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Abstract

Power spectra (PS) of high-resolution images of M51 (NGC 5194) taken with the Hubble Space Telescope and the
James Webb Space Telescope (JWST) have been examined for evidence of disk thickness in the form of a change
in slope between large scales, which map two-dimensional correlated structures, and small scales, which map
three-dimensional correlated structures. Such a slope change is observed here in Hα, and possibly Paα, using
average PS of azimuthal intensity scans that avoid bright peaks. The physical scale of the slope change occurs at
∼120 pc and ∼170 pc for these two transitions, respectively. A radial dependence in the shape of the Hα PS also
suggests that the length scale drops from ∼180 pc at 5 kpc, to ∼90 pc at 2 kpc, to ∼25 pc in the central ∼kpc. We
interpret these lengths as comparable to the thicknesses of the star-forming disk traced by H II regions. The
corresponding emission measure is ∼100 times larger than what is expected from the diffuse ionized gas. The PS
of JWST Mid-IR Instrument images in eight passbands have more gradual changes in slope, making it difficult to
determine a specific value of the thickness for this emission.

Unified Astronomy Thesaurus concepts: Interstellar emissions (840); Spiral galaxies (1560); Interstellar
dynamics (839)

1. Introduction

The thickness of a face-on galaxy may be inferred from the
Fourier transform power spectrum (PS) of turbulent gas,
appearing as a transition where a shallow slope from two-
dimensional structure on large scales changes to a steeper
slope from three-dimensional structure on small scales
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(A. Lazarian & D. Pogosyan 2000). Numerical simulations
(F. Bournaud et al. 2010; F. Combes et al. 2012; J. Fensch et al.
2023) illustrate this transition by showing large-scale velocities
with two components in the plane of the disk, and small-scale
velocities with three components inside the disk. PS breaks at the
disk thickness have been observed previously for three galaxies:
the Large Magellanic Cloud (LMC), M33, and NGC 1058. The
LMC shows the PS break in H I (B. G. Elmegreen et al. 2001)
and far-infrared dust emission (D. L. Block et al. 2010), with
inferred disk thicknesses ranging from ∼50 pc near 30 Dor and
other bright H II regions, to ∼250 pc in the central regions and
∼400 pc in the outer regions (S. Szotkowski et al. 2019). In
M33, the scale of the PS break ranges from ∼50 pc in the far-
ultraviolet and near-ultraviolet, to ∼100 pc in H I and CO, to
∼300 pc in Hα, with the same full range also in the infrared
(F. Combes et al. 2012). In NGC 1058, which is the furthest of
these at a distance of ∼10Mpc, the transition was seen at
490± 90 pc in H I emission (P. Dutta et al. 2009).

The purpose of this paper is to report a fourth thickness
measurement from PS, including an increase in thickness with
radius, using 0.07-resolution Hα and Paα images of M51
(2.54 pc FWHM at 7.5 Mpc, G. Csörnyei et al. 2023). We also
examine the PS of the Mid-IR Instrument (MIRI) images of
M51 at 0.2–0.6 resolution (7.3 pc–22 pc FWHM). Thickness is
important for converting surface density into volume density
for dynamical considerations (e.g., Q.-H. Peng 1988;
C. Bacchini et al. 2020), correcting an observed rotation curve
for radial pressure gradients to determine radial forces and the
density of dark matter (R. Verbeke et al. 2017; P. E. Mancera
Piña et al. 2022), and using it with the vertical velocity
dispersion to determine the total disk mass (e.g., S. Sarkar &
C. J. Jog 2018).

The thickness of M51 has been measured before. J. Pety
et al. (2013) combined the Plateau de Bure interferometer and
the IRAM 30 m telescope to infer that there are two molecular
components, one with a scale height of 190–250 pc containing
about half the 12CO flux and another with a scale height of
∼40 pc and an average density ∼10 times higher. They also
suggested that the H I in M51 has a similar two-tiered structure,
based on a two-component fit to the average emission line
profile. T. Hu et al. (2013) derived a stellar scale height of
95 pc–178 pc in M51 using the spiral arm pitch angle and
density wave theory. R. G. Tress et al. (2020), who found a
break in the PS of molecular gas at a scale of around 80 pc
using numerical simulations of M51, provides a more direct
comparison with our work.

The PS method for determining thickness is not always
possible. E. W. Koch et al. (2020) examined the PS of mid- to
far-infrared dust emission from the LMC, SMC, M31 and M33,
and H I and CO emission from M31 and M33, finding no
breaks other than what might result from bright point sources
viewed through a point-spread function (PSF) and the
exponential radial profile of the disk. We also saw a dominant
influence of point sources and exponential profiles in
B. G. Elmegreen et al. (2025, hereafter Paper I), which used
mid-infrared James Webb Space Telescope (JWST) data to
examine PS for NGC 628, NGC 5236, NGC 4449, and
NGC 5068. We get around those problems here by using
intensity scans in the azimuthal direction and selecting only
scans without strong point sources.

Observations of other galaxies, usually with HI, do not
generally have high enough spatial resolution to see a break in

the PS from disk thickness. P. Dutta et al. (2010) measured a
PS slope of −1.7 for NGC 4254, but could only observe scales
larger than 1.7 kpc. In a second study, P. Dutta et al. (2013)
measured slopes averaging −1.3 for 18 other spirals, but for
scales larger than the likely thicknesses. The H I column
density in NGC 6946 has a PS slope of −0.96± 0.05
determined by M. Nandakumar & P. Dutta (2023) down to
∼150 pc. K. Grisdale et al. (2017) measured PS of the H I

surface densities for six THINGS galaxies, finding large-scale
slopes of −2.2 for NGC 628, −2.8 for NGC 3521, −2.1 for
NGC 4736, −2.2 for NGC 5055, −2.5 for NGC 5457, and
−1.6 for NGC 6946. All of these PS are for two-dimensional
maps. The PS determined here are from one-dimensional
intensity scans, which are used to avoid bright point-like
sources. The PS slope for a one-dimensional scan should be
shallower by 1 than the slope for a two-dimensional scan.
For the PS method to work, the physical scale of the

thickness has to be resolved by at least a factor of ∼10, and the
thickness has to be smaller than the whole galaxy by another
factor of ∼10, in order to determine power-law slopes on either
side of the PS break. This dual constraint is satisfied for H I and
far-infrared observations of the angular-largest galaxies in the
Local Group (the LMC and M33), and it is satisfied by ground-
based, optical observations of large galaxies out to ∼3Mpc,
such as M81 (B. G. Elmegreen et al. 2003), but more distant
spirals are expected to have disks that are too thin in angle to
resolve in the first constraint, and nearby dwarfs, including the
SMC (S. Szotkowski et al. 2019), are probably too thick to
satisfy the second constraint (e.g., N. N. Patra 2020a). A third
constraint is that the emission has to come from spatially
correlated structures so the PS is a power law and not, for
example, flat on a log-log plot from noise. Such correlated
structure was an early discovery for H I gas (J. Crovisier &
J. M. Dickey 1983), showing that it is highly turbulent (see also
J. W. Armstrong et al. 1995; B. G. Elmegreen & J. Scalo 2004).
The thickness of a gas disk can also be measured using

theoretical considerations of vertical equilibrium (e.g.,
L. Spitzer 1942; E. N. Parker 1966; P. C. van der Kruit
1981; C. A. Narayan & C. J. Jog 2002; H. Koyama &
E. C. Ostriker 2009; E. C. Ostriker et al. 2010). This requires,
for the upward component of force, observations of the gas
velocity dispersion combined with estimates of magnetic and
cosmic ray pressures, and, for the downward force, observa-
tions of the total mass surface density from gas, stars, and dark
matter inside the gas disk, along with the vertical component of
forces from the bulge and dark matter halo (e.g., P. Girichidis
et al. 2016; A. S. Hill et al. 2018; C. D. Wilson et al. 2019).
The equilibrium method has been applied to the H I layers of

many galaxies, including the Milky Way (P. M. W. Kalberla
et al. 2007; A. Banerjee & C. J. Jog 2011) and outer parts of
M31 (A. Banerjee & C. J. Jog 2008), 20 galaxies in I. Bagetakos
et al. (2011), four dwarf irregulars in A. Banerjee et al. (2011),
superthin galaxies in A. Banerjee et al. (2010) and A. Banerjee
& C. J. Jog (2013), 20 dwarf irregulars in B. G. Elmegreen &
D. A. Hunter (2015), seven spirals and 23 dwarfs in N. N. Patra
(2020b) and N. N. Patra (2020a), 10 dwarf irregulars in
C. Bacchini et al. (2020), 28 H I-rich galaxies and 26 comparison
galaxies in T. H. Randriamampandry et al. (2021), and an
ultradiffuse galaxy plus 14 dwarf irregulars in X. Li et al. (2022).
Disk thicknesses for H I typically exceed several hundred
parsecs. C. Bacchini et al. (2019) determined H I and molecular
thicknesses in 12 spirals, P. E. Mancera Piña et al. (2022)
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determined them for 32 dwarfs and spirals, while for the
molecular component alone, N. N. Patra (2019) measured eight
spirals, C. D. Wilson et al. (2019) five ultra-luminous infrared
galaxies, and J. Molina et al. (2020) two starburst galaxies at
redshift z∼ 0.15. For NGC 6946, N. N. Patra (2021) used the
equilibrium method for a multicomponent disk to compare
model CO line profiles with observed profiles and found that two
molecular components fit best: one thin, with 30% of the
emission and a half-width at half-maximum (HWHM) of∼50 pc
at 4 kpc radius, and the other twice as thick and coincident with
the H I disk.

Edge-on galaxies, including the Milky Way, have had their
thicknesses measured directly. The HWHM of the molecular
cloud layer in the Milky Way is ∼50 pc inside the solar circle
(M. Heyer & T. M. Dame 2015). This is determined mostly by
the dense molecular gas detected in both 12CO and 13CO, while
the diffuse CO, detected only in 12CO, is ∼50% thicker
(J. Roman-Duval et al. 2016). Numerical simulations of the
Milky Way by S. M. R. Jeffreson et al. (2022) obtained a
similar ∼50 pc HWHM. NGC 891 has a CO HWHM of 110 pc
(N. Z. Scoville et al. 1993) to 160 pc (K. Yim et al. 2011),
which is consistent with the HWHM of 105 pc for 133 8 μm
star-forming cores in that galaxy (B. G. Elmegreen &
D. M. Elmegreen 2020). NGC 891 also has a much wider
layer of diffuse ionized gas (DIG) with a scale height of ∼1 kpc
(R. J. Dettmar 1990; R. J. Rand et al. 1990), composed of
nearly vertical filaments (J. C. Howk & B. D. Savage 2000;
J. Rossa et al. 2004). A CO counterpart to the thick disk in
NGC 891 was suggested by S. Garcia-Burillo et al. (1992) but
not seen by K. Yim et al. (2011), although K. Yim et al. (2011)
measured the HWHM of H I to be 435 pc for a single
component fit and 325 pc and 1 kpc for a two-component fit.
N. N. Patra (2018) derived an equilibrium HWHM of 50 pc to
80 pc at 6 kpc radius for molecules in the edge-on galaxy
NGC 7331. H I in the edge-on dwarf irregular KK250 has a
HWHM of 350 pc (N. N. Patra et al. 2014), and H I in the spiral
IC 2233 has a HWHM of 500 pc (L. D. Matthews &
J. M. Uson 2008). In NGC 4157, NGC 4565, and NGC 5907,
K. Yim et al. (2014) measured disk thicknesses as a function of
radius for CO and H I; at 4 kpc radius, their linear fits imply
HWHM of 120 pc, 45 pc, and 50 pc for CO and 450 pc, 180 pc,
and 400 pc for H I, respectively (converting from their
Gaussian widths to HWHM).

Whenever it can be observed, disk thickness increases with
radius, although not exponentially as it would for a constant
velocity dispersion and exponentially decreasing surface
density. Vertical velocity dispersions tend to decrease with
radius (D. Tamburro et al. 2009), making the thickness increase
more linearly (e.g., K. Yim et al. 2011, 2014; B. G. Elmegreen
& D. M. Elmegreen 2020; N. N. Patra 2020b).

The organization of this paper is as follows: Section 2
summarizes the Hα, Paα, and broadband data used here,
Sections 3–5 show the PS for Hα, Paα, and eight mid-infrared
bands, Section 6 contains a discussion, and Section 7 has our
conclusions.

2. Data

The Hubble Space Telescope (HST) wide field camera
(WFC) optical imaging of M51 for Hα was obtained by GO-
10452 (PI: S. Beckwith), as part of the HST image release
program by the Hubble Heritage Team. The imaging is a 2× 3
mosaic covering the bright area of M51 and its companion

NGC 5195. Observations in F555W, F658N, and F814W filters
were retrieved from the MAST Archive,34 reduced, and aligned
to the Gaia reference system. The final pixel scale of the
drizzled HST mosaics is 0.04 px−1. Flux calibration is in units
of counts s−1, which were converted to physical units using the
PHOTFLAM image header keywords.
JWST near-IR imaging with NIRCam for Paα was obtained

via the Cycle 1 JWST program #1783 (Feedback in Emerging
extrAgalactic Star clusTers, JWST-FEAST, PI: A. Adamo). For
this work, we only utilize the F150W, F187N, and F200W filter
mosaics. The NIRCam mosaics were processed through the
JWST pipeline version 1.12.5 (2023 December release) using
the Calibration Reference Data System (CRDS) context “jwst
1174.pmap.”35 The NIRCam mosaics have been aligned to the
Gaia reference system with a common pixel scale of 0.04, and
are in units of janskys per pixel (Jy px−1

).
The NIRCam F187N centered on the Paα line emission

(λ= 1.8789 μm at the fiducial redshift z= 0.00174)36 and the
ACS/WFC F658N centered on the Hα+[N II] doublet line
emission (λ= 0.6559 μm, 0.6574 μm, 0.6595 μm at
z= 0.00174 (see footnote 34)), were used to derive emission
line maps. The stellar continuum image for the F187N was
derived by interpolating between F150W and F200W. As the
F200W contains the Paα emission, we iteratively subtracted the
line from this filter, using the procedure described in M. Messa
et al. (2021), B. Gregg et al. (2024), and D. Calzetti et al.
(2024), until differences between two subsequent iterations are
�0.1% in flux. The stellar continuum image to subtract from
the F658N filter was derived by interpolating between F555W
and F814W. F555W includes the [O III](λ0.5007 μm) line
emission, but D. Calzetti et al. (2024) showed that in metal-rich
galaxies this contribution is small, affecting the stellar
continuum by �1.5%.
The 3σ detection limits for the emission lines were derived

after converting the line maps into physical flux maps. The
F658N map used here, which includes the Hα and [N II] emission
lines, were multiplied by the filter width of 0.0087 μm after the
continuum was subtracted.37 The F187N map, which contains
the Paα emission line, was multiplied by its filter width of
0.024 μm (see footnote 35) after continuum subtraction. Both
were corrected for the filter transmission curve value at the
galaxy’s redshift. The resulting 3σ detection limits are then
7.7× 10−17 erg s−1 cm−2 arcsec−2 for Hα (including [N II]
emission) and 3.8× 10−17 erg s−1 cm−2 arcsec−2 for Paα.
JWST MIRI mosaics of M51 were obtained as part of both

the Cycle 1 FEAST program and the Cycle 2 M51 Treasury
program#3435 (The JWSTWhirlpool Galaxy Treasury, PI: K.
Sandstrom & D. Dale). The FEAST program obtained mosaics
in the F560W and F770W filters aiming to maximize overlap
with the NIRCam mosaics, while the M51 Treasury obtained
mosaics in the F1000W, F1130W, F1280W, F1500W,
F1800W, and F2100W matching the FEAST observing
strategy. Both programs used a 1× 5 pointing mosaic to cover
∼12 arcmin2 of M51’s disk. The observations used a four-point
dither cycling dither pattern. The MIRI mosaics were processed

34 The Mikulski Archive for Space Telescopes at the Space Telescope Science
Institute: https://archive.stsci.edu/.
35 https://jwst-pipeline.readthedocs.io/en/latest/jwst/user_documentation/
reference_files_crds.html
36 From NED, the NASA Extragalactic Database.
37 https://etc.stsci.edu/etcstatic/users_guide/appendix_b_acs.html; https://
jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrumentation/
nircam-filters
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through the JWST pipeline version 1.13.4 (Feb 2024 release)
using the CRDS context “jwst 1241.pmap” (see footnote 33);
these mosaics have a pixel scale of 0.11 and are in units of
megajanskys per steradian (MJy sr−1

).

3. Power Spectra for Hα Emission

The radial profile of intensity from the exponential disk of
M51 contributes to the two-dimensional PS on large scales
(Paper I). To avoid that component here, PS were determined
from azimuthal intensity scans. The PS of an azimuthal scan is
not exactly the same as the PS of a straight-line scan because
the slight curvature of the arc inside each azimuthal pixel
distorts the wavenumber scale by a small amount. The
difference is unimportant if the circumference is large
compared to the PS features of interest. Here, we highlight
�200 pc scales, which correspond to less than 5.5 or
138 pixels, which is much smaller than the circumference scan
lengths (∼15,000 pixels at midradius). We avoid unnecessary
pixel interpolation by using projected circles rather than
deprojected circles in the plane of the disk. This approximation
is acceptable because the 20° inclination of M51 (T. Hu et al.
2013) is small, so the line-of-sight thickness increases with the
tilt by only /1 cos 20 1.06= . Also, it affects mostly the k= 2
component of the PS by foreshortening the pixels on the major
axis compared to the minor axis, and by sampling slightly
different galactocentric radii on the two axes. These two effects
amount to �10% error at k∼ 2. This is far from the
wavenumber range of interest, which is larger by the ratio of
the diameter of the galaxy to the thickness, a factor of ∼100.

Figure 1 shows the positions of eight circular scans on the
Hα image, separated uniformly by 600 pixels (872 pc). We
measured the intensity in 1623 such circles, one pixel wide and
separated by 3 pixels to avoid overlaps. Figure 1 shows every
200th scan. For comparison, a length of 200 pc corresponds to
the diameter of the tiny circle between the fourth and fifth large

circles below the center; it is very small on this image. The
black line in the lower left corresponds to 1 kpc. Most of the
obvious features in the figure are larger than the disk thickness
derived in this paper.
Figure 2 plots the distribution function of pixel values (left)

and peak values for each scan (right). As noted above, the 3σ
detection for Hα is 7.7× 10−17 erg s−1 cm−2 arcsec−2, which
is 10−3.1 on the x-axis in Figure 2 (red dashed line). This noise
limit corresponds to the maximum in the pixel intensity
distribution in the left-hand panel, so the histogram at smaller
values is dominated by noise. The peak intensity distribution in
the right-hand panel is significantly above the noise limit.
Figure 3 shows intensity scans at the top and their PS at the

bottom. Those on the left are a selection of scans approximately
corresponding to the eight circles in Figure 1, increasing in
length as the circle circumference increases. Some of these
scans have single bright sources that distort the PS, as shown in
the lower left. For example, the second and third scans up from
the bottom have bright Hα sources at pixel values of 4061 and
3397, respectively; the ordinate scales are compressed by
factors of 2 and 20 to show these scans in the figure. The
corresponding PS of these scans are relatively flat in the lower
panel. To avoid including these distorted PS in radial averages,
we concentrated on scans with no bright peaks, as shown in the
right-hand panels. In the top right are intensity scans close in
radius to those on the left (as evident from the comparable scan
lengths) but without bright peaks. Note that the ordinate stretch
is larger by a factor of 10 in the top right, and that 3σ for Hα
corresponds to 0.00077 on both ordinates. The intensity scans
in the top right have their PS in the bottom right; they are
relatively similar and suitable for averaging. In what follows,
we avoid Hα intensity scans with peaks brighter than certain
limits, which range between 0.108 and 0.324 in the units of the
ordinate in the top plots, which is 10−13 erg s−1 cm−2 arcsec−2.
The PS at the bottom of Figure 3 plot wavenumber k (inverse

of length) on the abscissa, normalized to the wavenumber k0

Figure 1. Left: image of M51 in Hα with concentric circles at sample radii of azimuthal intensity scans used to derive the PS. The circles are spaced by 600 pixels,
which is 200 scans, 24″, or 872 pc. A small circle midway between the fourth and fifth annuli below the center has a diameter corresponding to 200 pc. Right: Hα with
circles at 16″, 35″, 80″, and 180″ used to determine the radial intervals for separate evaluations of thickness. The images are plotted as log of the intensity. The scale
bar indicates 1 kpc.
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corresponding to an inverse length of 2 pixels (i.e., the number
of 2 pixel wavelengths that fit in the intensity strip is k0). This
normalization is convenient because it does not depend on
angular resolution through the PSF, which shows up as the width
of the dip at high k/k0, or source distance, which comes in as a
coordinate conversion from k/k0 to parsecs, shown on the top
axis. The PS themselves are calculated from the sum of the
squares of the sine and cosine Fourier transforms using angle
2πkx/L for position x from 1 to the scan length L in pixels, and k
from 1 to L/2. The number of k/k0 values is half the number of
pixels in the scan length, and the wavelength is 2 pixels divided
by k/k0. The PS extend to lower k/k0 values as the scan length
increases. The absolute normalization of the PS on the ordinate
of Figure 3 is arbitrary; they are shifted vertically for clarity. The
relative scale indicated by the tick marks is accurate, so the PS
slopes may be read directly from the figure using these axes.

Figure 4 shows PS (top) and their running derivatives
(bottom) for Hα (left), Paα (middle; discussed in Section 4)
and mid-infrared passbands (right, discussed in Section 5). The
PS are averaged over the radial ranges indicated. The averages
were made by interpolating all the individual PS, Pi(ki/k0,i), into
values where their relative wavenumbers, ki/k0,i, equal the
relative wavenumbers of the longest PS, Plong(klong/k0,long), i.e.,
where ki= klong(k0,i/k0,long). This interpolation ensures averaging
at the same physical scales, tied to pixel size. The longest PS is
the one from the scan with the largest radius in the average.

The running slopes of the average PS in the bottom panels of
Figure 4 were determined by dividing the range of k/k0 into 50
equal intervals of /k klog 0 and evaluating the average of the
logarithm of the average PS in each interval and the average of
the ( )/k klog 0 values in each interval. The running slope is the
ratio of the difference between the interval-averaged log-PS at
locally higher and lower k/k0 to the difference between the
interval-averaged ( )/k klog 0 at these higher and lower k/k0.
This procedure of dividing the wavenumbers into equal log

intervals was done because the density of PS values on the
/k klog 0 axis is not constant. The black horizontal lines

superposed on the running slopes are least-squares fits over
intervals of wavenumber that are discussed below. The zero
levels for the slopes are indicated by circles.
We consider the results for Hα first. In order to select scans

without strong sources and test the robustness of the results
against the specific choice of an intensity cutoff, we experi-
mented with four values that gave various numbers of PS in the
average. From top to bottom in the left-hand panels of Figure 4,
the first four PS and their corresponding derivatives exclude
scans with peaks exceeding 1.08, 1.62, 2.16, and 3.24 in units of
10−14 erg s−1 cm−2 arcsec−2. They also exclude scans with
negative peaks, which arise from the continuum subtraction
(negative intensity peaks make the same PS distortions as
positive peaks). Because of these cutoffs, the top PS includes the
fewest scans in the average (197 scans out of 1623 total) and has
the smallest distortions from bright point sources. The fourth PS
from the top includes 710 scans with slightly brighter intensity
peaks. The bottom PS includes all the scans without negative
peaks, even if they have large positive peaks (1130 scans). The
PS most representative of the faintest emission are the top few.
Large fluctuations at low k/k0 are partly from noise and a low
density of values there on the logarithmic axis.
In the top-left panel of Figure 4, in cyan, is an example of a

PS with a bright pixel at 13h29m45.97, 47 11¢20.56. This pixel
may be an image flaw, but the scan is treated like the others so
it shows the PS of the PSF along a one-dimensional scan. The
PS is flat at low k/k0 and dips down at high k/k0 where the PSF
removes finer-scale structure.
The top three PS in the top-left panel of Figure 4 have slight

breaks at a size scale of 1/k∼ 120 pc, which is shown by the
vertical black line (as discussed in the next paragraph). The
running slopes in the bottom panel show a corresponding jump
at ∼120 pc, with approximately constant values on either side.

Figure 2. Histograms of pixel Hα intensity values (in units of 10−13 erg s−1 cm−2 arcsec−2, left) and peak intensities in each scan (right). The peak intensity upper
cutoffs used to select scans without strong sources are 0.108, 0.162, 0.216, and 0.324 in these units. These values on the abscissa of the right-hand histogram give an
indication of how many scans had to be removed (i.e., those with higher peak values) to see the break in the Hα PS. The vertical dashed line on the left-hand histogram
is the 3σ noise level.
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The black horizontal lines at low k/k0 are least-squares fits to
the PS slopes between k= 1 and the value of k/k0 corresp-
onding to 120 pc. The black line at large k/k0 is the least-
squares fit to the slope between 120 pc and the value of k/k0 at
5 times the FWHM of the PSF; this FWHM for Hα is 0.07, or
2.55 pc. The intensity limits and numbers of scans included in
each PS average, and the slopes for low and high k/k0 parts of
the PS averages, are in Table 1. Slope errors in the table are the
90% uncertainty limits in a Student t-distribution. The lowest
PS among the five averages shown, which was made from the
most intensity scans, has a continuously varying slope because
it is a superposition of PS with different shapes (Figure 3).

We measured the break scale of ∼120 pc from the k/k0 value
at the intersection between the power-law fits above and below

a first break-scale estimate (∼100 pc). These power-law fits
typically included a wide k/k0 range and did not vary
significantly if the range changed slightly. To determine the
uncertainty of the break scale, we measured the rms deviation
between the power-law fit and the PS on each side of the break
estimate, and then found the values of k/k0 above and below
the fitted break where the power law equaled the break value
minus and plus, respectively, the rms deviations. The physical
scales corresponding to these k/k0 and their uncertainties are in
Table 1; 120 pc is an approximate average for these.
The Hα PS also suggest that the disk thickness increases

with galactocentric radius. Figure 5 shows three columns of
average PS and their running slopes in radial intervals from 16″
to 35″ (0.58 kpc–1.27 kpc) on the left, 35″ to 80″ (1.27 kpc–

Figure 3. Left: Hα intensity scans (with the indicated interval in units of 10−13 erg s−1 cm−2 arcsec−2, top) and PS (in the square of these units, bottom)

corresponding approximately to the positions of the circles in Figure 1. Both are shifted vertically by arbitrary amounts for clarity. The intensity ordinate is a linear
scale with one unit shown; factors of 2 and 20 compressions are used for the second and third scans up from the bottom. The PS ordinate shows the 10 unit scale,
which means the PS covers a range of 1010 in that interval. The lengths of the scans increase with radius. Right: intensity scans (top) and PS (bottom) also
corresponding to radii near the circles in Figure 1, but chosen to avoid strong sources. The PS in the lower left are irregular. For example, they are flat at low /k klog 0

when there are exceptionally strong sources in the scans. When there are no strong sources, the PS (lower right) are more uniform and may be averaged to give a better
composite PS.
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2.91 kpc) in the middle, and 80″ to 180″ (2.91 kpc–6.54 kpc)
on the right. These interval limits are shown as circles on the
right-hand side of Figure 1. As in Figure 4, the numbers of
scans in the average PS increase from top to bottom with a
sequence of increasing cutoff values (Table 2). For the mid-
and large radial intervals, the cutoff sequence is the same as for
Hα in Figure 4, but for the lowest radial range, the cutoff
values are twice as large to get enough scans in the average.

The breaks in the PS change with radius, increasing from
∼25 pc at R< 35″, to ∼90 pc at midradius, and to ∼180 pc at
the larger radii (Table 2). The running slopes in the bottom

panels show corresponding shifts. The scale of the PS break at
the smallest radius is comparable to 5 times the FWHM of the
PSF, which is the limit of our capability, so the thickness there
could be smaller than 25 pc.

4. Power Spectrum for Paα Emission

Azimuthal scans were also taken for Paα, using data from
JWST (Section 2). The Paα image with representative circles
for the scans is shown in Figure 6. As for Hα, the pixel size is
0.04 and the scans are taken every 3 pixels. The figure shows

Figure 4. PS (top) and their running slopes (bottom) for Hα (left), Paα (middle), and eight mid-infrared passbands (right). The curves are shifted upward for clarity with
slope zero levels in the bottom panels indicated by circles. For Hα and Paα, the top curves in each panel have the lowest intensity limits and the smallest numbers of scans
in the average PS, and the bottom curves in each panel have all the scans, excluding only those with negative intensity peaks. The eight PS on the right correspond to the
eight near-infrared bands, as labeled in the bottom panel; each is from an average of the PS with the lowest intensity peaks. A slight break at a size of 1/k ∼ 120 pc is
visible in the top three Hα PS (at the vertical black line). A weaker break at ∼170 pc is in some of the Paα PS. The mid-infrared PS on the right have a more gradual
change in slope; there is no obvious break but a vertical line shows 100 pc. The running slopes in the bottom panels show sudden changes at the positions of the PS
breaks. The horizontal black lines are least-squares fits to the PS slopes at wavenumbers below the suggested breaks and at wavenumbers above the breaks and up to the
value of k/k0 corresponding to 5 times the FWHM of the PSF. The mid-infrared passbands on the right have little or no span of PS from the fiducial scale of 100 pc to the
PSF. The cyan curve in the top-left panel is the PS of an Hα intensity scan with a bright point-like source. Radial ranges for the PS are indicated in the top panel.
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Figure 5. Average PS (top) and their running slopes (bottom) are shown for three indicated intervals of galactocentric radius (left to right). As for the Hα in Figure 4,
the peak intensities and the number of PS in the averages both increase from the top curve to the bottom curve, showing the tendency for the PS break to appear only
when the weakest intensities are considered. There is a clear change in PS shape as the length scale corresponding to the PS break increases with radius. Zero levels for
the running slopes are indicated by circles.

Table 1

PS Results for Hα at Various Peak Intensity Thresholds

Thresholda 0.108 0.162 0.216 0.324 None
Number of scans 197 375 508 710 1130
Slope, low k/k0 −0.77 ± 0.04 −0.73 ± 0.03 −0.75 ± 0.03 −0.76 ± 0.02 −0.58 ± 0.02
Slope, high k/k0 −1.17 ± 0.01 −1.28 ± 0.02 −1.32 ± 0.03 −1.36 ± 0.03 −1.45 ± 0.03
Break scale (pc)b 14817

30 11810
20 1149

18 1139
17 12612

35

Notes.
a Peak intensity threshold in units of 10−13 erg s−1 cm−2 arcsec−2.
b Break scales are from the intersection points of the power-law fits to the PS on scales larger and smaller than ∼100 pc. The slopes of the PS are from fits at k/k0
smaller than and larger than 120 pc, which is about the average of the tabulated break scales.
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Figure 6. The Paα image of M51 is shown with circles corresponding to scan positions separated by 300 pixels, which is 100 scans, 12″, and 436 pc. The image is
plotted as log of the intensity. This part of the galaxy surveyed at Paα is about one-quarter the size of the Hα image in Figure 1. The scale bar is 500 pc.

Table 2

PS Results for Hα at Various Radii

16″ to 35″ (0.58–1.27 kpc)

Thresholda 0.216 0.324 0.432 0.648 none
Number of scans 21 51 73 102 128
Low k/k0 −0.97 ± 0.04 −0.96 ± 0.03 −0.95 ± 0.04 −0.91 ± 0.04 −0.77 ± 0.03
High k/k0 −2.24 ± 0.34 −2.35 ± 0.18 −2.53 ± 0.16 −2.60 ± 0.15 −2.71 ± 0.11
Break scaleb 29.32.6

7.0 28.32.3
6.5 26.52.0

6.0 25.71.8
5.8 25.72.1

8.8

35″ to 80″ (1.27–2.91 kpc)

Thresholda 0.108 0.162 0.216 0.324 none
Number of scans 76 143 187 239 347
Low k/k0 −0.87 ± 0.04 −0.82 ± 0.04 −0.81 ± 0.04 −0.79 ± 0.04 −0.57 ± 0.03
High k/k0 −1.23 ± 0.02 −1.39 ± 0.02 −1.48 ± 0.03 −1.58 ± 0.04 −1.48 ± 0.06
Break scaleb 1107

11 874
8 815

9 776
13 909

29

80″ to 180″ (2.91–6.54 kpc)

Thresholda 0.108 0.162 0.216 0.324 none
Number of scans 49 143 225 372 680
Low k/k0 −0.77 ± 0.04 −0.71 ± 0.03 −0.75 ± 0.03 −0.74 ± 0.03 −0.55 ± 0.03
High k/k0 −1.10 ± 0.02 −1.28 ± 0.01 −1.35 ± 0.02 −1.44 ± 0.02 −1.50 ± 0.04
Break scaleb 21826

42 19225
54 17117

34 17115
34 17313

41

Notes.
a Peak intensity threshold in units of 10−13 erg s−1 cm−2 arcsec−2.
b Break scales are from the intersection points of the power-law fits to the PS on scales larger and smaller than characteristic values of ∼20 pc, ∼80 pc, and ∼150 pc,
in order of increasing galactocentric radii. The slopes of the PS are from fits at k/k0 smaller than and larger than the averages of the fitted break scales, which are taken
to be 25 pc, 90 pc, and 180 pc, respectively.
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four circles at 300 pixel, or 100 scan, intervals. All of the
intensity scans were complete circles that fit inside the image,
so the spatial coverage in Paα is less than in Hα.

PS and PS slopes are shown in the middle of Figure 4. As for
Hα, the curves from top to bottom are for scans with increasing
limits to the peak intensity (see Table 3). A slight break in the
PS at ∼170 pc is evident (vertical black line), but it is more
subtle than for Hα. The horizontal lines in the bottom panel
show PS slopes for k/k0 smaller and larger than the value at
170 pc, again extending to 5 times the FWHM.

Compared to Hα, Paα has lower signal-to-noise for the same
physical regions. For Case B recombination, the Paα intensity
should be one-eighth of the Hα intensity. The lowest threshold
for Paα emission in Table 3, for which there are 43 scans, is
0.38× 10−14 erg s−1 cm−2 arcsec−2. The equivalent emission
measure in Hα has an intensity 8 times larger, or 3.04× 10−14

in the same units, which is comparable to the highest Hα
threshold in Table 1, with 710 scans.

5. Power Spectra for Broadband Mid-infrared Emission

Images of M51 from JWST in eight mid-infrared passbands
were examined for evidence of disk thickness in PS. Unlike
the Hα and Paα images, which have 0.04 pixels and FWHM
PSF resolutions of 0.07, the broadband images have
0.11 pixels and various resolutions, depending on the
wavelength. The (filter, FWHM resolution) combinations for
the MIRI images are: (F560W, 0.207), (F770W, 0.269),
(F1000W, 0.328), (F1130W, 0.375), (F1280W, 0.420),
(F1500W, 0.488), (F1800W, 0.591), and (F2100W, 0.674),
from the JWST User Documentation.38 Figure 7 shows six
circles representing the locations of azimuthal intensity scans
separated by 20 scans (equal to 60 pixels) and superposed on
the F1130W image.

The right-hand side of Figure 4 shows the PS and their
derivatives. Each curve is for a different wavelength through the
indicated sequence of JWST filters from top to bottom: F560W,
F770W, F1000W, F1130W, F1280W, F1500W, F1800W, and
F2100W. The increasing breadth of the dip at high /k klog 0

shows the effect of larger PSFs. In all cases, only scans with low
peak intensities were used, as summarized in Table 4.

The broadband PS have a more gradual slope change than
Hα or Paα. Nevertheless, we measure the average slopes below
and above the wavenumber at 100 pc (the vertical line) for
comparison. The threshold intensities, number of scans in each
PS, and slopes at low and high /k klog 0, are in Table 4. The
longest two mid-infrared wavelengths have no k/k0 values
below 5 times the FWHM of the PSF.

6. Discussion

6.1. Power Spectrum Breaks and Slopes

Average PS for Hα between 1.27 kpc and 7.09 kpc radius,
and Paα between 1.27 kpc and 1.89 kpc radius, show a change
in slope at a scale of ∼120 pc and ∼170 pc, respectively. The
scale for Hα increases with radius, from ∼25 pc at 0.5–1 kpc
radius, to ∼90 pc at 1.27–2.91 kpc, to ∼180 pc at
2.91–6.54 kpc. These slope changes suggest a transition from
two-dimensional to three-dimensional turbulence on these
scales, in which case they represent a measure of disk
thickness. The radial increase in thickness is consistent with
measurements in other galaxies (e.g., K. Yim et al. 2014).
The conversion between length 1/k and disk thickness has

not been calibrated from observations, but a discussion in
F. Bournaud et al. (2010) gives some insight. They simulate an
LMC-size galaxy in a 26 kpc box with a midplane resolution
less than 13 pc. The average gas disk inside a radius of 5 kpc
was fitted to the isothermal equilibrium function, ( )/z hsech2 , to
obtain h= 207 pc. We note that a Gaussian approximation to

( )/z hsech2 for small z / h has a dispersion of ( )/h 2 , and an
exponential approximation to this function at large z / h has a
scale height of h/2. The HWHM where ( )/z hsech 0.52 = is at
z= 0.88h. Also in this simulation, the PS of the surface density
viewed perpendicular to the disk had a break at kbr∼ 100,
which corresponds to (13,000 pc)/(2πkbr)= 21.3 pc. The
authors consider a measure of thickness to be 2π/kbr, which
would be 134 pc.
F. Combes et al. (2012) measured PS breaks in M33 and in

corresponding simulations. For the simulations, they compared
the scale of the PS break (1/kbr) and the thickness measured as

( ) /H z z2.35z
2 2 1 2= á ñ - á ñ , which is the FWHM for a Gaus-

sian. They found that kbrHz varies between 0.24 and 1.07 with
an average of 0.66 among nine simulations, depending on the
details of the feedback that contributes to turbulence on various
scales.
A. Lazarian & D. Pogosyan (2000) determine PS for

turbulent emissions when there are bulk velocity gradients
along the line of sight, as in Milky Way observations along the
galactic plane. They define a characteristic scale as the length
(λ in their notation) where the line-of-sight turbulent speed
equals the change in bulk velocity. PS show a break at λkbr∼ 1
for observed transverse wavenumber kbr. This interpretation of
PS breaks is more related to the scale dependence of turbulent
speed than our interpretation, which is a measure of line-of-
sight thickness in another galaxy.
Our results may be compared with measurements by J. Pety

et al. (2013) of the thick component of CO in M51, which was
inferred to have a scale height of 190–250 pc using combined
information from radio interferometry and a single dish

Table 3

PS Results for Paα at Various Peak Intensity Thresholds

Thresholda 0.38 0.51 0.64 1.0 2.0
Number of scans 43 69 89 111 134
Slope, low k/k0 −0.61 ± 0.07 −0.64 ± 0.07 −0.65 ± 0.07 −0.70 ± 0.08 −0.64 ± 0.08
Slope, high k/k0 −0.83 ± 0.02 −0.92 ± 0.02 −0.98 ± 0.02 −1.02 ± 0.03 −1.00 ± 0.03
Break scaleb 16842

81 19540
76 18334

66 12125
46 11322

45

Notes.
a Peak intensity threshold in units of 10−13 erg s−1 cm−2 arcsec−2.
b Break scales are from the intersection points of the power-law fits to the PS on scales larger and smaller than a characteristic value of ∼200 pc. The slopes of the PS
are from fits at k/k0 smaller than and larger than the average of the fitted break scale, which is ∼170 pc.

38 https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-
performance/miri-point-spread-functions
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telescope. Our results are also comparable with the 95–178 pc
thickness derived by T. Hu et al. (2013) from the spiral arm
pitch angle and density wave theory. Our thinner measurements
for Hα at intermediate radii are consistent with the 40 pc scale
height (80 pc thickness) for the thin component of CO in
J. Pety et al. (2013) and also with the molecular disk thickness
of 80 pc in the simulation of M51 by R. G. Tress et al. (2020).

J. Pety et al. (2013) derive a scale height of 10–20 pc in the
inner kpc for their thin component, which is consistent with our
�25 pc measurement inside 35″ (1.27 kpc). Considering this,
our measurement of the length scale at the break, which in our
notation is ( )/ /k k2 0 br multiplied by the pixel size in parsecs
(i.e., 1.45 pc for Hα), should be directly comparable to the
scale height or half-thickness of the disk.

Figure 7. Image of M51 in the F1130W filter with circles at the positions of sample intensity scans spaced by 60 pixels, which corresponds to 20 scans, 6.6, or 240 pc.
The image is plotted as log of the intensity. The scale bar is 500 pc.

Table 4

PS Results for Broadband Mid-infrared Images

JWST Filter

F560W F770W F1000W F1130

Thresholda 20 95 35 110
Number of scans 26 26 33 33
Slope, low k/k0 −0.95 ± 0.09 −0.74 ± 0.08 −0.92 ± 0.06 −0.80 ± 0.06
Slope, high k/k0 −1.40 ± 0.21 −2.13 ± 0.42 −1.72 ± 0.24 −1.91 ± 0.55
Break scaleb 25.84.6

8.7 31.83.8
14 31.03.3

7.3 36.33.8
11

JWST Filter

F1280W F1500W F1800W F2100W
Thresholda 90 65 100 130
Number of scans 33 32 30 35
Slope, low k/k0 −0.78 ± 0.07 −0.88 ± 0.07 −0.91 ± 0.06 −0.93 ± 0.07
Slope, high k/k0 −1.87 ± 1.39 −1.58 ± 5.20 L L

Break scaleb 34.74.0
12 35.44.7

10.4
L L

Notes.
a Peak intensity threshold in units of megajanskys per steradian.
b The slopes of the PS are from fits at k/k0 smaller than and larger than a fiducial break scale of 100 pc. The tabulated break scales are from the intersection points of
the resulting power-law fits. There are no evident breaks in the broadband PS, so these scales are not considered to be measures of disk thickness.
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The increase in inverse break wavenumber with galacto-
centric radius, R, measured here for M51 corresponds to
approximately 40 pc per kpc in radius, starting from ∼0 pc
thickness at the center; i.e., kbr(pc)

−1
∼ 40R(kpc). This was

determined from the 180–25= 155 pc scale increase over a
radial range from 0.75 kpc to 0.5× (2.91+ 6.54)= 4.7 kpc.
This rate of increase for Hα is ∼4–6 times faster than for
various gas components in the edge-on galaxy NGC 891,
where the scale heights have been directly measured to
be H(pc)= (120± 1)+ (8.3± 0.1)R(kpc) for CO, H(pc)=
(151± 5)+ (11.6± 0.5)R(kpc) for H I (K. Yim et al. 2014),
and H(pc)= (49.9± 32.9)± (6.3± 3.1)R(kpc) for bright 8 μm
sources associated with star formation (B. G. Elmegreen &
D. M. Elmegreen 2020). However, the rate of increase for M51
is comparable to that for more face-on spirals in P. E. Mancera
Piña et al. (2022), where the thicknesses were determined from
hydrostatic equilibrium.

The fast rate of thickness increase in M51 could be related to
its recent interaction with NGC 5195. Strong interactions have
been found to increase the gas velocity dispersion by a factor of
∼2 or more in both observations (B. G. Elmegreen et al. 1993;
J. A. Irwin 1994; M. Kaufman et al. 1997, 1999; I. Goldman
2000; T. Ashley et al. 2013) and simulations (B. Burkhart et al.
2010; F. Renaud et al. 2014). For a minor interaction like
NGC 5195 with M51, only the outer regions may be affected
(F. Bournaud et al. 2009). Because the disk thickness scales with
the square of the velocity dispersion for a given surface density,
the interaction could have thickened the outer parts of M51 most,
increasing the rate of thickening compared to other galaxies.

The break in the PS observed here shows up most clearly for
intensity scans that contain no bright point-like sources. This
differs from H I studies of nearby galaxies (LMC, M33; see
Section 1), which show a break for PS averaged over large
sections of the disk. We could not do the equivalent two-
dimensional PS or large-area averaging here because we had to
avoid bright sources (trials of this type produced no breaks).
The extremes of intensity for Hα, Paα, and MIRI passbands are
much larger than for H I, and intensity scans with bright point-
like sources have flat PS.

For Hα, the PS slopes at low and high k/k0 average
−0.75± 0.03 and −1.28± 0.07, respectively, for the first four
entries in Table 1. The slopes for Hα at 0.5–1 kpc radius average
−0.95± 0.04 and −2.43± 0.26, at 1.27–2.91 kpc they average
−0.82± 0.05 and −1.42± 0.13. and at 2.91–6.54 kpc, they
average −0.74± 0.04 and −1.29± 0.13. Paα slopes average
−0.65± 0.08 and−0.94± 0.08 at low and high k/k0 for the first
four entries in Table 3. For the broadband filters, the average
slope at low k/k0 is −0.86± 0.10 and at high k/k0 it is
−1.77± 2.23.

These low-k/k0 slopes are all similar, averaging
−0.80± 0.10, but the high k/k0 slopes have considerable
variation, averaging −1.52± 0.47. Paα differs from Hα
because the difference in slopes between low and high k/k0
is smaller for Paα, making the presence of a break in Paα more
uncertain. The slope difference at mid-infrared wavelengths
from the MIRI observations is larger than for either Hα or Paα,
but the high-k/k0 slope is possibly contaminated by the steep
decline of the PS into the PSF.

6.2. Hα Intensities

The low-intensity emission observed in Hα is brighter than
the DIG in the Milky Way (R. J. Reynolds 2004). The intensity

values in Figure 2 and our threshold values in Table 1
correspond to an intensity of ∼10−14 erg s−1 cm−2 arcsec−2.
R. J. Reynolds (1992) observed the local DIG with an intensity

( )I bsin 2.9 10 7~ ´ - erg s−1 cm−2 sr−1 for galactic latitude b,
which is, after multiplying by 2 for the whole disk and
converting to our units, 1.4× 10−17 erg s−1 cm−2 arcsec−2.
This is 10−3 times fainter than the weak emission in M51
and fainter than our 1σ noise level. Although the star formation
rate per unit area in M51 is larger than it is locally, the
additional star formation is not enough to explain the M51
emission as equivalent to Milky Way DIG.
We may get some insight into the origin of the M51 Hα by

converting the intensity to an emission measure. From
R. J. Reynolds (1992), the Hα intensity I and emission
measure, EM, for case B recombination (where Lyman
emission lines are absorbed locally) are related by

( )I T2.0 10 EM erg s cm arcsec , 118
4
0.92 1 2 2= ´ - - - - -

where EM is n Le
2 for electron density ne in cubic centimeters

and path length L in parsecs. Here, we have converted
steradians to arcsec2. Setting T4= 0.8 (R. J. Reynolds 1992),
and I= 10−14 erg s−1 cm−2 arcsec−2 for the faint component
used in our average PS, we obtain EM= 4.0× 103 cm−6 pc. If
we use the inferred disk thickness of L∼ 100 pc, then
ne= 6.3 cm−3. This electron density is much higher than in
the DIG of the Milky Way, where ne∼ 0.1 cm−3.
Slit spectra measurements by C. G. Hoopes &

R. A. M. Walterbos (2003) of the DIG in M51 obtained
EM∼ 30 cm−6 pc in the interarm regions, ∼50 cm−6 pc in the
arms and ∼200 cm−6 pc in a few H II regions. These correspond
to Hα intensities of 7.5, 12.6, and 50.3 in units of
10−17 erg s−1 cm−2 arcsec−2, which are comparable to or slightly
greater than our 3σ limit of 7.7× 10−17 erg s−1 cm−2 arcsec−2.
The M51 DIG is essentially at our noise limit.
The higher emission that dominates our PS are probably

from numerous low-mass star-forming regions, while the DIG
is some underlying component that does not contribute much to
the PS. The average density in the thin molecular component
detected by J. Pety et al. (2013) is ∼10 cm−3 at mid-disk, and
higher by a factor of ∼4 at 1 kpc. This molecular component
exceeds the density of atomic hydrogen by a factor of ∼26 at
1 kpc (J. Pety et al. 2013). Ionized gas at this density would
explain our average Hα intensity. The presence and even
dominance of such dense gas in ionized and molecular form
suggest very different interstellar media in the Milky Way and
M51, making it conceivable that there is a change from discrete
and separate H II regions in a Milky Way–type galaxy to
overlapping H II regions in M51.
Some of the Hα emission from M51 could come from

scattering off dust. J. E. Barnes et al. (2015) show from MHD
simulations and fractal models that most of the scattering
occurs near the midplane near the brightest H II regions, but
5%–10% can come from a height of 300 pc. For a face-on
view, less than 10%–20% of the Hα is scattered, although the
scattering fraction off the surfaces of dense, high latitude
clouds could be ∼40%.
Our previous observations of four other galaxies in several of

the mid-infrared JWST bands used here, including the spirals
NGC 628 and NGC 5236, also showed no break in the PS, even
when considering the faintest emission (Paper I). We suggested
that the disks emitting in these passbands are too thin for the
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spatial resolution. The same could be true for the MIRI
passbands here.

7. Conclusions

The PS of Hα emission from M51 has a sudden change of
slope at a scale of ∼120 pc over the main part of the disk, with
a range in these scales from ∼25 pc in the central kpc to ∼90 pc
at ∼2 kpc and ∼180 pc at 5 kpc. These slope changes are
interpreted as measures of the line-of-sight disk thickness. A
less certain measurement at Paα gives a thickness of ∼170 pc
over a radial range of ∼1.3 kpc to ∼1.9 kpc.

The characteristic intensity of Hα emission corresponds to
an emission measure of 4.0× 103 cm−6 pc, and, for a line-of-
sight thickness of 100 pc, an electron density of 6.4 cm−3. This
emission measure is nearly 2 orders of magnitude higher than
the DIG emission measure in the Milky Way and M51, which
emphasizes that our PS are dominated by star-forming regions.

Broadband emission in the JWST MIRI filters did not
indicate a particular length scale in the PS, although the slope
clearly changes from large scales to small. Part of the
difference with the other observations is that the PSF is broad
at these mid-infrared wavelengths. In addition, the mid-infrared
emission from dust could trace a thinner component of the gas.
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