
regions are mostly due to water ice absorption along
heavily extinguished lines of sight, but definitive confir-
mation will require spectroscopy.

The PAH image shows prominent plumes or pillars
of PAH emission extending outward from the central
starburst region, together with a network of complex fil-
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Figure 5. Decomposition of the F335M filter into continuum (left panel) and PAH emission (right panel) following the
procedure described in §2.4. The extra-planar tendrils of PAH emission are highly structured, and likely represent a view of the
cold material entrained in the galactic wind. Position offsets are referred to 09255™51560, +69°40'4570 (J2000), the often used
center of M 82 based on 2 pum ground observations is located at offsets +3.9,4-0.8 (Lester et al. 1990).

amentary substructure and edge-brightened bubble-like
features. An example of one of these plumes (which ap-
pear to be bundles of filaments) is the structure North of
the mid-plane at R.A. +10, which extends roughly N-S
to the edge of the image and forming the left segment
of a V shaped pattern with a neighboring plume. Ex-
tended emission from dust grains and PAHs associated
with the wind has been detected before in M 82, over
scales of 6 kpc (Engelbracht et al. 2006; Beirao et al.
2015). Our imaging extends to ~ 0.4 kpc from the cen-
tral region, representing only the innermost part of the
material in the wind but providing a much sharper view
than was possible with the Spitzer Space Telescope.

We can appreciate better the detailed structure of
the PAH emission in Figure 7, where the bottom panel
presents an unsharp-masked image that brings up the
contrast on the small scales. To obtain this image
we performed unsharp masking in logarithmic space
through the following steps: 1) clip the original image I
(top panel) below zero, 2) take the log(1+1), 3) convolve
with a 5” (87 pc) FWHM Gaussian kernel to produce
Is (this scale was chosen so that it preserves reason-
ably well the large scale structure of the “plumes” while
enhancing scales smaller than 100 pc), 4) compute the
final image Iy = [(1+1)/107s] — 1, which is displayed
on a scale of —0.5 to 1. The insets in Figure 7 provide
a zoom into some of the wind substructure. The image

shows a network of intertwined filaments, which appear
as coherent structures with lengths ~ 100 pc in many
cases, and thicknesses of 5 —9 pc approaching the 1.9 pc
resolution of the image. Qualitatively similar structures
are created in simulations by the destruction of dense
clumps of material immersed in a wind (e.g., Schneider
et al. 2020; Abruzzo et al. 2022; Fielding & Bryan 2022),
where cold gas is ablated from clumps and extended into
filamentary structures that survive due to stabilization
caused by fast cooling.

Particularly striking are structures with the morphol-
ogy of elongated bubble walls, forming a ridge north
of the mid-plane and parallel to it, on the west side
of the image (e.g., Figure 7 panel F). The larger bub-
bles on this part of the image extend to ~ 150 pc from
the mid-plane. The north and south sides of the out-
flow look somewhat different, with the north (the re-
ceding side) having more defined large-scale structures
than the south. The bubble-like structures seen in PAH
emission are also apparent in high-resolution Ha images,
particularly in the less extinguished south (approaching)
side of the wind cone (Figure 1). They may arise from
super-bubbles pumped by individual SNe events eject-
ing material. Another possibility is that they are due to
wind instabilities. For example, if the wind in the warm
gas is driven by pressure of streaming cosmic rays, the
characteristic growth time scale of instabilities would be
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Figure 6. A 11.5” x 9” (200 x 160 pc) area near the west corner of the mosaic, with radio SNR positions overlaid (the
orientation is the same as Figure 2) The RGB NIRCam mosaic uses the F212N, F164N, and F140M filters for red, green, and
blue respectively. The circles (radius 0.2”, or 3.5pc) and labels correspond to the radio SNRs (Fenech et al. 2010, Table 5).
Green regions show an excess of emission at 1.64 um likely associated with the [Fe II] line due to dust destruction in supernovae
shocks. This excess is visible on the radio SNRs 39.10+57.3, 40.68-+55.1, 39.64+53.3, 38.76+53.5, and 40.32+55.2, although
some regions not associated with known radio SNRs also show a possible F164N excess, perhaps due to local or large-scale
shocks. Very red sources are either heavily extinguished at 2 pum or associated with vibrational emission from Ha, usually

caused by shocks.

Tarow ~ H/cer, where ¢, = (2/3)P.,/p for P, the cos-
mic ray pressure, p the density of the gas, and H is a
pressure scale-height (Quataert et al. 2022). The pro-
duction of structures by the instability requires that the
growth time is shorter than the flow timescale deter-
mined by the wind speed, vy, so that T ~ H/vy,
requiring c., > v, which in turn may be attainable for
moderate P,, if p is not large.

In Figure 8 we compare the JWST PAH emission with
the highest resolution available images of: 1) 6 GHz ra-
dio continuum from the VLA (Marvil et al., in prep.),
2) ionized gas Paschen « recombination emission from

HST (Fisher et al, in prep.), and 3) molecular gas from
NOEMA (Krieger et al. 2021). See §2.5 for more details
on these ancillary data. The similarity of the extra-
planar filamentary features present in both the 6 GHz
and Paschen « images is particularly striking, and the
same broad streams of filaments are present in the PAH
3.3 pm emission. There is a recombination transition at
3.297 pm (Pfund 4) that could contribute to the line flux
in F335M, and directly trace ionized emission poten-
tially confusing the interpretation of the observations.
Calculation shows, however, that it can only account
for ~ 0.5 MJysr~! (out of the several tens of MJysr—*
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Figure 7. Small scale structure in the PAH emission. The top panel shows the same image as Figure 5 with a grid superimposed.
The bottom panel shows the result of removing a version of the image smoothed on 5" (87 pc) scales, a technique known as
unsharp masking, to bring up the structure below those scales. This highlights the network of fine filaments and the bright
walls of bubble-like structures present in the PAH image. The panels to the right show 7 x 7" zooms into the top panel,
highlighting the rich substructure in the outflow. Their gray scale is linear and adjusted separately for each panel, as indicated
by the accompanying colorbar (in MJy/sr). Reference position is as in Figure 5.



14 BOLATTO ET AL.

present in the PAH filamentary structures) using the
observed Paschen « flux and the relative intensity coef-
ficients for case B recombination at low density by Hum-
mer & Storey (1987).

For comparison, in the Milky Way center the longest
radio filaments (which can be as long as ~ 100 pc)
are caused by non-thermal synchrotron emission at
1.28 GHz, and appear to be related to a wind from
SgrA* (Yusef-Zadeh et al. 2023). In M 82, how-
ever, the ratio of the 6 GHz continuum to recombi-
nation line emission we measure for gas off the plane
of the galaxy is Tp(mK)/Ig.(Rayleigh) ~ 0.1 — 0.2,
assuming case B recombination to convert Paschen «
to Ha (Osterbrock & Ferland 2006). This approxi-
mately corresponds to the expected ratio for thermal
free-free emission from plasma at about 7, ~ 5,000 K
(Ty(mK) /Io(Rayleigh) ~ 0.18, Gaustad et al. 2001,
Eq. 1) assuming obscuration is unimportant for Paschen
« (an extinction correction would drive the ratio even
more into the thermal regime for the 6 GHz emission,
and a reflection component would act in the opposite
direction). This suggests that the elongated filamentary
structures are not due to a very strong magnetic field,
which presumably would cause the radio emission to be
dominated by synchrotron radiation even at 6 GHz and
yield a non-thermal ratio. Could the emission from these
structures be dominated by synchrotron at lower fre-
quencies near 1 GHz, where such measurements are typ-
ically made? For a synchrotron spectral index of v=97
the emission would grow by a factor of 3 between 6 GHz
and 1.3 GHz. This suggests that if synchrotron were
contributing just under 40% of the radio emission at 6
GHz, it could become just over 60% of the emission at
1.3 GHz. Therefore, our measurements at 6 GHz place
quite a strong constraint on the emission contributed by
non-thermal electrons gyrating in magnetic fields asso-
ciated with the base of the M 82 outflow.

By contrast, even after accounting for the different
resolution, there is just a weak correlation between the
extraplanar structures in the PAH emission and those
in the molecular gas image. This is also true when com-
paring with an integrated intensity map, instead of the
peak intensity shown in Figure 8. It is hard to inter-
ferometrically image faint emission in the vicinity of a
bright source, especially with a small number of base-
lines. We tested the quality of the faint extra-planar
CO emission by comparing the CO 1 — 0 mosaic with a
very high resolution CO 3 — 2 mosaic obtained by the
Submillimeter Array (SMA, Jiménez-Donaire et al., in
prep.) and found reasonably good correspondence be-
tween the faint emission in both CO maps, suggesting
that the imaging quality for the faint extra-planar gas is

not the cause of the lesser degree of correlation between
PAH and CO emission.

The correlation between PAH and CO emission is
poor, but not completely absent. Since the resolution
of the CO data is 17 times lower than that of the PAH
image we only expect large scale features to be corre-
lated, and indeed some of them are present both in the
CO and the PAH emission. For example, the “wall” of
CO emission that starts at +10” R.A., and larger off-
sets on the north-east corner of the image, matches the
location of the plume of PAH emission discussed pre-
viously. Figure 9 shows the matched resolution PAH
image with CO integrated intensity contours overlaid to
facilitate comparison. The base of some of the PAH
plumes, in both the northern and southern outflows,
clearly correlates with CO emission. Note that the low-
est CO contour still represents a fairly high column
density, N(Hz) ~ 2 x 1022c¢cm™2 (computed assuming
Xco ~1x102°em~2(K km s~1)~!), and this may be at
least in part responsible for the poor correlation. These
are column densities of giant molecular clouds in the
Milky Way, so what is seen in CO are substantial clouds.
Quantitative comparison of spatial profiles of emission
at different heights from the plane is presented in Fisher
et al. (in prep.).

3.3. Origin of the PAH emission

Presumably, the PAH emission is tracing the cooler
gas entrained by the hot outflow, since small dust grains
in hot, X-ray emitting gas should be very quickly de-
stroyed by sputtering caused by collisions with fast-
moving electrons (Micelotta et al. 2010b; Hu et al. 2019).
This is more so for PAHs emitting at 3.3 pum, a feature
that is thought to be dominated by the smallest PAHs
(Draine et al. 2021), which are those most quickly ab-
lated by sputtering and fragmented by photodestruction
processes.

The timescale to travel from the mid-plane to half the
vertical extent of the extra-planar emission in our mosaic
(a distance of ~ 200 pc) at a typical velocity for a neutral
or molecular gas wind (v, ~ 200 — 300 km s~!, Leroy
et al. 2015b; Yoshida et al. 2019) is 7qyn ~ 1 Myr, and
the shortest possible 7qyn ~ 0.2 Myr would correspond
to gas moving at the velocity of the hot phase (v, ~
1000 km s=1). By comparison, the expected time for
sputtering a 50-atom PAH immersed in T~ 6 x 10° K gas
with density n ~ 1072 cm ™ is Typutter ~ 107% Myr, and
even 200-atom PAHs have predicted lifetimes Toputter S
1072 Myr (Micelotta et al. 2010b). The central region of
M 82 may have even hotter (T 2 3 x 107 K) and denser
(n ~ 0.1 cm™3) conditions (Lopez et al. 2020), which
would only accelerate the PAH destruction. Therefore
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Figure 8. Comparison of different tracers of extra-planar material. A 5" scale corresponds to 87.3 pc at the distance of M 82.
Top left: Jansky VLA 6 GHz continuum at 0.36” (6.3 pc) resolution (square root stretch, units MJy/sr). Top right: HST
archival continuum-subtracted Paschen o at 0.25” (4.4pc) resolution (square root stretch, units ergs™' cm™2sr™!). Bottom
left: NOEMA CO 1 — 0 peak intensity from Krieger et al. (2021) at 1.85” (32.3 pc) resolution (linear stretch, units K). Bottom
right: JWST 3.3 um PAH emission at 0.11” (1.9pc) resolution (square root stretch, units MJy/sr). The ratio of 6 GHz to
Paschen « implies the extra-planar filamentary radio continuum emission is thermal (see §3.2) The PAH emission shows very
good detailed correspondence with the ionized gas traced by Paschen « and the radio continuum. A faint grid is superimposed
to facilitate comparison. Reference position is as in Figure 5.
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Figure 9. PAH and CO emission compared at the same
resolution. The JWST 3.3 um PAH emission (gray scale)
has been convolved to the 1.85” resolution of the NOEMA
CO, presented here as the integrated intensity map (color
contours). The contour values are 190, 320, 550, 930, and
1580 K km s~'. The lowest contour corresponds to a column
density N(Hz) ~ 2 x 10?cm™2. Partial correspondence is
observed between the base of some of the PAH plumes and
extra-planar CO emission. Reference position is as in Figure
5.

it appears impossible for the PAHs responsible for the
observed emission to be mixed with hot, X-ray emitting
gas.

As a consequence we expect the PAHs to be associated
with colder phases, either neutral atomic/molecular gas
or possibly photoionized gas with T' ~ 3 x 103 — 10* K.
The latter represents a gas phase in which PAHs are
not usually observed. PAHs appear to be faint or ab-
sent in the ionized gas of H II regions (Chastenet et al.
2019, 2023; Egorov et al. 2023). High resolution studies
of the Orion Bar photodissociation region (PDR) show
a sharp increase in the brightness of the PAH emission
going from the H II region into the molecular cloud and
the neutral atomic layer surrounding it, at the location
of the ionization front (Peeters et al. 2023). Although
PAH emission is seen in the ionized gas region, it is
attributed to a background PDR. Observations of the
Horsehead nebula suggest a lower limit of 5 x 10% yr
for the lifetime of PAHs in ionized gas (Compiégne
et al. 2007), but in general their destruction timescale
is highly uncertain. The collisional destruction calcu-
lations by Micelotta et al. (2010b) indicate that PAHs
embedded in high density (n ~ 10* cm=3) photoionized

gas are destroyed mostly by impacts from He nuclei, and
their expected lifetime is Typygter ~ 10 Myr. Since the
destruction rate is proportional to the frequency of col-
lisions, Tspuster X n~!. Therefore the PAH lifetime to
collisional destruction will be even longer at a more rea-
sonable density of n < 103 cm™3 for the base of the out-
flow (measurements indicate n ~ 200 cm ™3 500 pc away
from the midplane, increasing inward, Xu et al. 2023).
These timescales are well in excess of the dynamical time
Tdyn Needed to travel over the extent of our image, which
makes it plausible that some fraction of the PAH emis-
sion originates from photoionized gas, if collisions are
the primary destruction mechanism. Photodestruction
(e.g., Jochims et al. 1999; Tielens 2008), which preferen-
tially removes the smallest PAHs (Allain et al. 1996; Le
Page et al. 2003), may be however the ultimate mech-
anism limiting their lifetime as it likely occurs for H II
regions. Neutral or molecular gas advected from high
density regions in the walls of the outflow and recently
exposed to ionizing radiation could act as a source of
PAHs constantly replenishing the ionized gas. Also, it
is possible that at least part of the PAHs observed are re-
lated to large dust grain shattering in shocks, which can
tilt the dust grain size distribution toward smaller sizes
(Jones et al. 1996; Seok et al. 2014), and provide a PAH
source. Note that PAHs are rapidly destroyed in shocks
with velocities > 100 km s™! (Micelotta et al. 2010a),
therefore a net PAH generation would require slower ve-
locities. Shocks associated with the interface between
hot and warm gas (Fielding & Bryan 2022) would be
very inhospitable to PAHs.

Neutral gas harboring PAHs in the extra-planar re-
gion of M 82 close to the starburst is exposed to a very
powerful photoionizing radiation field. A starburst with
SFR ~ 12 Mg yr~! generates Qion ~ 10°*s™! ioniz-
ing photons according to Starburst99 (Leitherer et al.
1999). Only a fraction of this radiation will escape the
central regions, due to absorption by neutral gas or ex-
tinction by dust. It is hard to know the precise escape
fraction, fesc, but ionizing radiation likely escapes from
the central ionized bubble along low density, fully ion-
ized channels. The ratio of Paschen a in the extended
extra-planar emission to that centrally concentrated in
the starburst suggests fesc ~ 0.25, but that is likely an
over estimate since the starburst region is heavily ex-
tinguished even at 1.875 um. Assuming that 90% of
the photons are lost to intervening extinction or neutral
material (i.e., fosc = 0.1) the ionizing photon flux in a
region 200 pc (the half-way travel distance in our mo-
saic discussed above, and coincidentally also the approx-
imate radius of the starburst region) away from a com-
pact starburst will be Fiop, ~ 2x 1019 (fese/0.1) 7t em 2
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(comparable to the ionizing radiation field a few pc away
from an O7 star).

For neutral material to survive while immersed in
such a radiation field, it must have a minimum den-
sity. For a region with a size of L =~ 0.3 — 0.5”
(5 — 9 pc), the typical width of many of the filamen-
tary features, balancing available photon flux against
recombination requires a “threshold” density of at least
Ninr = v/ Fon/(apL) ~ 504/ fesc/0.1cm™3 to stay neu-
tral (ap ~ 4x107 cm®s~! is the recombination rate of
H). Radio recombination line measurements over large
scales point to a high density ionized gas component,
which could be in part newly ionized gas (Seaquist
et al. 1996). Given the ionizing flux computed above,
the photoionization timescale is Tion = (Fion Gion) L ~
0.3 (fesc/0.1)~1 yr for neutral gas (where oo, is the pho-
toionization cross-section of H), and the recombination
timescale is Tyee = (apn) ™t < 1,600 (50 cm™=3 /n) yr for
ionized gas. Since these timescales are short compared
to the time to traverse a few parsecs at the flow veloc-
ity, it is likely that ionization equilibrium is satisfied, al-
though there may be large local variations in ionization
state due to lines of sight strongly attenuated by patchy
overdense gas. On average, we expect most neutral gas
to have densities larger than nqy, or be otherwise quickly
ionized, although this will be strongly dependent on fesc
and distance to ionizing sources.

Neutral gas that survives the gauntlet (by having high
enough volume and column density to self-shield) and
moves away from the central source is likely to stay neu-
tral for a long time (the timescale to thermal conduction
evaporation is long, Tevap 2 10 Myr depending on den-
sity and mass, Micelotta et al. 2010b), and pockets of
dense, cool gas may even act as condensation seeds and
accrete from their hot surroundings (Gronke & Oh 2018,
2020). Measurements in the outflow find column densi-
ties of neutral atomic gas Ny ~ 3—10x10%° em~2 (and
similar values for molecular gas) on angular scales of 20”
close to M 82 (Leroy et al. 2015b; Martini et al. 2018).
This neutral gas component of the outflowing material
is highly clumped on sub-resolution scales, as suggested
by the large scale CO interferometer mapping (Krieger
et al. 2021), reaching much higher column density than
measured above.

The picture that emerges from these considerations is
that the observed PAH emission likely comes from a mix
of neutral and photoionized material. Part of the PAHs
are associated with (and protected by) fairly dense and
thus likely molecular gas. Not all of this molecular gas
may emit in CO, since protecting CO molecules requires
higher column densities than it does for Hs in order to
build up shielding to the photodissociating UV radiation

(see, e.g., Bolatto et al. 2013). Also, some of this molecu-
lar gas may be below the sensitivity limit of the existing
CO interferometric observations (Krieger et al. 2021).
Mid-IR spectroscopy of Hs transitions would be neces-
sary to definitively establish the correlation between 3.3
pm and molecular emission on small scales.

Because of the morphological similarity between the
PAH and ionized gas images, we suggest that another
part of the PAH emission arises from photoionized gas,
which is easily maintained given the high luminosity
of the starburst. Since the intensity of recombination
and free-free emission depend sharply on the gas den-
sity, bright emission indicates large ionized gas densities,
likely occurring at the interface between neutral mate-
rial at the photodissociation region and ionized material
in its vicinity. Projection effects are likely important.
Part of the PAH-emitting material may be located at
the walls of the outflow cone around the edges of the
starburst, where neutral and molecular gas are advected
into the flow, and seen in projection against the central
regions of the outflow.

4. CONCLUSIONS

We present new, very high resolution infrared images
obtained by JWST of the central starburst region and
the base of the galactic outflow in M 82 (Figures 3, 4).
These images reveal a highly textured network of fila-
mentary and bubble-like structures in the dust compo-
nent traced by 3.35 ym PAH emission (Figures 5, 7), as
the material is entrained into the wind at the base of the
galactic outflow present in M 82. The observed filaments
have thickness of 5 — 9 pc, approaching the JWST res-
olution of ~ 2 pc, lengths that can reach ~ 100 pc, and
associations of these filaments form prominent plumes
of emission. The bubble-like structures also reach sizes
of ~ 100 pc. We suggest the latter arise from super-
bubbles pumped by individual SNe events ejecting ma-
terial, but it is also possible they are due to wind insta-
bilities, for example due to cosmic rays (§3.2). The fil-
aments of parsec-scale width observed in PAH emission
(Figure 7) are likely related to ablation and shredding of
dense clumps of material by the galactic wind (Schnei-
der et al. 2020; Abruzzo et al. 2022; Fielding & Bryan
2022), possibly located in the walls of the ionized out-
flow, although the precise mechanisms leading to their
structure remain to be determined.

The structure of the PAH emission resembles closely
that of the ionized gas, revealed by recombination in
Paschen « and free-free emission at 6 GHz, and has some
correspondence with the CO emission (Figure 8). The 6
GHz to Paschen « ratio in the ionized gas filaments in-
dicates that their 6 GHz emission is thermal, and hence
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they do not appear likely to be due to very strong mag-
netic fields. We discuss the conditions in the material
associated with the PAH emission, finding that the most
likely scenario is a combination of PAHs embedded in
neutral /molecular gas and photoionized gas, likely asso-
ciated with photodissociation regions. Companion pa-
pers explore the quantitative correlations between PAHs
and other gas tracers (Fisher et al., in prep.) and the
statistics and properties of massive star clusters in the
starburst (Levy et al., in prep.).
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