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Abstract

We present an analysis of dust kinematics in the local starburst galaxies M82 (NGC 3034) and NGC 253 using
polycyclic aromatic hydrocarbon (PAH) features observed with JWST/MIRI spectroscopy. We are able to
produce high-quality velocity maps of the 5.2, 6.2, and 11.3 um PAH features, as well as numerous lines of
molecular gas via H, rotational transitions and ionized gas from [Ne II] and H recombination lines. Given the field
of view and inclination, we trace a rotating disk in M82 where we observe a steep rise in the velocities followed
by flattening, typical of galaxy rotation curves. In NGC 253, however, the 6.2 and 11.3 um PAH features trace the
launching region of the outflow, firmly within the starburst region. We find the ionized gas also shows outflow
contributions in NGC 253 while the warm molecular gas is dominated by rotation. Additionally, the molecular gas
outflow velocities are lower than the ionized gas, with the 11.3 ym PAH feature consistent with the ionized
gas rather than the molecular gas. We therefore suggest that PAHs are more closely associated with the ionized
gas rather than the molecular at the base of the galaxy outflow, whereas larger-scale imaging shows comparable
morphology between PAHs and H 1. The 6.2 um PAH feature has an even higher outflow velocity for both
galaxies, possibly suggesting preferential ionization of the PAHs within the faster-moving hot phase of the base of
the outflow.

Unified Astronomy Thesaurus concepts: Galaxies (573); Interstellar medium (847); Starburst galaxies (1570);
Interstellar dust (836); Galaxy kinematics (602); Polycyclic aromatic hydrocarbons (1280)

1. Introduction and obscuring much of the star formation activity (e.g.,
B. T. Draine 2003; A. G. G. M. Tielens 2005; J. A. Zavala
et al. 2021). Unlike the gas phase, which emits through various
emission lines, measuring the kinematics of dust is highly
challenging. However, it is now possible with JWST spectrosc-
Original cor.ltent from this wor.k may be used under the terms opy of polycyclic aromatic hydrocarbons (PAHs), which are the
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Dust is a fundamental component of the interstellar medium
(ISM) of galaxies, regulating the thermal balance and chemistry,
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infrared luminosity (J. D. T. Smith et al. 2007). After excitation
of these molecules from UV photons, they give rise to a
multitude of broad emission features in the mid-infrared (e.g.,
E. Peeters et al. 2002; A. G. G. M. Tielens 2008; A. Li 2020).
PAH features are, however, intrinsically broad, with widths
orders of magnitude larger than any velocity shift. Moreover, the
shape of the intrinsic profile is not well defined and can vary in
different astrophysical environments (e.g., E. Peeters et al. 2002;
D. Van De Putte et al. 2025).

To overcome these challenges, F. R. Donnan et al. (2024b)
used principal component analysis (PCA) tomography to
derive the first velocity maps of PAH features in galaxies. PCA
is a data-driven technique that reorders data cubes into linear
principal components, enabling one to measure velocity shifts
much smaller than the width of the feature without the need of
modeling the intrinsic profile of the emission feature. More
recent work has presented PAH kinematics in active galactic
nuclei (AGNs), where kinematic evidence for dust in the
outflow of AGN has been found (F. R. Donnan et al.
2026a, 2026b).

Perhaps the best extragalactic laboratories in which to measure
the motion of PAHs are local starburst galaxies. Starbursts exhibit
high star formation efficiencies (e.g., A. K. Leroy et al. 2013;
R. C. Kennicutt & M. A. C. De Los Reyes 2021; D. B. Fisher
et al. 2022), the feedback from which drives large-scale galactic
outflows (see T. A. Thompson & T. M. Heckman 2024, for a
recent review) with PAH emission detected out to 2 kpc in M82
(C. W. Engelbracht et al. 2006; P. Beirdo et al. 2015; S. Lopez
et al. 2026; S. A. Cronin et al. 2026), and even farther in higher-z
starbursts (~35 kpc; S. Veilleux et al. 2025). Galactic outflows
are multiphase and play a key role in the baryon cycle,
injecting high-metallicity material into the intergalactic medium
(IGM) and circumgalactic medium (CGM; e.g., S. Veilleux
et al. 2005; D. K. Strickland & T. M. Heckman
2009; A. K. Leroy et al. 2015; S. Veilleux et al. 2020) and
potentially quenching star formation in the galaxy through the
ejection of molecular gas (e.g., J. Chisholm & S. Matsushita
2016). These outflows may be driven by radiation pressure on
dust grains (N. Murray et al. 2005; T. A. Thompson et al. 2005),
making measuring the kinematics of dust extremely valuable to
understanding starburst driven outflows.

The velocity information of PAHs provides a unique
constraint on their properties where differences in the motion
of various PAH bands trace distinct phases. For example,
F. R. Donnan et al. (2026b) found that the 3.3 um PAH feature
was not kinematically present in AGN outflows, but the
11.3 um PAH feature was present, independently confirming a
lack of small PAHs in AGN outflows suggested from the flux
ratios (D. Rigopoulou et al. 2024; 1. Garcia-Bernete et al. 2024,
2026, in preparation).

A. D. Bolatto et al. (2024) showed that the morphology of
the PAH emission in the outflow of M82 more closely matched
that of the ionized gas rather than the molecular gas (see also
S. A. Cronin et al. 2026), suggesting that PAHs may be
coupled with the ionized gas. However, S. Lopez et al. (2026)
and V. Villanueva et al. (2025) reported the typical CO-PAH
relation held across the outflow, suggesting the PAHs are
coupled with the cool molecular gas. PAH kinematics will
provide a crucial discriminant on how the PAHs are coupled to
the gas phases.

With the spatial resolution of JWST/MIRI MRS, we are
able to probe the kinematics of the launching region of the
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outflow (~30pc) within the starburst, in the ionized,
molecular, and now dust phase, providing new constraints on
how these large-scale (~kpc) starburst driven outflows are
launched.

In this paper we present PAH kinematic maps of M82 and
NGC 253. We first summarize the technique of PCA
tomography in Section 3 before presenting velocity maps in
Section 4. Finally, we discuss the implications of our results in
Section 5.

2. Observations

Observations of M82 and NGC 253 were obtained through
GO Program 1701 (P.I. A. Bolatto), and the data were obtained
from the Mikulski Archive for Space Telescopes at the
doi:10.17909 /ta3c-0426. The galaxies were observed with
NIRCam and MIRI imaging as well as MIRI MRS spectrosc-
opy. In this paper, we focus on the MIRI MRS spectroscopy
(S. E. Duval et al. 2026).

We show three-color images of M82 and NGC 253 in
Figure 1, where we use the F140M, F212N, and F335M
NIRCAM filters (A. D. Bolatto et al. 2024; S. A. Cronin et al.
2026; R. C. Levy et al. 2026, in preparation) for blue, green
and red, respectively. For more details about the imaging, see
S. A. Cronin et al. (2026). In these images, the F335M filter is
dominated by the 3.3 yum PAH emission, which is prominent in
the galaxy outflow, while the F212N is centered on the
2.12 um H, line. The field of view (FOV) of the MIRI MRS
mosaics are shown with the white box.

The MIRI MRS data were reduced using pipeline version
2.0.0 with CDRS version 13.0.6. For full details of the data
reduction process, see S. E. Duval et al. (2026).

3. PCA Tomography

PCA tomography is a technique to decompose astronomy
data cubes (two spatial dimensions and one spectral dimen-
sion) into linear principal components (M. H. Heyer &
F. Peter Schloerb 1997; J. E. Steiner et al. 2009). PCA is a
dimensionality reduction technique that identifies a series of
orthonormal spectra (eigenspectra), that show some specific
spectral shape with spatial correlation. In the case of emission
features that are subject to velocity shifts, the first principal
component contains the rest-frame emission, while typically
the second identifies regions where the feature is blueshifted or
redshifted and, therefore, allows one to construct velo-
city maps.

The advantage of PCA tomography over more traditional
techniques such as modeling each spaxel is that it is a data-
driven technique and one that can identify the signature of
kinematics without prior knowledge of the intrinsic emission
feature. Moreover, PCA maximizes the information in the data
cube held in the spatial axes to detect Doppler shifts. This is
particularly useful for PAH features, where the intrinsic profile
is not well defined (e.g., E. Peeters et al. 2002; S. Pasquini
et al. 2023; D. Van De Putte et al. 2025). Moreover, any
velocity shift on the order of ~100kms™' is significantly
lower than the width of a PAH feature. Using PCA
tomography, the first velocity maps of PAH features were
presented by F. R. Donnan et al. (2024b).

We first produce data subcubes of individual emission
features. Before the PCA decomposition is applied to the data
cube of a given emission feature, a local continuum is first
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Figure 1. Three-color NIRCAM images of M82 and NGC 253 using the F140M, F212N, and F335M filters for blue, green, and red, respectively. The field of view
(FOV) of Channel 3 of the MIRI MRS observations is shown with the white box. The bottom panels show a zoomed-in area of the central regions. Note that there is
some saturation of the images for NGC 253 from the cluster region that we mask as discussed in Section 3.1.

subtracted around the feature. We do this by fitting a linear
function in f, to the 15 wavelength channels of either side of
the subcube. As presented in F. R. Donnan et al. (2026a), the
exact continuum used does not make any significant difference
to the PCA decomposition and the subsequent inferred velocity
map (see their Figure B.1.). This isolates the emission feature,
preventing the PCA from detecting differences in continuum
rather than kinematics. We then mask any emission lines that
appear on top of the PAH features. The mean spectrum is then
also subtracted from each spaxel as a standard practice for
PCA analysis. The spatial axes of the cube, (x, y), are then
collapsed into a single coordinate, 3, where

f=Nx—1+y, 1)

where N, is the total number of spatial pixels along the
x-direction. The PCA decomposition can be written as

Tz = Dg ) - Eyg, 2)

where Dg , is the original data cube with the collapsed spatial
axes. In this transformation, T3, are the tomograms of each
principal component, k, which describes the spatial correlation
of a given spectral feature, E s, known as the eigenspectra.
To construct a velocity map, we assume that the
eigenspectrum of the first principal component is representa-
tive of the rest-frame emission, while the higher-order
components contain information on velocities with respect to
the rest frame. We can, therefore, measure a velocity shift by

reconstructing the data cube with the first four principal

components and measuring the wavelength shift, A, ,, of

each spaxel to the first principal component. The peak of the

first eigenspectrum and the wavelength where the second

eigenspectrum crosses zero correspond to the central wave-

length, A\, which we use to infer the velocity of each spaxel as
Ay

Viy=c——, 3
y o 3)

where c is the speed of light. We verified this by testing against
a more traditional method of fitting Gaussian profiles in
Appendix A.

To also produce a velocity error for each spaxel, we repeat
the PCA decomposition N times, where each time, we create a
new set of data by resampling the data from a normal
distribution, using the original data values as the mean and the
data errors as the standard deviation. By calculating the
standard deviation of the N velocities for each spaxel, we
measure a velocity error due to the noise in the spectrum.

3.1. Intrinsic Profile versus Velocity Shifts

PCA tomography is a data-driven technique that is able to
detect variations in the emission profile with spatial correla-
tion. In the case of pure Doppler shifts due to the velocity of
the emitter, the velocity typically presents in the second
principal component. However, with PAH emission, the
intrinsic profile of the feature can vary between different
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physical environments (e.g., E. Peeters et al. 2002; B. van
Diedenhoven et al. 2004; S. Pasquini et al. 2023; D. Van De
Putte et al. 2025). Therefore, it may be unclear whether
variations seen are due to velocity shifts or variations in the
intrinsic profile; however, we can look at the shape of
the eigenspectra to see if they behave as expected, where the
profile shifting is purely due to velocity.

The spectrum of a PAH feature, Fy(X), shifted due to
velocity, v, can be expressed as

Fps(\) = Fm(A(l + 3)) )

c

where c is the speed of light, and N = )\(1 + (3) Asv < c,
we can do a first-order Taylor expansion and write

v dFey
E)bs(/\) ~ Eest(/\) + __et>\. (5)
c d\

Therefore, a Doppler shift can be approximated as a linear
function where the first term is the rest-frame emission, and the
second is proportional to the derivative of the first term. As
PCA is a linear decomposition, we expect the eigenspectrum
of the second principal component to look like the derivative
of the first component. We can write the flux at a given spaxel,
i, as a sum of the principal components

FEN) =F\) + a0\ +aPo,(N) + ... (6)

where F()\) is the mean spectrum that is subtracted from each
spaxel in the data cube as a standard practice before applying
the PCA decomposition, a,-“), is the value of the tomogram of
spaxel i for the first principal component, while ¢;(\) is the
eigenspectrum of the first component. The second principal
component consists of al-(2), for spaxel i, and ¢,(\) is the
second eigenspectrum. Comparing Equation (6) to the Taylor
expansion due to a Doppler shift, if the kinematics are
responsible for the profile variations, we would expect the
eigenspectrum of the second principal component to be
proportional to the derivative of the first

dFrest dFresl
A x
d\ d\

as A &~ )\ and, therefore, is approximately constant over the
width of a spectral feature, and the tomogram represents the
velocity map, i.e., ai(z) o V.

We show an example where there are no velocity shifts but
rather the intrinsic profile varies spatially in Appendix B, using
the MIRI MRS data of the Orion bar (O. Berné et al. 2022).

For our data of M82 and NGC 253, we find that the
eigenspectrum of the second principal component of the 5.2,
6.2, 11.3, and 17 um PAH features matches that of the
derivative of the first component, suggesting Doppler shifts
dominate over any possible changes in the intrinsic profile. We
show this in Appendix B. For NGC 253, if we do not mask the
cluster region (Region 5 from A. K. Leroy et al. 2018), we find
that the second principal component differs from the derivative
of the first, particularly for the 6.2 um PAH, suggesting PAH
reprocessing in this region. For the purposes of constructing
velocity maps, we mask the cluster region in this work.

We also tested the PCA method against fitting a Gaussian
for the emission lines, to see if the inferred velocity maps are

$,(N) @)
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the same. We do indeed find that they are identical as
presented in Appendix A.

4. Results
4.1. Velocity Maps

Considering the high signal-to-noise ratio (SNR) of the data,
we are able to produce velocity maps for many of the PAH
features beyond just the brightest, namely the 5.2, 6.2, 11.3,
and 17 pm features. For the 17 ym feature, we use the 16.4 ym
subfeature to measure kinematics as the full complex is much
too broad. Additionally, we ran the PCA analysis for the 7.7,
8.6, and 11.0 um features. In the case of the 7.7 um PAH, the
feature was too broad to infer any kinematics, while the 8.6
and 11.0 um features showed a second eigenspectrum not
consistent with the derivative of the first eigenspectrum
suggesting some variations in the intrinsic profile.

The velocity maps are shown in Figures 2 and 3 for M§2
and NGC 253, respectively. Note that the spatial resolution
of MIRI ranges from ~0.13-0'2 per spaxel, which
corresponds to a spatial scale of ~2.2-3.4pc. We also plot
the kinematics of the H, S(1) and S(5) rotational transitions
(we also measure the kinematics of the S(3)) line to probe the
molecular gas as well as [Nell], [NeIll], and Pfa to probe
the ionized gas. We have displayed the position angles of
the disk and outflow for M82 and NGC 253, constrained
from CO kinematics (A. K. Leroy et al. 2015) and stellar
kinematics (F. Miiller-Sanchez et al. 2010).

We find that the PAH, H,, and ionized gas kinematics of
MS?2 strongly trace rotation for all of the features, where the
outflow appears weak in our velocity maps. This is likely
partly due to the high inclination (~80°; A. K. Leroy et al.
2015) of the disk, but also the limited FOV along the outflow
direction. There are, however, some differences in the inner
regions of the galaxy, where the position angle of the PAH
velocity map, particularly the 6.2 and 11.3 ym PAHs, appears
to show redshifted emission to the north and blueshifted
emission to the south of the nucleus. This is spatially
coincident with the base of the large-scale galactic outflow,
with the velocity and orientation matching what is observed
for the outflow. It is worth noting that given the limited FOV
along the outflow axis, we are only probing ~30 pc from the
disk, while the outflow extends to many kiloparsecs, meaning
we are firmly within the starburst region rather than the
extended outflow. We investigate this further in Section 4.2.

The kinematics of NGC 253 are more varied, with the
rotation of the H, S(1) and S(5) lines matching that of rotation
in the galaxy disk; however, the other emission features show
clear differences. Most notably, the 6.2 and 11.3 yum PAH
features, instead, have a position angle perpendicular to the
disk and consistent with the outflow.

The southwest of the FOV of our MRS observations
coincide with the streamer, as discussed in F. Walter et al.
(2017) and S. A. Cronin et al. (2025). Unfortunately, this
region is largely masked in our velocity maps due to the low
SNR and, thus, high velocity errors. However, there is a hint of
blueshifted velocities in the 6.2 yum PAH velocity map while
the H; lines appear to show the disk rotation in the SW region.

4.2. Disk and Outflow Kinematics

We extract 1D velocity profiles of the galaxy disk by
measuring the average velocity of an aperture with a width of
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Figure 2. Velocity maps of various emission features in M82. We show maps of various PAH features, rotational transitions of H,, and ionized gas via [Ne II],
[Ne 11], and the hydrogen recombination line Pfa.. The position angle of the major axis of the galaxy disk is shown with the gray dashed lines, while the outflow
direction, which is perpendicular to the disk, is shown in the dotted line. We mask spaxels with a velocity error >100 km s~ '. Note the presence of the outflow in the
6.2 and 11.3 um PAH velocity maps.
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Figure 3. The same as Figure 2 but for NGC 253. Here we see velocities of the 6.2 ym and 11.3 ym PAH features along the outflow axis compared to the other lines,
which have a stronger disk contribution to the velocity maps.

2" (~35 pc) along the major axis of the disk. These are shown
in the top panels of Figure 4. We find that the velocity profiles
of M82 behave as expected, showing a steep increase in the

inner regions before leveling off at ~100 pc. The velocity of
the PAH features matches the ionized gas well as traced by
[Ne11] and Pfa: (H 1 6-5) as well as the H, S(5) line. However,
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Figure 4. One-dimensional velocity profiles of the disk and outflow axes. The top panels show the velocity profiles extracted through 2” wide apertures along the
major axis of the disk for M82 and NGC 253 with various emission features. The bottom panels show the velocity profiles through 1” wide apertures of the outflow,
taken perpendicular to the major axis of the disk. The PAH features are shown with a solid line, the H, lines are shown with a dashed line while the ionized gas
tracers are shown with a dotted line. The shaded regions show the 1o errors in the velocity. We omit the 5.2 and 16.4 um PAH features from this plot, as there may
be nonnegligible contributions to the inferred velocity from variations in the intrinsic profile as demonstrated in Figure B4. We also omit the 6.2 and 11.3 yum PAH
features for the disk profiles of NGC 253, as these features are dominated by the outflow. It is worth noting that these are only statistical errors from the Monte Carlo
repeats of the PCA process and do not account for calibration uncertainties and, therefore, should be taken as lower limits of the errors. In the bottom panels, the
vertical lines show the position of the nucleus labeled “Original” and the adjusted center position labeled “Recentered” to coincide with where the sign of the

velocity flips.

the lower J rotational transitions of H,, namely the S(1),
reaches a lower velocity. We discuss possible reasons for this
in Section 5.

The disk velocity profiles of NGC 253 are less coherent,
where the 6.2 yum and 11.3 yum PAHs are dominated by the
outflow and so show no clear sign of rotation. The warm
molecular and ionized gas are dominated by rotation with no
clear discrepancies between the H, rotational transitions like
in M82.

NGC 253 shows clearer evidence of noncircular motion,
matching the direction of the galactic outflow (N. Krieger
et al. 2019; S. A. Cronin et al. 2025) in the velocity maps
(Figure 3) and the 1D profile extracted perpendicular to the
disk (Figure 4) than M82. This suggests we are observing the
launching of the large-scale galaxy outflow at its base. We find
that the 6.2 yum PAH shows the highest line-of-sight velocity,
reaching ~75km s~ ' while the 11.3 um PAH, consistent with
the ionized gas as traced by [NeII] and Pfa, reaches a lower
velocity of <25kms~'. It is worth noting that although
25kms ! is lower than the Vinax ~ 40 km s~ ! from our testing
in Appendix C, we do detect spaxels with velocities lower than
Vinax, as this is the maximum velocity not the limit.

The launching of the outflow is much less clear in the
molecular gas; however, the H, S(5) line shows some

evidence, reaching ~20km s~'. The increased presence of
the outflow in the higher-J transitions of H, suggests the
molecular gas that is launched may be at a higher temperature
than the disk. The velocity begins to decrease for all of the
features after peaking at ~10 pc from the midplane of the
galaxy. For reference, we show the profiles of the 6.2 ym PAH
and 11.3 yum PAH in the outflow regions of NGC 253 in
Figure 5.

While the outflow is less clear in M82, the 6.2 ym PAH and
11.3 yum PAH show tentative kinematic evidence, with again
the 6.2 um PAH reaching a higher velocity of >75kms™".

If we assume an inclination of i ~ 80°, the deprojected
velocities would be a factor of Nﬁ ~ 5.8 times larger
assuming the orientation of the outflow is fixed perpendicular
to the disk. This would mean the true velocity traced by the
6.2 um PAH feature would be 2>400km sfl; however, the
orientation of the outflow material at such small scales close to
the disk is not fully constrained.

For both M82 and NGC 253, we find that the 1D velocity
profiles along the outflow direction do not cross zero velocity
at the kinematic center (labeled “Original” in Figure 4) unlike
the disk velocities. For both targets, we found that the
kinematic center was ~5pc different, and so we have altered
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Figure 5. Profiles of the 6.2 and 11.3 ym PAH features at the peak velocities
(red and blue) along the outflow axis of NGC 253 (see Figure 4) compared to
the rest-frame profile. The residual panels show the difference between each
profile and the rest-frame profile. Note that the profiles have been normalized
to their peaks for visualization. The absorption feature at ~5.18 pm is likely
the 110-101 rovibrational transition of H,O, which is particularity strong in the
nucleus, giving rise to the spikes in the Af, panel. This figure demonstrates
how subtle the shifts in the profile are compared to its width, and thus,
techniques such as PCA tomography are necessary to extract the velocity
information from the data cube.

the x-axis position in Figure 4 to reflect where the velocity
profiles cross zero velocity (labeled “Recentered” in Figure 4).

5. Discussion

In both M82 and NGC 253, we observe clear velocity
differences between different emission features in both the
disk and outflow launching regions. In the disk of M82, we
find that the H, S(1) line reaches lower velocities than the S(5)
line. The ionized gas tracers are consistent with each other and
show similar velocities to the PAHs and the H, S(5) rotational
line. In NGC 253, a similar picture emerges, where the ionized
lines show a different velocity to the molecular gas. Similar to
MS82, the PAHs (for NGC 253, only the 5.2 um PAH shows a
rotation signature) more closely trace the ionized gas rather
than the molecular gas in their kinematics.

Considering the high inclination of these galaxies, the line-
of-sight velocity averages over different radii, and so
differences in the velocity curve may reflect overlapping
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Figure 6. Outflow scenario consistent with our observations. Within the ~50 pc
region at the base of the outflow, molecular clouds are accelerated slowly while
the outer layers of ionized gas and PAHs mix with the fast hot ionized wind,
resulting in higher velocities of H I and PAHs compared to H,. Additionally, the
most mixed PAHs may be preferentially ionized, leading to higher velocities of
the 6.2 um PAH feature.

contributions along the line of sight. It is possible that
extinction plays a role, where different emission features are
tracing different regions based on how obscured the line is,
where the S(1) line may originate from regions with more dust,
as it is less affected by extinction than shorter-wavelength
lines. Alternatively, we might be tracking different physical
conditions, where the hot molecular gas, as traced by the S(5)
line, is tracing feedback regions where cavities in the gas are
produced. In M82, there is a clear trend from the S(1) to S(3)
to S(5) line, where the velocity increases, matching that of the
ionized gas once the S(5) line is reached.

The consistency of the PAHs and ionized gas suggests we
see PAH emission in the same regions, likely the ionized gas
layer from PDRs, while the cooler molecular gas is from more
embedded regions, which may be impacted more by extinction
and, thus, average to a different rotational velocity.

A similar picture appears along the outflow launching
direction, where the ionized gas shows higher velocities than
the molecular gas (~30kms™' higher), consistent with
theoretical predictions from simulations and analytical models
(E. E. Schneider et al. 2020; D. B. Fielding &
G. L. Bryan 2022; H. M. Richie & E. E. Schneider 2026).
Moreover, CO observations from N. Krieger et al. (2019)
report lower molecular gas velocities (~50-100 km s~ ") in the
outflow of NGC 253 compared to the ionized gas velocities
(~200-400km s~ ') as reported by S. A. Cronin et al. (2025).
It is worth noting that both these works are probing the larger
extended outflow rather than the launching region probed by
our JWST spectroscopy.

This velocity difference is likely a product of a multiphase
outflow, where dense molecular clouds are accelerated within
a hot ionized wind. Due to the high inertia of the clouds, they
cannot reach as high velocities within the ~30 pc region where
our observations probe. The emission from ionized gas
originates from the outer layers of these clouds where they
mix with the hot wind as they are accelerated (e.g.,
M. S. Westmoquette et al. 2009; A. K. Leroy et al. 2015;
M. Gronke & S. P. Oh 2018; D. B. Fielding &
G. L. Bryan 2022). We provide an illustration in Figure 6.
Analytical models (e.g., D. B. Fielding & G. L. Bryan 2022),
show a similar picture, where the cold molecular clouds are
slowly accelerated, with velocities of ~50 km s~! within the
<300 pc base of the outflow, while the ionized gas emission
comes from the turbulent radiative mixing layer, reaching
100s km s~ .
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The rise and fall of the line-of-sight velocity as shown in the
bottom-right panel of Figure 4, peaking at ~15pc, either
reflects the clouds decelerating or the direction of the velocity
changes. After the cloud has accelerated, it may disperse and
is, therefore, decelerated by the interaction with the bulk
material. At these small spatial scales close to the disk of the
galaxy, we are possibly tracing the progenitors of the outflow,
such as supernovae inflated bubbles, rather than the more
ordered large-scale outflow. As these expanding bubbles
collide with one another, they will decelerate, explaining the
slowdown beyond ~15 pc.

Simulations from H. M. Richie & E. E. Schneider (2026)
predict that the majority of the dust mass is concentrated deep
within the molecular clouds that are moving slowest, where
PAHs are expected to get destroyed in the hottest phases of the
outflow. Our results are not inconsistent with this picture;
however, we find that the observed PAH velocity is
~30kms ™! higher than the H,, where the 5.2 and 11.3 ym
features are consistent with the ionized gas, and the 6.2 um
feature is significantly faster. This suggests that while the bulk
of the dust mass may be within the molecular clouds, there is a
fraction of PAHs that are in the mixing layer alongside the
ionized gas (see Figure 6). Considering PAHs are predomi-
nantly excited by UV photons (e.g., A. Li &
B. T. Draine 2002; A. G. G. M. Tielens 2008) to emit, the
PAHs locked inside the molecular clouds are not illuminated,
while those PAHs that are from the outskirts of the clouds are
being entrained into the faster moving outflow. M. Yoshida
et al. (2019) used spectropolarimetry to measure the
kinematics of dust grains in the wind of M82, and similarly,
they found a discrepancy between the fastest dust components
and the molecular gas, implying some kind of decoupling.

A. D. Bolatto et al. (2024) reported a strong spatial
correlation between Pacv and PAH emission in M82 in the
larger-scale outflow (~kpc), while S. Lopez et al. (2026) and
T. C. Fischer et al. (2025) also found that PAHs are correlated
with the ionized gas as traced by Ha, consistent with the
picture shown in Figure 6. However, S. Lopez et al. (2026)
also found that the PAH emission remains strongly correlated
with CO throughout the wind of M82 up to 3.2 kpc, showing
no deviations from galaxy disk CO-PAH relations. The CO-
PAH correlation is not necessarily inconsistent with our results
and may be a product of the flux of the PAH and CO
depending primarily on the distance from the excitation
source, in this case the galaxy disk. Indeed both S. Lopez
et al. (2026) and S. A. Cronin et al. (2026) report that the flux
of the PAHs and CO fall as 1/ #* from the galaxy disk (at least
in the inner regions), although S. Lopez et al.(2026) found that
the CO-PAH correlation holds after removing the dependence
on distance. Moreover, as previously mentioned, the morph-
ology of the PAHs matches that of the ionized gas, as traced by
Ha better than the CO (see Figure 4 of S. Lopez et al. 2026). A
proper comparison of the CO velocities requires further work,
as the spatial scales probed are larger in the 1-0 and 2-1
transitions, while the high-resolution 3-2 data shows very
little outflow contribution (N. Krieger et al. 2019). Future
JWST/MIRI MRS observations would be ideal to clarify the
relationship between CO and the PAHs in the larger-scale
outflow.

The 6.2 um PAH emission shows the highest velocity and
acceleration in both galaxies, more so than any of the ionized
gas emission lines. This may suggest that we are tracing PAHs
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that are more mixed or fully mixed with the hot bulk wind than
the 11.3 and 5.2 yum PAHs. Considering that the 6.2 ym
feature arises from ionized PAHs (e.g., B. T. Draine &
A. Li 2007; D. Rigopoulou et al. 2021), this may suggest that
we are seeing PAHs preferentially ionized after mixing into
the wind that have been accelerated to higher velocities.
Moreover, S. A. Cronin et al. (2026) found that the PAHs are
predominantly ionized in the full wind of M82. It is worth
noting, however, that PAHs are not expected to survive in the
hot wind, where thermal sputtering is efficient (H. M. Richie &
E. E. Schneider 2026), perhaps suggesting that PAHs are
continuously supplied to the ionized phase from the shielded
molecular clumps.

The outflows present in M82 and NGC 253, largely driven
by supernovae (e.g., S. Veilleux et al. 2005; T. M. Heckman &
T. A. Thompson 2017), show a clear difference to AGN-driven
outflows. Unlike in AGN outflows, the 6.2 ;ym PAH feature is
much more strongly detected, but also has the highest velocity
of any of the emission features, as shown in Figure 4. Recent
analysis of PAHs in AGN outflows shows a weak 6.2 um PAH
feature (e.g., I. Garcia-Bernete et al. 2024, 2026, in
preparation; L. Zhang et al. 2024), suggesting more neutral
PAHs. Furthermore, applying the same PCA tomography
technique finds differences in the intrinsic profile rather than
Doppler shifts (F. R. Donnan et al. 2026a, 2026b). While there
is ionization of the PAHs within starburst driven outflows,
perhaps the harder radiation field of AGN outflows (where
high-ionization potential lines such as [Ne v] are present), fully
destroys the ionized PAHs rather than carrying them along
with the outflowing gas.

6. Conclusions

In this work, we have applied PCA tomography to measure
the kinematics of PAHs in M82 and NGC 253, where we are
able to produce high-quality velocity maps of various PAH
features as well as the molecular gas via H, rotational
transitions, and ionized gas via [Ne IT] and Pfa. Our key results
are as follows:

1. We find that the kinematics of M82 are dominated by a
rotating disk, where the PAHs are consistent with the
ionized gas (as traced by [Nell]) and molecular gas as
traced by the S(5) transition of H,. The lower J
transitions of H, appear to rotate more slowly, suggest-
ing they trace different gas than the higher-J H; lines.

2. We find that the kinematics of NGC 253 show a mix of
outflow and disk, with the 6.2 and 11.3 pum PAHSs
dominated by the outflow while the molecular gas traces
a rotating disk. The ionized gas shows both a clear
outflow component and a disk component. It is worth
stressing that the outflow scales are small (~30 pc)
compared to the ~kpc extent, meaning we probe the
launching within the starburst region.

3. In NGC 253, we find that the outflow velocity of the
ionized gas is higher than the warm molecular gas, with
the PAHs being more consistent with the ionized
velocities. This is consistent with a picture where dense
molecular clouds are launched and accelerated slowly
within a faster hot bulk flow, where the PAH emission
and ionized gas emission originate from a mixing layer
between the cloud and wind, resulting in higher
velocities.
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4. For both M82 and NGC 253, we find the 6.2 ym PAH
reaches higher velocities than the other PAH features and
the ionized gas. This is perhaps due to preferential
ionization of the PAHs that have mixed into the faster
moving bulk flow of the wind.

This work demonstrates the value and power of kinematics
to disentangle different phases of the ISM, which can now be
applied to PAH features.
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Appendix A
Comparison to Line Fitting

To verify that the PCA tomography technique is able to
accurately determine kinematics, we check the velocity maps
we infer for the emission lines with a more traditional
approach of modeling the spectrum of each spaxel with a
model Gaussian. In particular, we allow the central wave-
length, amplitude, and width of a Gaussian to vary as free
parameters for each spaxel. The velocity of a given spaxel is
inferred from the shift in the central wavelength.

Figure A1l shows this comparison for [NeII] and H, S(5),
where we find that the velocity maps are indistinguishable,
demonstrating that PCA tomography is effective at producing
velocity maps. We find that the median of the residuals
between the Gaussian fitting and PCA technique is
|Av] < 3 kms ',

Moreover we reproduce Figure 4 from the line fitting
(without the PAHs) and find the same velocity profiles, where
the H, S(1) line reaches a lower velocity than the S(5) line and
the ionized gas lines.

M82: Gaussian Line Fit vs PCA Velocity Maps
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Figure Al. Comparison of the velocity maps inferred using the traditional method of fitting a Gaussian to every spaxel compared to the PCA technique. We show the
[Ne 11] and H, S(5) lines for M82. This test demonstrates the robustness of PCA tomography to measure velocities. The median difference in velocity between the

two maps is |Av| < 3 km s~ L.
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Appendix B
Variations in the Intrinsic Profile

As presented in Section 3.1, we can distinguish variations in
the intrinsic profile from genuine kinematics by inspecting
both the tomogram of the second principal component (to
check if it appears similar to the known velocity maps) but
more crucially by inspecting the eigenspectrum of the second
principal component.

We show the first and second principal components of the
5.2, 6.2, 113, and 17.0um PAH features for MS82 in
Figure B1, and for NGC 253 in Figure B2. The first principal
component traces the rest-frame emission of the PAH feature.
The second principal component is tracing kinematics, as the
eigenspectrum matches the derivative of the first principal
component. For NGC 253, we also show the second principal
component if the cluster region was not masked in green. In
this case, we find that the second principal component does not
match the derivative of the first, particularly for the 6.2 ym
PAH, which suggests some variations in the intrinsic profile in
that specific region. We also find that the 17.0 ym PAH feature
is too noisy for this target to produce a velocity measurement.

As the principal component is determined from the full FOV
of the data, we wanted to verify if isolating the outflow region
also produces principal components consistent with a Doppler
shift rather than differences in the intrinsic profile. To do this,
we formed new data cubes by taking a 2” x 2’ region around
the nucleus of each galaxy. The resulting second principal
components are shown in Figure B3.

We find that the derivative of the first component still
matches the second eigenspectrum when isolating the outflow
regions, particularity for the 6.2 ym feature. The 11.3 ym PAH
shows some differences for M82 compared to the full FOV,
which may suggest some variations in the intrinsic profile. We
therefore further investigate whether these differences can
cause the velocity differences we observe in our velocity maps.
To do this, we measure the difference in velocity when using
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the first two components of the PCA compared to using the
derivative of the first component. To reconstruct the data cube
to measure the velocity, we first project the derivative of the
first eigenspectrum on the original data to calculate a
tomogram using Equation (2).

The differences in the velocity maps are shown in
Figure B4. These maps show where and how much the
velocity may be incorrectly estimated to be due to differences
in the intrinsic profile in M82 and NGC 253. We find that for
the 6.2 yum and 11.3 yum PAH features that the magnitude of
the velocity differences are Av < 5kms~ ', meaning the
velocity differences we observe in Figure 5 are indeed real.

One final test is to apply the PCA to a dataset where there
are known variations in the intrinsic profile of the PAH
features. The MIRI MRS data of the Orion bar from the
PDRs4All Early Release Science program (O. Berné et al.
2022) are ideal, as the profile of all of the PAH features has
been shown to vary (S. Pasquini et al. 2023; R. Chown et al.
2024; D. Van De Putte et al. 2025), while the velocity is
negligible.

We show the first two principal components for the 11.3 pm
PAH feature in Orion bar in Figure BS, where the derivative of
the first principal component is clearly different to the second
principal component. The shape of the second eigenspectrum
still describes a feature that is shifted in wavelength; however,
the type of shift is different than a Doppler shift, reflecting a
different intrinsic profile. Where the eigenspectrum is positive,
the feature has more strength in the blue wings, while the
opposite is true where it is negative. The tomogram shows that
the atomic PDR is consistent with a bluer feature, while the
region behind where the disassociation fronts are present show
a redder feature. This is what was found by R. Chown et al.
(2024), where the feature moves from Class A to Class B
(E. Peeters et al. 2002) along the bar from the Atomic PDR to
the disassociation fronts, where the red wing of the 11.3 ym
PAH feature becomes more pronounced.



THE ASTRONOMICAL JOURNAL, 172:260 (17pp), 2026 November Donnan et al.

MS82
Component 1 Component 2
PAH 5.2 ym Eigenspectrum PAH 5.2 ym Eigenspectrum
oisk T T ] PAH 5.2 ym Tomogram T e T
A 2000 ’ 6 02F — = Derivative of PC1
~ 4 z o1 ~ 4 " 20 =
L2 ooz 0lp ] T 2 h ) B2 01 B
8 0 2000 £ 8 0 WL, 0o B 2
g2 S % oosh ] g2 & g = of ]
_g 0 & _g 4-'-‘, 250 &
) ) 0.1 F 4
or . . N1 15 10 5 0 5 -0 ) ) )
ARA (") 52 525 53 ARA (") 52 525 53
Wavelength (um) Wavelength (um)
PAH 6.2 ym Eigenspectrum PAH 6.2 ym Eigenspectrum
PAH 6.2 ym Tomogram Ol / J PAH 6.2 ym Tomogram ) T e )
i L 100000 0.08 F ] i 0 0.1 ’ == = Derivative of PC1 -]
< Bz 006F 1 < . T E oz oo ]
30 50000 2 2 oo 30 + o E 5
g - = o 5 2 &, 8% of ]
4 0 & -4 2500 &
6 002 F 9 %
B 1 -0.05 | 7
15 10 5 0 5 -10 0Fs - - . 15 10 5 0o 5 -10 ) ) ) )
ARA (") 6.1 6.2 63 6.4 ARA (") 6.1 62 63 6.4
Wavelength (um) Wavelength (um)
PAH 11.3 ym Eigenspectrum PAH 11.3 ym Eigenspectrum
PAH 11.3 ym Tomogram o1k f IR PAH 11.3 ym Tomogram oo b T e | E
:' oo 100000 2 5000 == = Derivative of PC1
0.08 - 1 0.15
o3 £ . e 3 > g .
2 0 so000 2 15 000 F 1 20 e, o 28"
g 2§ CE ool ] g 2 ﬁ 8 E 005
4 B 0 -4 4 & & o
0.02 1 -6 5000
15 10 5 0 -5 -0 of : : 1 15 10 5 0o 5 -10 -0.05
ARA (") 11.2 11.4 ARA (") 112 114
Wavelength (um) Wavelength (um)
PAH 16.4 ym Eigenspectrum PAH 16.4 ym Eigenspectrum
PAH 16.4 ym Tomogram T T PAH 16.4 ym Tomogram T T
O e 015 = PC1 1 2000 02k N — re b
i : 714 == Derivative of PCI
Sk 1 _ 5 -
o | b ) = 0.1 1 o " - ) R
— f i 10000 3 £ S 0 + g
a2 B | it 2 8 o B
| : - I
3, | © 0.05 ] < 5 ‘ * =
il O
oF ] 2000 .
15 10 5 0 -5 -10 L h 15 10 5 0 -5 -10

ARA () 16.2 164 16.6 ARA (") 162 16.4 16.6
Wavelength (um) Wavelength (um)

Figure B1. The first and second principal components of the PAH features for M82. The first two columns show the first component, with the left panels showing the
tomograms, while the right panels show the corresponding eigenspectrum (orange). The second component is shown in the final two columns, where the dashed blue
line shows the derivative of the first principal component eigenspectrum, which should match the second principal component in the case of a Doppler shift. This plot
demonstrates that velocity shifts dominate the profile changes rather than variations in the intrinsic profile.
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Figure B2. The same as Figure B1. For NGC 253, we mask the cluster region, and so we also show the second principal component, where the cluster region is not
masked (green), where the 6.2 um feature shows differences in the intrinsic profile in this region.
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Figure B3. The same as Figures B1 and B2 but for subcubes of 2” x 2" regions around the nucleus to isolate the outflow regions. Note that the restricted FOV causes
the 5.2 ym PAH feature to fail for M82 as well as the 17.0 um PAH feature for NGC 253—see Section Appendix C for discussion on how the FOV affects the
sensitivity of PCA to detect kinematics of the PAHs.
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Figure B4. Velocity residual maps when taking the difference between the cube reconstructed using the first two principal components compared to using the
derivative of the first principal component in place of the second principal component. This test shows that the 6.2 and 11.3 um feature velocities are reliable to
<5kms .
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Figure BS. First two principal components of the 11.3 um PAH in the Orion bar—a region with no velocity but rather intrinsic variations in the emission profile. The
cross marks the position of protoplanetary disk 203—-504 as a reference point. The disagreement between the derivative of the first eigenspectra and the second shows
that the shift in the intrinsic profile from Class A to Class B as defined by E. Peeters et al. (2002) is different compared to a Doppler shift.

Appendix C
Mock Data Tests

To determine the effectiveness of PCA tomography to detect
the kinematics of PAH features, we performed some tests with
mock data. One key variable we want to quantify is the
effective spectral resolution that can be obtained for the PAH
features using PCA tomography. How well the PCA can infer
the kinematics of the PAHs will not only depend on the SNR
of the data but also the number of spatial pixels (and thus the
FOV), as the spatial exes contain the information used to
decompose the data cube into principal components.

We generate a mock dataset of MIRI Channel 2, which
contains the 11.3 yum PAH feature, using a PAH template (see
Figure 1 of F. R. Donnan et al. 2026c) generated from the
average of star-forming regions from NGC 3256 and NGC
7469 (F. R. Donnan et al. 2024a; D. Rigopoulou et al. 2024)
from the GOALS ERS program (ERS 1328, P.I. L. Armus and
A. Evans) extracted using SPIRIT*°(F. R. Donnan et al. 2024a;
F. R. Donnan 2026), a mid-IR fitting tool to model the PAH
features and continuum. We generate a 2D Gaussian as the flux
distribution with a radius of 10 pixels, which corresponds to
177. We then rotate and incline the 2D Gaussian by 45°. We
generate a velocity field using the disk model in F. R. Donnan
et al. (2026b), which has a position angle ¢ = 45°, and
inclination i = 45°, parameterized by a radial rotation curve
with the form

turn

V(R)_Vmaxtanh( R ) (C1)

where Vi.x and Ry, are free parameters describing the max
rotation velocity and the radius where the curve flattens at

26 hitps://github.com /FergusDonnan/SPIRIT
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R > Ry, respectively. We fix Ry, = 1” for the purposes of
this test. The velocity map, Vyps(x, y), is therefore

Vobs (X, ¥) = V(R) sini cos 6. (C2)
The radius, R, is the deprojected radius that relates to the
coordinates of each spaxel (x, y) via

x'=xcos¢ + ysing,
y/'=—xsin¢ + ycos g,

7 \2
R= x’2+(—y ) ,
COS1

/
cosf = .
R

With this parameterization of the velocity field, we can use the
parameter V.« as an indication of the velocity resolution, but it is
worth noting that the individual velocities of the spaxels can be
lower than this. For our test, we want to know what the minimum
value of V,,x is for a given SNR and FOV, and can PCA
tomography detect the kinematics of the 11.3 um PAH feature.

We generate the mock data for a variety of SNR values,
specifically, SNR = [5, 10, 15, 20, 30, 40], where the SNR is
defined as the SNR of the peak flux of the 11.3 yum PAH
feature rather than the integrated flux. We also generate mock
data for a variety of FOVs, where FOV = [4, 6, 8, 10]”
(diameter), as the PCA decomposition is more effective the
more spatial pixels are available.

For each SNR and FOV, we generate 10 mock data cubes,
with V. = [20, 40, 60, 80, 100, 120, 140, 160, 180, 200]
km s~'. We then run the PCA analysis for all 240 mock data
cubes with the goal of determining what the minimum value of
Vmax 18 for a given FOV and SNR.


https://github.com/FergusDonnan/SPIRIT
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Example PCA decomposition: SNR=20, FOV=8", Vmax=100 km/s
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Figure C1. Left: example PCA decomposition with the mock data, where each row shows each principal component with the tomogram on the left and the
corresponding eigenspectrum on the right. The dashed blue line shows the derivative of the first eigenspectrum, which matches the second eigenspectrum where a
Doppler shift is detected. Right: the effective velocity resolution of the 11.3 um PAH feature as measured by PCA tomography of mock data of a given FOV and

SNR. The gray panel in the bottom left means that no values of V;,,x produced a successful kinematic detection for the lowest SNR and FOV for Vj,x < 200 km s™ .

The M82 data has a median SNR~155 and an FOV of ~20” x 4” for reference.

To define a successful detection of kinematics by the PCA
decomposition, we first visually inspect the outputs of the
test where we confirm that at low SNR and/or FOV, the PCA
fails to recover the kinematics if V. is low. To quantify the
success or failure of the PCA decomposition, we measure the
sum of the square difference, y?, of the eigenspectrum of
the second component with respect to the derivative of the
first component. If the PCA detects kinematics, these should
match as discussed in Section 3.1 and Appendix B.

We indeed observe that the x* decreases with increasing
Vinax for each FOV and SNR and define a threshold value of
x° = 135 for a successful detection of kinematics by the
PCA decomposition. We show the minimum V;,,x for each
FOV and SNR in Figure Cl. As expected, we find the
minimum V,,x to decrease with increasing FOV and SNR,
giving us a measure of the effective velocity resolution of the
11.3 um PAH.

The MS82 data has an FOV ~20" x 4” with a median
SNR~155, meaning the quality of the data is more than sufficient
to measure the kinematics of the PAH features with comparable
accuracy to the emission lines, placing the effective velocity
resolution at <40 km s . Note that this is the max velocity given a
rotation curve parameterized by Equation (Cl), and so the
difference in velocity from spaxel to spaxel can be lower than
this value.
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