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and Jenna Ryon 3

1Katonah, NY 10536, USA
2Department of Astronomy, The Oskar Klein Centre, Stockholm University, AlbaNova, SE-10691 Stockholm, Sweden

3Space Telescope Science Institute, 3700 San Martin Drive Baltimore, MD 21218, USA
4School of Physics & Astronomy, Cardiff University, Queen’s Building, The Parade, Cardiff CF24 3AA, UK

5Department of Astronomy, University of Massachusetts Amherst, 710 North Pleasant Street, Amherst, MA 01003, USA
6INAF—Osservatorio di Astrofisica e Scienza dello Spazio di Bologna, Via Gobetti 93/3, I-40129 Bologna, Italy

7Department of Physics, University of Pisa, Largo B. Pontecorvo 3, 56127 Pisa, Italy
8INFN, Largo B. Pontecorvo 3, 56127 Pisa, Italy

9INAF Osservatorio Astronomico di Roma, Via Frascati 33, 00078 Monteporzio Catone, Rome, Italy
10ASI-Space Science Data Center, Via del Politecnico, I-00133 Rome, Italy

11Department of Physics and Astronomy, Macalester University, 1600 Grand Avenue, Saint Paul, MN 55105-1899, USA
12Research School of Astronomy and Astrophysics, Australian National University, Canberra, ACT 2611, Australia

13ARC Centre of Excellence for All Sky Astrophysics in 3 Dimensions (ASTRO 3D), Australia
14Department of Astronomy, University of Virginia, Charlottesville, VA, USA and

15Steward Observatory, University of Arizona, 933 N Cherry Avenue, Tucson, AZ 85721, USA

Version February 26, 2025

ABSTRACT

JWST/MIRI images have been used to study the Fourier transform power spectra (PS) of two spiral
galaxies, NGC 628 and NGC 5236, and two dwarfs, NGC 4449 and NGC 5068, at distances ranging
from 4 to 10 Mpc. The PS slopes on scales larger than 200 pc range from −0.6 at 21µm to −1.2
at 5.6µm. These slopes for one-dimensional PS are consistent with the PS slopes observed elsewhere
using HI and dust emission. They are likely related to turbulence, but they may also be viewed as
a hierarchical distribution of objects having a size-luminosity relation and size distribution function.
There is no evidence for a kink or steepening of the PS at some transition from two-dimensional to
three-dimensional turbulence on the scale of the disk thickness. This lack of a kink could be from
large positional variations in the PS depending on two opposite effects: local bright sources that make
the slope shallower and exponential galaxy profiles that make the slope steeper. The sources could
also be confined to a layer of molecular clouds that is thinner than the HI or cool dust layers where
PS kinks have been observed before. If the star formation layers observed in the mid-infrared here are
too thin, then the PS kink could also be hidden in the broad tail of the JWST point spread function.

1. INTRODUCTION

The power spectrum (PS) of interstellar gas emission
reveals the relative importance of structures and their lu-
minosities over a wide range of scales, as measured by the
Fourier transform wavenumber, k, which is the inverse
of length. An important signature observed in the LMC
(Elmegreen et al. 2001; Block et al. 2010), M33 (Combes
et al. 2012), and the dwarf galaxy NGC 1058 (Dutta et al.
2009a) is a steepening of the PS at wavenumbers exceed-
ing the inverse disk thickness, as expained theoretically
by (Lazarian & Pogosyan 2000, eq. 28). This steepening
reflects a transition from two to three dimensional tur-
bulence. Numerical simulations confirm this signature in
both the PS and spectral correlation function (Padoan
et al. 2001; Bournaud et al. 2010; Combes et al. 2012;
Fensch et al. 2023; Tress et al. 2020). A schematic of the
PS kink is shown in Fig. 1.
PS observations of HI emission by Szotkowski et al.

∗ARC DECRA Fellow

(2019) suggest that the LMC thickness ranges from ∼ 50
pc near 30 Dor to ∼ 250 pc in the central region and
∼ 400 pc in the outer region. The two-dimensional (2D)
PS slope at small k ranges from approximately −1.5 in
the central regions to −3.5 in the outer regions, while
the high k slope ranges from −3 to −4.5 in these regions,
respectively. The PS break in M33 observed by Combes
et al. (2012) depends on wavelength, ranging from ∼ 50
pc in the ultraviolet to ∼ 100 pc in HI and CO, and ∼ 300
pc in Hα, with a similar range in the infrared. For most
of these wavelengths, the 2D PS slope is ∼−1.5 at low
k and ∼−3.5 at large k. For NGC 1058, Dutta et al.
(2009a) observed the PS kink in HI at 490±90 pc, with
2D PS slopes of −1.0 at low k and −2.5 at high k.
With such a signature in the PS, the thicknesses of

face-on galaxies can be inferred and mapped. Thickness
can be important in converting gas surface density to
volume density for determination of the local gas free-fall
time (Bacchini et al. 2020), or for correcting an observed
rotation curve for radial pressure gradients in order to
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Fig. 1.— Schematic of the PS of a galaxy disk with a shallow
slope at small wavenumber k, from 2D turbulence, representing
large scales, and a larger slope at large k from 3D turbulence.
The dip at high k from the point spread function is also shown.
Equations 2 and 3 in Koch et al. (2020) were used.

assess the distribution and amount of dark matter (Ver-
beke et al. 2017).
The explanation for the change in PS slope at the size

scale of the disk thickness was illustrated in Bournaud
et al. (2010) and Fensch et al. (2023) as the result of three
components of turbulent velocity producing structure on
small scales and two components of velocity producing
structure on large scales. Turbulent energy is also dis-
persed into a larger volume of phase space in 3D than in
2D, making the energy cascade steeper in 3D.
To see the disk thickness in a PS, the spatial resolu-

tion of the galaxy has to exceed the disk thickness by
an order of magnitude or more. Then the slope of the
steeper PS at high k can be distinguished from the slope
of the shallower PS at low k. The ratio of the galaxy
size to the thickness should also exceed a factor of ∼ 10,
so there is another order of magnitude at small k, i.e.,
on lengths larger than the thickness. These two con-
straints are somewhat incompatible for a given angular
resolution, because galaxies close enough to resolve for
the first constraint tend to be dwarfs, which are also
typically too thick (van den Bergh 1988) to satisfy the
second constraint.
A third requirement to see disk thickness in a PS is that

the emission should come from sources that are related
to correlated motions such as interstellar turbulence, and
not thermal motions as in warm or hot gas. Random stel-
lar motions should not show the disk thickness in a PS.
Thus the PS of light from old stars would not have a kink
at the disk thickness, but the PS of star-forming regions
traced by young stars could have it because of the turbu-
lent structure of the gas that forms these stars. Thick-
ness signatures in the PS of spiral galaxies observed at
high resolution in the B-band are an example (Elmegreen
et al. 2003a,b). On the other hand, there were no signif-
icant kinks in the PS of 9 dwarfs studied at V band by
Willett et al. (2005), presumably because these galaxies
are relatively thick on the line of sight. The Hα images in
Willett et al. (2005) had power-law PS with slopes that
decreased from near-zero (characteristic of noise) to the
same negative values as the V-band images, which was
−1.4± 0.3 for one-dimensional scans, as the Hα filling
factor increased from ∼ 0 to ∼ 1 with the star formation
rate.
Here we investigate the PS of JWST images of dust

emission from nearby galaxies at 5.6µm to 21µm wave-
length. We use data on NGC 628, NGC 4449, and NGC
5236 from the “Feedback in Emerging extrAgalactic Star
clusTers” (FEAST) survey, and additional data for NGC
628 and a nearby galaxy, NGC 5068, from the PHANGS-

JWST survey (GO 2107, Lee et al. 2023). These galax-
ies have the potential to satisfy all three of the above
requirements to measure the disk thickness because of
the high angular resolution of JWST and the small dis-
tances. However, problems can arise if the broad wings
of the Point Spread Function (PSF) blend with the thick-
ness scale, or if the closest galaxies are intrinsically thick.
Two of our galaxies were studied before. Dutta et al.

(2008) measured the 2D PS of HI emission from NGC
628, finding a continuous slope of −1.6±0.2 from 8 kpc to
800 pc, which was too large a scale to observe a possible
thickness effect at ∼ 200 pc. Grisdale et al. (2017) also
observed NGC 628 in HI; they found a slope of −2.2 with
no kink down to 400 pc. For NGC 5236, Nandakumar
& Dutta (2020) measured a continuous 2D PS slope of
−1.23±0.06 from 11 kpc to 300 pc for HI column density.
The PS has also been determined for several other

galaxies at various wavelengths. In the first galaxy-
scale measurement, Stanimirovic et al. (1999) observed
HI emission from the Small Magellanic Cloud (SMC) and
found a continuous 2D PS with a slope of −3.04±0.02 in
narrow velocity intervals over spatial scales from 30 pc
to 4 kpc (see also Pingel et al. 2022). The slope steepens
with increasing velocity width, allowing a separation of
the PS for velocity and density (Lazarian & Pogosyan
2000; Dutta 2015). The density alone had a PS slope
of −3.3± 0.01 from the integrated velocity map (Sta-
nimirović & Lazarian 2001), which is about the same
as that obtained from a dust column density map of
the SMC (Stanimirovic et al. 2000). In the Magellanic
bridge, Muller et al. (2004) measured a power-law PS in
the southwest region over scales from 29 pc to 2 kpc,
finding a slope equal to −3.02± 0.14 for narrow veloc-
ity channels and steepening to −3.4 for the full velocity
width. The northern region of the Magellanic bridge has
a shallower slope.
In the dwarf DDO 210, Begum et al. (2006) found a

2D HI PS slope of −2.75± 0.45 from 80 pc to 500 pc.
They suggested that the similarity of this slope to the
slopes in the LMC, SMC and Milky Way implies that in-
terstellar structure is independent of the star formation
rate. Dutta et al. (2009b) also reported the 2D HI PS
for seven dwarfs and one spiral, obtaining slopes ranging
from −1.5 in And IV, NGC 628, UGC 4459, and GR 8 to
−2.6 in DDO 210 and NGC 3741. They interpreted the
shallow slopes as the result of 2D turbulence in galaxies
where the thickness could not be resolved, and the steep
slopes as the result of 3D turbulence everywhere for in-
trinsically thick galaxies. They noted that the shallow
slope correlates with the star formation rate per unit
area, with larger rates corresponding to steeper slopes.
Such a correlation between star formation rate and slope
was also noted for various regions around the LMC by
Szotkowski et al. (2019), who suggested that star forma-
tion feedback destroys small scale structure in HI.
Zhang et al. (2012) determined 2D PS of HI for 24

dwarf irregular galaxies over single velocity channels and
over the integrated velocities. The length scales typi-
cally ranged between several hundred pc and several kpc
but in some cases were smaller. There were no kinks
suggesting thickness for these galaxies, but the larger
galaxies systematically had shallower slopes, as if they
were everywhere thin on the line of sight compared to
the smaller galaxies, which could be thicker. The divi-
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sion between these cases occurred at a star formation
rate of 10−2.1 M⊙ yr−1 and an absolute magnitude of
MB = −14.5 mag. The slopes also varied from a con-
stant value at large velocity widths to shallower values at
narrow velocity widths, which suggested relatively more
small-scale structure beyond the limit of velocity resolu-
tion resulting from cool neutral gas, particularly in the
inner galactic regions. Zhang et al. (2012) noted that
although the slopes depended on absolute SFR as a re-
sult of galaxy size, they were independent of the average
SFR surface density, which led them to suggest that non-
stellar power sources drive the implied turbulence. A
similar conclusion was reached by Nestingen-Palm et al.
(2017) for the SMC.
Spiral galaxies have also had PS measurements in HI,

but usually without the resolution necessary to see a fea-
ture from disk thickness. Dutta et al. (2010) calculated
the HI PS for NGC 4254, finding a slope of −1.7 on scales
ranging from 1.7 kpc to 8.4 kpc. They suggested NGC
4254 is a harassed galaxy, and noted that the PS slope in
the outer parts, −2.0±0.3, is steeper than in the inner
parts, −1.5± 0.2. Dutta et al. (2013) measured the HI
PS slopes for 18 spiral galaxies over scales ranging from
several hundred pc to 16 kpc; the PS were power laws
with slopes of around −1.3, which they concluded was
from 2D turbulence. Dutta & Bharadwaj (2013) then
showed how to convert the amplitude of the PS to the
HI mass fraction. More recently, Nandakumar & Dutta
(2023) measured a PS slope of −0.96±0.05 for HI column
density and −1.81±0.07 for velocity in NGC 6946. They
suggested a driving scale larger than 6 kpc, with mag-
netic processes contributing to solenoidal motions and
gravitational processes contributing to compressive mo-
tions.
Grisdale et al. (2017) measured PS of the surface den-

sities for six THINGS galaxies, finding large-scale slopes
of −2.2 for NGC 628 (as noted above), −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. No slope changes
were seen down to scales of several hundred pc that might
indicate the scale of the disk thickness.
Most of the PS slopes discussed above were deter-

mined for two-dimensional surfaces, such as whole galax-
ies or regions of galaxies, and are steeper by 1 than the
slopes derived here, which are for one-dimensional in-
tensity strips. Strips have the advantage that they can
avoid excessively bright sources, which are a problem for
near-infrared images because of star formation. Bright
sources flatten the PS and can distort the average over
a disk region (see below). We also consider azimuthal
intensity scans for NGC 628 to avoid a component of
the PS from the exponential radial profile of the disk,
which is clearly seen here in minor or major axis strips
near the galaxy centers. Azimuthal profiles also put the
spiral arms in the lowest few bins of wavenumber so the
spiral is easily isolated; i.e., the two-arm component of
the spiral has k=2 in a scan that might go up to k=103

or more. A third advantage of azimuthal strips is that
the intensity is a periodic function of the scan position,
making it ideal for Fourier transforms. A second paper
(Elmegreen et al. 2025, in preparation) measures the PS
from azimuthal intensity scans of M51.
The PS kink as a tracer of disk thickness has been

questioned by Koch et al. (2020), who looked at FIR

emission maps and dust surface densities maps of the
LMC, SMC, M31 and M33. The most important test
was for the LMC because the SMC has no kink in HI and
the spatial resolutions for M31 and M33 were comparable
to their expected thicknesses. For the LMC, Koch et al.
(2020) suggest the PS is a continuous power law outside
of the 30 Dor region, and the kink in the whole galaxy
PS comes from 30 Dor. Szotkowski et al. (2019) map
the PS slopes over the LMC and also get a steeper PS
near 30 Dor, but they also find PS kinks elsewhere in the
LMC.
In summary, the previous observations rarely detected

a disk thickness from two components of the PS. Usu-
ally the PS had one continuous power law from scales
of multiple kpc down to the resolution limit, which was
typically larger than the expected thickness of several
hundred pc. The continuous power law still gave impor-
tant information, however, confirming expectations from
2D turbulence theory and pointing to very large driving
scales at the lowest wavenumbers. This implied there
are large-scale energy sources and continuous energy cas-
cades or structural hierarchies below that.
In what follows, Section 2 summarizes the data used

here. Section 3.1 shows sample intensity scans for NGC
628 at 5.6µ, Section 3.2 presents the PS for these scans,
and Section 4 gives comparable results for NGC 628 at
7.7µm, 10µm and 21µm. Section 5 then considers the
other three galaxies: NGC 5236 and NGC 4449 at 5.6µm
and 7.7µm, and NGC 5068 at 10µm at 21µm. In Section
6, we recalculate all of these PS using only the scans with
the lowest peak intensities in order to isolate what may
be a disk component between the star-forming regions.
We do the same type of intensity thresholding in Section
7, using azimuthal scans of NGC 628. The results are
discussed in Section 8 and the conclusions are in Section
9. An Appendix has additional figures.

2. FEAST SURVEY

The FEAST survey is a cycle-1 JWST program (GO
1783, PI Adamo) designed to map the early stages of
star cluster formation in six representative local galax-
ies. JWST observations with NIRCam and MIRI cam-
eras sample the continuum, H recombination lines (Paα
and Brα), and three bands from 1 to 8 µm (Adamo et al
in prep.). In the present paper, we use the MIRI obser-
vations in F560W and F770W filters for NGC 628, NGC
4449, and NGC 5236, and MIRI data also in F1000W
and F2100W for NGC 628 from PHANGS-JWST (Lee
et al. 2023). Relevant parameters for all the galaxies
considered here are in Table 1.
The MIRI observations consist of mosaics of 1×5 or

1×3 tiles and are completed with external background
observations. Stage-two pipeline frames of the back-
ground were used to create a master background for each
of the MIRI filters, and then subtracted from single tar-
get exposures during level-two processing. We conducted
the sky matching step between different exposures using
PixelSkyMatchStep (Bajaj 2023). The remainder of the
level-three processing created a single mosaic for each fil-
ter. The final MIRI mosaics are resampled to a scale of
0.08′′/px.
We also include in this analysis archival MIRI obser-

vations of NGC 5068 from the PHANGS-JWST cycle 1
large program, available at 0.11′′ pixel size (Lee et al.
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TABLE 1
Galaxy Sample and Scan Details

Galaxy Dist. Filter Pixel FWHM Length Number
NGC Mpc ′′ pca pixels of scans

628 9.84 F560W 0.08 9.9 1408 4055
628 9.84 F770W 0.08 12.8 1408 4055
628 9.84 F1000W 0.08 15.6 1546 2734
628 9.84 F2100W 0.08 32.1 1546 2734
5236 4.66 F560W 0.08 4.7 1472 4232
5236 4.66 F770W 0.08 6.1 1472 4232
4449 4.27 F560W 0.08 4.3 1517 2530
4449 4.27 F560W 0.08 4.3 2444b 1517b

4449 4.27 F770W 0.08 5.6 1516 2530
4449 4.27 F770W 0.08 5.6 2444b 1517b

5068 5.2 F1000W 0.11 8.3 1380 1908
5068 5.2 F2100W 0.11 17.0 1380 1908

aaFWHM resolutions in pc, converted from the arcsec FWHM
in the JWST User Documentation (see footnote 1), using the dis-
tances.
bb Major axis intensity scan.

Fig. 2.— NGC 628 at 5.6µm with sample scan directions like
those used to determine the PS. The separation between lines is
500 pixels, which is 40′′, or 1.91 kpc. The red circle shows the
bright source used to show the PSF at 5.6µm.

2023). The mosaics consisted of 1×3 tiles and 1 external
background observation. Data acquisition and reduction
are described in Williams et al. (2024) and data are ac-
cessible at the PHANGS repository1.

3. ONE-DIMENSIONAL POWER SPECTRA OF NGC 628 AT
5.6 MICRONS

3.1. Intensity Scans

1 https://archive.stsci.edu/hlsp/phangs/phangs-jwst

Fig. 2 shows the FEAST image of NGC 628 taken with
the JWST F560W filter. The nominal Full Width at Half
Maximum (FWHM) of the PSF is 0.207′′ from the JWST
User Documentation2. This FWHM corresponds to 2.59
pixels and 9.9 pc at the distance of 9.84 Mpc to NGC
628 (from Anand et al. 2021; Leroy et al. 2021; Tully
et al. 2009). Overlaid on the image are 8 lines showing
representative locations of intensity scans used to deter-
mine one-dimensional PS. Each scan is 1408 pixels long,
1 pixel wide, and for the entire length of the image, there
are 4055 such scans (scan parameters for all of the galax-
ies are in Table 1). The figure shows every 500th scan.
Also shown is a red circle surrounding a small bright
source that will be used to illustrate the PSF.
We use 1D intensity scans for the PS in order to get

a long length but not cover a large area, which might
include several types of regions. We expect the dust disk
scale height to be in a range from 100 pc to 300 pc based
on NIR and CO images of the edge-on galaxy NGC 891
(Scoville et al. 1993; Bocchio et al. 2016; Elmegreen &
Elmegreen 2020; Chastenet et al. 2024). This scale cor-
responds to a range from 26 pixels to 79 pixels for NGC
628, so a scan 1408 pixels long will have a presumed
break point somewhere close to the middle on a plot of
the log of the wavenumber. That is, log26 and log79
are 0.45 and 0.60 times log1408, respectively. Thus the
indicated scans are the right length to show a PS kink
if there is one. Taking all ∼ 4000 scans along the length
of the FEAST image effectively maps the PS and any
thickness indicators over the face of the disk.
The intensity along a scan was sampled with 1 pixel

spacing, but the scan pixels are not exactly the same
as the image pixels. To determine the intensity at the
center of a scan pixel, we averaged over the values in the
scan pixel and the nearest 3 other pixels, using weights
proportional to the pixel areas included within ±0.5 pixel
of the scan pixel. Each scan had the same length with
endpoints that lied entirely within the image and no zeros
at either end. The scans are perpendicular to the long
axis of the FEAST image. The data have been cleaned
in the reduction process so there are no bad pixels, which
may be expected towards the edges of the detectors.
The blue curves in Fig. 3 show intensity scans for the

8 equally-spaced positions corresponding to the lines in
Fig. 2. The red curve is the intensity scan through
the bright source at 1h36m45.46s, 15◦46′33.43′′, which
is shown by the red circle in Fig. 2. The bright-source
intensity has been divided by 20 to fit on the axes.
The left-hand panel of Fig. 4 shows the scan through

the bright source again, along with an image of this
source as an insert. The right-hand panel has an en-
largement of the source profile as a red curve and, as a
black curve, the average scan through a 2D PSF that was
independently fit to our observations (as a 45×45 pixel
image) from known point sources outside the galaxy. The
intensity profile of the bright source matches well the ide-
alized PSF.

2 https://jwst-docs.stsci.edu/
jwst-mid-infrared-instrument/miri-performance/
miri-point-spread-functions

https://archive.stsci.edu/hlsp/phangs/phangs-jwst
https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-performance/miri-point-spread-functions
https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-performance/miri-point-spread-functions
https://jwst-docs.stsci.edu/jwst-mid-infrared-instrument/miri-performance/miri-point-spread-functions
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Fig. 3.— Intensity scans across the 5.6µm image of NGC 628,
shifted vertically from bottom (south) to top (north) for better
viewing, that correspond to the blue lines in Fig. 2. The red curve,
plotted at 1/20th scale compared to the others, corresponds to the
intensity scan through the bright 5.6µm source indicated by the
red circle in the previous image.

Fig. 4.— Left: The red curve is the same intensity scan as
that shown by a red curve in Fig. 3. It is one pixel wide and
goes through the small bright source indicated by the red circle
in Fig. 2. The insert shows the source itself; the coordinates are
1h36m45.46s, 15◦46′33.43s. Right: The red curve is a blow-up of
the same scan highlighting the bright source, and the black curve
is a scan through an idealized PSF made from bright point sources
in the same image. The strip position on the lower abscissa is
in reference to the bright-source scan through the galaxy, while
the PSF position at the top is in reference to the idealized two-
dimensional PSF, which is 45 pixels wide. The bright source is
small, nearly point-like, and much brighter than the other galaxy
sources in the same scan, so it is a good match to the PSF.

3.2. Power Spectra

Power spectra were determined for each intensity scan
by summing over the products of the intensity with sine
and cosine functions. We experimented with a correction
for the different intensities at the beginnings and ends of
each scan, which are viewed by a Fourier transform as
a sudden jump between neighboring pixels. In this ex-
periment, we attached cosine functions to each end with
values of zero at the far ends and values equal to the
scan values where they attached. The wavelength of this

Fig. 5.— Blue: PS of the scans in Fig. 3, shifted vertically for
better viewing. Red: Average of 50 PS centered on the PS of the
Fig. 3 scans. The Fourier transform wavenumber is denoted by
k, and the wavenumber corresponding to a wavelength of 2 pixels
is denoted by k0. The dip at high k/k0 is the PSF from small
bright sources in the image. The black PS at the top is the PS of
the idealized PSF, which is 45 pixels wide and stretched to fit this
scale for NGC 628. The red PS at the top is the PS of the single
intensity scan through the small bright source indicated by a red
circle in Fig. 2.

cosine function was twice the scan length, making a half-
wave modifier at each end and a new scan with twice the
length of the original scan. With this replacement, the
intensity jump between the beginning and ending pixels
contributes only to the Fourier transform at the lowest
k value. However, applications of this cosine-padding
method to the scan with the bright source introduced
too large a signal at small k, giving the PS of the PSF a
slightly negative slope instead of zero slope without the
cosine padding. Also, many of the scans have intensi-
ties close to sky values at the ends, so the end-to-end
jumps viewed by the Fourier transform were no more se-
vere than any other pixel-to-pixel jumps from noise. For
these reasons we do not include cosine padding for the re-
sults presented here, nor padding an equal length to the
side of the intensity strip with zeros, as in Grisdale et al.
(2017). The primary change to the intensity scans was to
subtract the average value, giving zero average for each
before the Fourier transform. The relative scan ampli-
tudes were not changed, so the averages of PS presented
below are weighted by the brighter scans.
The sine and cosine functions are evaluated by direct
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summations:

S(k)=
1

N

N∑
m=1

I(m)sin(2πkm/N), (1a)

C(k)=
1

N

N∑
m=1

I(m)cos(2πkm/N) (1b)

for wavenumber k ∈ [1,N/2]. The largest k value corre-
sponds to a wavelength consisting of 2 pixels, represent-
ing the two halves of the shortest complete sine wave. In
what follows, we call this largest k value k0 and normal-
ize the other k values to it, plotting k/k0. The power
spectrum is

P (k)=S2(k)+C2(k). (2)

Fig. 5 shows in blue color the 8 PS that correspond
to the 8 intensity scans in Fig. 3. Each PS is noisy so
we average together the 50 PS surrounding these scans
(from ±25 strips) to make a single PS with higher signal-
to-noise. This number of scans in the average was chosen
to be large enough to reduce noise and allow a kink in
the PS to be seen, and small enough to isolate distinct
parts of the galaxy. The 50-PS averages are shown as red
curves in Fig. 5. At the top of the figure are the PS of the
scan with the bright source (red curve) and the PS of the
idealized PSF (black curve). There is PSF structure out
to several arcsec that causes a dip in the PS at high k.
The lower x-axis is the relative wavenumber, k/k0, and
the upper x-axis shows the corresponding length scale in
parsecs. A typical disk thickness of ∼ 100−300 pc would
be in the center of the scan on this logarithmic scale.
There is significant variation in the PS from scan to

scan, reflecting the presence or lack of bright sources,
including the disk itself for scans that go close to the
galaxy center. Fig. 6 shows all of the 50-PS averages,
from the southeast part of the galaxy in the lower left of
the figure, to the northwest part in the upper right. The
average PS are spaced vertically by a constant amount
for clarity; every tenth one is blue. They all have a dip at
high k/k0 from the PSF at 5.6µm, but they vary in slope
at low k/k0. The bright source is in scan 1550, which
is in the 31st average PS. This is the 4th curve up from
the bottom in the central panel. Other PS averages with
bright sources have the same shape as this one, namely
a near-zero slope at low k/k0 and a greater-than-average
drop at high k/k0 from the PSF. There is no evidence for
a kink in any of the average PS at a wavelength corre-
sponding to the suspected disk thickness of ∼ 100−300
pc.
The bottom panel of Fig. 7 shows the slopes of the 50-

scan PS averages on scales larger than 200 pc as a func-
tion of scan number. These slopes were determined from
least-squares fits to the logP (k/k0) versus log(k/k)0) re-
lations in the plots. The average slope is −0.83 and the
average error in the slope is 0.17, as determined from the
90% uncertainty limit in a student-t distribution. The
error is smaller than the rms variance in the slope, which
is ±0.31. These values and analogous values for the other
wavelengths and galaxies are in Table 2.
The top panel of Fig. 7 shows the average intensities

of all the scans, in blue, and the rms values around those
averages, in red. The rms spikes when there is a bright

Fig. 6.— Averages of each 50 adjacent PS covering the image
in Fig. 2, shifted vertically for clarity. The 50-PS average corre-
sponding to the southeast part of the image is at the bottom of the
left-hand panel. Higher in the same panel, and then from bottom to
top in the middle panel and bottom to top in the right-hand panel
are the 50-PS averages in sequence from southeast to northwest
in the image. The blue curves denote every 10th 50-PS average,
which correspond to the positions of the blue lines in Fig. 2.

source in the scan. The scan containing the brightest
point-like source, scan 1550, is indicated by a vertical
dashed line in the top panel and a red circle in the bottom
panel. As was evident from previous figures, the slope of
the PS of the bright source is ∼ 0 on large scales. Other
spikes in the rms correspond to shallow slopes too. Fig. 7
also shows a systematically steeper (negative) slope for
scans that go through the inner part of the galaxy. These
inner scans include the exponential disk profile which is
a large-scale structure, and that adds power at low k/k0,
making the slope more negative. More negative slopes
here are directly evident in Fig. 6 around the 40th PS-
average, which is in the middle of the central panel.

4. POWER SPECTRA OF NGC 628 AT 7.7 MICRONS, 10
MICRONS AND 21 MICRONS

Now we consider the 7.7µm, 10µm, and 21µm images of
NGC 628 taken with the F770W, F1000W, and F2100W
filters as part of the FEAST and PHANGS-JWST pro-
grams. The pixel scales are still 0.08′′, but the nominal
FWHM of the PSF is larger for longer wavelengths. For
7.7µm, it is 0.269′′ or 3.36 pixels (12.8 pc), for 10µm is it
0.328′′ or 4.1 pixels (15.6 pc), and for 21µm, it is 0.674′′

or 8.425 pixels (32.1 pc, see Table 1).
Images for 7.7µm and 10µm with sample scan lines are

in Figures A1 and A3, and 50-PS averages at these wave-
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Fig. 7.— Bottom: Slopes of the low-k parts of the 50-PS aver-
ages for scales larger than 200 pc, versus the scan number from 1
to 82 corresponding to scans from southeast to northwest in the
galaxy image of Fig. 2. Top: average intensity in units of 10−8 Jy
px−1 (blue) and rms (red) of each scan, in order from southeast to
northwest. The dashed red line indicates the position of the bright
source shown by a red circle in Fig. 2. Corresponding to this is
the point in the bottom panel with the red circle. The PS slope
at low-k is close to zero for the scan with the dominant point-like
source. The PS slope systematically gets more negative for scans
going through the galaxy center because of the disk exponential
profile along the scan direction, which introduces significant power
on large scales.

TABLE 2
Power Spectrum Results

Galaxy Filter Scan 50-PS Slope 50-PS
NGC Direction > 200 pc Slope rms

628 F560W Minor Axis −0.83±0.31 0.17
628 F770W Minor Axis −0.86±0.26 0.20
628 F1000W Minor Axis −0.80±0.25 0.19
628 F2100W Minor Axis −0.63±0.34 0.15
5236 F560W Minor Axis −1.17±0.59 0.39
5236 F770W Minor Axis −1.11±0.51 0.41
4449 F560W Minor Axis −0.95±0.43 0.29
4449 F560W Major Axis −0.91±0.35 0.23
4449 F770W Minor Axis −0.99±0.37 0.37
4449 F770W Major Axis −0.92±0.33 0.26
5068 F1000W Minor Axis −0.80±0.36 0.20
5068 F2100W Minor Axis −0.58±0.37 0.15

lengths are in Figures A2 and A4. The slopes on scales
larger than 200 pc are in Table 2, and the mean intensi-
ties and rms values are in Figures 8 and 9, respectively.
The intensity spikes are not as high at 7.7µm as at 5.6µm,
and the large-scale PS slopes are not as close to zero for
the highest intensity spikes. Neither is there a significant
influence by the exponential disk in steepening the slope
in the central region of the galaxy. On the other hand,
there are a few strong spikes in the 10µm image and one
slope value close to zero at average-PS number 53 (lower
panel on the right). There is also more evidence for the

Fig. 8.— Same as Fig. 7 but for the 7.7µm image of NGC 628.

Fig. 9.— Same as Fig. 7 but for the 10µm image of NGC 628.

exponential disk in the 10µm PS going near the galaxy
center.
The 21µm intensity is more spiked with bright sources

than any of the others. Fig. 10 shows the scan direc-
tions on the 21µm image. The image looks significantly
different than the 5.6µm image in Fig. 2 because of the
relatively brighter spiral arms, spurs and star-forming
regions at 21µm. These differences are also reflected in
the 50-PS average slopes in Fig. 11, which are generally
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Fig. 10.— NGC 628 at 21µm with sample scan directions like
those used to determine the PS. The separation between lines is
500 pixels, which is 40′′, or 1.91 kpc.

Fig. 11.— Same as figure 7 but for the 21µm image of NGC 628.

closer to zero than at shorter wavelengths, and in the
relatively high rms values compared to the average in-
tensities in the top panel. All of the 50-PS averages are
Fig. A5. Corresponding to the intensity spikes, there are
many flat PS with steep drops into the PSF depression.
Comparing all of the 50-PS averages for NGC 628,

there is a general trend toward flatter slopes on large
scales for longer observed wavelengths, with slope av-
erages (Table 2) varying as −0.83± 0.31, −0.86± 0.26,
−0.80±0.25, and −0.63±0.34 for 5.6µm, 7.7µm, 10µm
and 21µm, respectively. There is also an obvious exten-

Fig. 12.— NGC 5236 at 5.6µm with sample scan directions like
those used to determine the PS. The separation between lines is
500 pixels, which is 40′′, or 0.90 kpc.

sion of the PSF toward larger scales with longer wave-
lengths, even reaching the likely disk thickness close to
∼ 100 pc at 21µm. Nevertheless, there is no indication of
a systematic thickness kink in these PS averages: most
of the structure seems to come from discrete sources.
There are a few 50-PS averages that have slight PS kinks
at ∼ 200 pc, but mostly the PS is curved in this range,
rather than kinked. We comment on a possible origin for
the −0.6 to −0.9 slopes at large scales in Section 8.

5. POWER SPECTRA OF NGC 5236, NGC 4449, AND NGC
5068

A closer galaxy will have better spatial resolution than
NGC 628. In the FEAST program, there is also the
barred galaxy NGC 5236 at 4.66 Mpc (Tully et al. 2013)
and the dwarf galaxy NGC 4449 at 4.27 Mpc (Tully
et al. 2013) in 5.6µm and 7.7µm passbands. PHANGS-
JWST (Lee et al. 2023) has another relatively close dwarf
galaxy, NGC 5068 at 5.2 Mpc (Anand et al. 2021; Leroy
et al. 2021) that has data at 10µm and 21µm.
Scan directions through the 5.6µm image of NGC 5236

are shown in Fig. 12, with scan numbers 500, 1000, 1500,
etc, drawn as blue lines. The average intensities, rms
values, and 50-PS average slopes are in Fig. 13 for 5.6µm
and 7.7µm. This galaxy has a bright central region at
both wavelengths where the PS slopes become steeper as
a result of the exponential disk. Figs. A6 and A7 show
the 50-PS averages. There are few bright star forming
regions that produce flat PS, and there is no systematic
evidence for a kink in the PS indicative of disk thickness.
Fig. 14 shows NGC 4449 at 5.6µm with minor and

major axis scan directions to make PS with two different
scan lengths (the blue lines are scan numbers 500, 1000,
1500, etc.). Figures 15 and 16 show average intensities,
rms values, and large-scale slopes for these two scan di-
rections, respectively. A bright source indicated by the
red circle in Fig. 14 corresponds to the intensity peaks
and slopes indicated by dashed lines and red circles in
Figures 15 and 16. Again, the large scale slope of the PS
is close to 0 for the scan with the bright point-like source,
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Fig. 13.— Low-k slopes of the 50-PS averages (bottom) and average scan intensities (in 10−8 Jy px−1, blue, top) and rms values (red,
top) for NGC 5236 at 5.6µ (left) and 7.7µm (right). The slopes become more negative for scans through the inner regions of the galaxy
because they contain the exponential disk profile which has power on large scales.

Fig. 14.— NGC 4449 at 5.6µm with sample scan directions like those used to determine the PS. Sample minor axis scans are on the left
and major axis scans are on the right. In both cases, the lines are separated by 500 pixels, which is 40′′ or 0.83 kpc. The red circle denotes
a bright source.

and the PS get steeper through the central regions.
Figs. A8 to A11 show the 50-PS averages in all 4 cases

for NGC 4449. The bright source has the flat and smooth
PS at the lower part of the right hand panel for the mi-
nor axis PS (Figs. A8, A9), and the 7th PS up from
the bottom of the left-hand panel for the major axis PS
(Figs. A10, A11). There is no systematic indication of
a kink in the 50-PS averages at what might be the disk
thickness.
For NGC 5068, the pixel scale is 0.11′′. Fig. 17 shows

the scan directions for NGC 5068 on the 10µm image
and Fig. 18 shows the scan average intensities, rms values
and large-scale slopes of the 50-PS averages. There are
no particularly bright sources and no scans that clearly

sample an exponential disk profile. All of the 50-PS av-
erages are in Figs. A12 and A13. Some of these averages
have the flat-slope signature of a scan with a primary
point-like source, even though excessively bright intensi-
ties do not show up in Fig. 18. As for the other galaxies
studied here, there are no obvious systematic kinks in
the PS that might indicate the disk thickness.

6. POWER SPECTRA THAT AVOID HIGH INTENSITY
SOURCES

PS variations from strong point-like sources prevent
averaging over large regions of a galaxy because these
averages will be contaminated by the few PS that are
flat at low k/k0. To avoid this problem, we eliminated
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Fig. 15.— Low-k slopes of the 50-PS averages (bottom) and average scan intensities (in 10−8 Jy px−1, blue, top) and rms values (red,
top) for minor axis scans though NGC 4449 at 5.6µ (left) and 7.7µm (right).

Fig. 16.— Low-k slopes of the 50-PS averages (bottom) and average scan intensities (in 10−8 Jy px−1, blue, top) and rms values (red,
top) for major axis scans though NGC 4449 at 5.6µ (left) and 7.7µm (right).

all intensity scans with peaks above certain thresholds,
and then averaged the remaining PS together. We chose
the thresholds to give around 30 good scans so the noise
in the average PS is just low enough to reveal a possible
kink. For NGC 628 images at 5.6µm and 7.7µm, these
∼ 30 scans are among the 600 consecutive scans in each of
six large regions. At 10µm and 12µm, the 30 select scans
are out of 500 each in four large regions. The regions
considered are shown by the colors in Figs. A14 and A15;
the lines are separated by 100 scans. We avoided the
nuclear regions in each case.

Fig. 19 shows the 30-PS averages for the 6 regions in
NGC 628 in the top panels, shifted by arbitrary amounts
from bottom to top for regions in order from south to
north (5.6µm is on the left and 7.7µm is on the right).
There is no evidence for a change in slope other than the
dip from the PSF at high k/k0.
Similar intensity thresholding was done for the other

three galaxies, with PS from ∼ 30 low-intensity scans av-
eraged together in large regions, as shown in Figures 20,
21, 22, and 23. For NGC 5236 there were 7 regions de-
fined from north to south with 600 scans in each, for the
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Fig. 17.— NGC 5068 at 10µm with sample scan directions like
those used to determine the PS. The separation between lines is
500 pixels, which is 40′′, or 1.00 kpc.

NGC 4449 minor axis there were 5 regions of 500 scans
each, for the NGC 4449 major axis there were 5 regions
of 300 scans each, and for NGC 5068 there were 6 regions
with 318 scans each. As for NGC 628, we eliminated all
but around 30 scans from each of these regions and av-
erage together the PS for these low-intensity scans. The
top panels of these figures show the PS, and the bottom
panels show the flattened PS, given by kαP (k) where
−α is the slope of the PS on scales larger than 200 pc
for NGC 5236 and NGC 5068, and larger than 80 pc for
NGC 4449. We choose 80 pc for NGC 4449 because there
is a hint of a PS kink on that scale at 7.7µ. Flattening
the PS at low k/k0 makes a downward turn at high k/k0
more visible. Aside from the 7.7µm PS in the northern
part of NGC 4449, the figures continue to show no kinks
in the PS.

7. POWER SPECTRA FROM AZIMUTHAL PROFILES IN
NGC 628

As noted for Fig. 7 and others in the preceding sections,
the exponential radial disk profile steepens the low k/k0
part of the PS by adding power on the largest scales.
In this section we avoid that problem for NGC 628 by
using azimuthal intensity scans instead of straight lines
through the disk. Fig. A16 shows circles at the positions
of every 10th intensity scan, which is every 50th pixel
(the scans are spaced apart by 5 pixels). The length of
each azimuthal scan is much larger than the likely scale
of the disk thickness, so the difference between a circu-
lar scan and a linear scan is negligible for our purposes.
Also, NGC 628 is nearly face-on, so circles are a good ap-
proximation to azimuthal scans in the plane of the disk.
Fig. 24 shows select intensity scans from a low-intensity

sub-sample. The length of the scan increases with radius.
Average power spectra from the ∼ 30-scan sub-samples
are in Fig. 25. There is a gradual curvature to the PS
which might indicate a transition from 2D to 3D tur-
bulence, but no obvious kink that might indicate a disk
thickness.

8. DISCUSSION

8.1. Searching for a Thickness Kink in the PS

The PS of face-on galaxies have the potential to show
the line-of-sight thickness, where two-dimensional turbu-
lence converts to three-dimensional turbulence, but there
are severe constraints on the suitability of this method.
The PS needs a reasonably large factor for the range of
wavenumbers on either side of the thickness kink, which
implies a spatial resolution at least a factor of ∼ 10
smaller than the galaxy thickness and a galaxy size at
least a factor of ∼ 10 larger than the thickness. An ad-
ditional constraint is that the observations must sample
some type of emission that follows the correlated struc-
ture of turbulent gas. These constraints were satisfied for
HI and FIR emission from the LMC and M33, but they
are difficult for other galaxies with the existing archive
of data on the neutral component of the ISM.
The present study uses JWST observations of dust

emission at what is nominally sub-arcsec resolution from
the full mirror diameter, which should be good enough
to reach linear scales of several tens of parsecs for a large
number of galaxies within 10 Mpc. However, the point
spread function for the JWST image has a broad tail
with a hexagonal shape from the mirror segments, and
this PSF is ∼ 5 times larger than the nominal FWHM.
The PSF is visible as a strong dip in the PS at high
wavenumbers, since there is no signal received by the de-
tector on smaller scales, only noise. For the furthest of
our galaxies, NGC 628 at 9.84 Mpc, this dip extends as
a broad depression in the PS to ∼ 50 pc (5×FWHM) at
5.6µm, and to ∼ 64 pc, ∼ 78 pc and ∼ 160 pc at 7.7µm,
10µm, and 21µm wavelengths, respectively, putting the
expected disk thickness slightly inside the PSF tail at the
longest wavelengths. This problem with the PSF was also
noted for the HI PS of galaxies in Grisdale et al. (2017).
We experimented with removing the PSF by dividing

the scan PS by the PS of the PSF. The results did not
improve our sensitivity to a possible kink in the PSF
wings because the PSF is a two-dimensional shape. Our
one-dimensional intensity scans through the galaxy blend
emission from neighboring scans in the PSF lobes, so the
PS of the 2D PSF or the PS of a scan through the core
of the PSF is not a good match to the contribution of
the PSF to the scan’s PS.
For the closer galaxies, NGC 5236, NGC 4449 and

NGC 5068, we should be able to resolve and distinguish
a kink in the PS if it occurs at the disk thickness, which
may range from ∼ 200 pc for the spiral galaxy NGC 5236
to much larger values such as ∼ 400 pc for the dwarfs.
This dwarf thickness corresponds to an intrinsic ratio of
axis of q0 = 0.44±0.20 (Johnson et al. 2017) for a kpc-
scale disk. Note that the separations between the blue
lines in the images of these three galaxies are all about
1 kpc (see figure captions). Nevertheless, we do not see
any obvious and systematic kinks in the 50-PS averages
(with the exception of a possible PS feature at 80 pc
scale in the northern region of NGC 4449 observed at
7.7µm; see Figs. 21 and 22). The reason for this lack
of an obvious kink could be that the PS varies too much
from region to region. Extreme variations are partly the
result of individual bright sources, which flatten the PS
by dominating any fainter, possibly correlated structures
from turbulence. Variations are also the result of the ex-
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Fig. 18.— Low-k slopes of the 50-PS averages (bottom) and average scan intensities (in 10−8 Jy px−1, blue, top) and rms values (red,
top) for NGC 5068 at 10µ (left) and 21µm (right).

Fig. 19.— PS averages using only ∼ 30 intensity scans with the
lowest peak intensities out of 600 scans, in each of 6 regions of
NGC 628 for 5.6µm and 7.7µm and out of 500 scans for each of 4
regions for 10µ and 21µm. The regions are shown in Figs. A14 and
A15. The PS are plotted here from top to bottom in region order
from north to south.

ponential disk profile, which steepens the PS because of
its large scale in scans near the galaxy centers.
In Sections 6 and 7 we attempted to overcome these

problems by limiting the scans to the ∼ 5% with the
lowest intensity peaks and by considering intensity scans
in azimuth. There was still no obvious indicator of a
disk thickness, although there was sometimes a smooth
steepening of the slope toward higher k/k0.
Fig. 26 examines more closely whether there is a slope

Fig. 20.— PS averages using ∼ 30 intensity scans with the lowest
peak intensities out of 600 scans in each of 7 regions of NGC 5236
(not shown) for 5.6µm and 7.7µm. The PS are plotted from top
to bottom in region order from northeast to southwest. The top
panels show the PS and the bottom panels show the PS multiplied
by a power of wavenumber that flattens the result to zero average
slope on scales larger than 200 pc.

change in the range from 100 pc to 300 pc that might be
indicative of disk thickness. The blue curve is the average
of all the 50-PS slopes on scales larger than 200 pc, and
the red curve is the average of all the 50-PS slopes smaller
than 200 pc, down to 5 times the FWHM of the PSF
(Table 1), which is about the limit of the PSF tail. These
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Fig. 21.— PS averages using ∼ 30 intensity scans with the lowest
peak intensities out of 500 scans in each of 5 regions of NGC 4449
(not shown) for 5.6µm and 7.7µm. The PS are plotted from top
to bottom in region order from northeast to southwest. The top
panels show the PS and the bottom panels show the PS multiplied
by a power of wavenumber that flattens the result to zero average
slope on scales larger than 80 pc. There is a slight kink at 80 pc
in the PS and fattened PS at 7.7µm for the 500-scan region in the
north.

Fig. 22.— Same as Fig. 21 using low-intensity scans but for major
axis scan directions in NGC 4449. The order of the PS is from top
to bottom in regions from northwest to southeast. There is a slight
kink at 80 pc in the PS and fattened PS at 7.7µm for the 300-scan
region in the north.

Fig. 23.— PS averages using ∼ 30 intensity scans with the lowest
peak intensities out of 318 scans in each of 6 regions of NGC 5068
(not shown) for 10µm and 21µm. The PS are plotted from top
to bottom in region order from northwest to southeast. The top
panels show the PS and the bottom panels show the PS multiplied
by a power of wavenumber that flattens the result to zero average
slope on scales larger than 200 pc.

Fig. 24.— Intensity scans in the azimuthal direction for NGC
628 at 10µm. These are a sample from the low-intensity subset of
∼ 30 azimuthal scans out of 145 total azimuthal scans that is used
to avoid large variations and flattenings in the PS.

slopes are plotted versus wavelength for the four galaxies.
The large-scale slope is comparable to (or slightly more
negative than) the small-scale slope at 5.6µm, but at
longer wavelengths, the PS slope is generally flatter on
larger scales. For NGC 628, the slope difference is about
constant with wavelength beyond 5.6µm, suggesting that
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Fig. 25.— Average PS at 4 passbands from azimuthal intensity
scans selected to have only low intensity peaks.

the increasing PSF width is not affecting the small-scale
slope. The slope difference at these longer wavelengths
is ∼ 0.5. The large-scale and small-scale slopes of the
PS of scan 1550 in NGC 628, which contains the bright
point-like source, are shown as circles in the upper left.
As this scan best represents the effects of noise combined
with the PSF, the slope difference is definitely not from
disk thickness. Thus the other slope differences, which
are about the same, are not likely to come from disk
thickness either.
Aside from extreme variations in the PS with posi-

tion, another explanation for the lack of an obvious kink
is that most of the emission sources at the wavelengths
considered here are closer to the midplane than expected.
Previous PS with kinks tended to be based on diffuse
gas that is traced by HI and cooler dust, and diffuse
gas can be fairly thick. For example, the average hydro-
static equilibrium scale height for HI in 20 galaxies from
The HI Nearby Galaxy Survey (THINGS) equals 330 pc
(Bagetakos et al. 2011). In contrast, the star-forming re-
gions seen in our passbands are probably connected with
dense molecular clouds, which are typically close to the
midplane.
The molecular cloud layer in the Milky Way has a

FWHM thickness of ∼ 100 pc in the main disk (Heyer
& Dame 2015), which corresponds to a scale height, σz,
of 42 pc for a Gaussian profile. This height is in agree-
ment with simulations of a Milky Way type galaxy by
Jeffreson et al. (2022), who got a molecular cloud scale
height of 50 pc. In other measurements, Scoville et al.
(1993) determined a FWHM of 220 pc (σz =84 pc) in the
edge-on galaxy NGC 891 using CO interferometry. This
corresponds well with the half-width at half-maximum
(HWHM) of 105 pc (σz = 88 pc) found by Elmegreen
& Elmegreen (2020) for 133 star-forming cores in NGC
891 observed at 8µm with the Spitzer Space Telescope
InfraRed Array Camera. Patra (2018) assumed hydro-
static equilibrium to derive the molecular HWHM in the
highly inclined spiral galaxy NGC 7331, obtaining 50 pc
- 80 pc at 6 kpc radius (σz = 42 pc - 67 pc). For NGC
6946, Patra (2021) measured a thin molecular HWHM
of ∼ 50 pc (σz =42 pc) at 4 kpc radius, and found a sec-
ond molecular disk that is thicker by a factor of 2 and
coincides with the HI disk. Pety et al. (2013) previously

found a similar two-component molecular disk in M51,
with half the molecular emission at least 10 times thicker
than the dense molecular gas. The molecular thicknesses
in Ultra Luminous Infrared Galaxies seem to be larger
than those in normal galaxies, perhaps because of ad-
ditional forcing from galaxy interactions; Wilson et al.
(2019) found an average hydrostatic equilibrium thick-
ness for CO of ∼ 180 pc in these galaxies.
Evidently, the molecular thicknesses in normal spiral

galaxies correspond to inverse wavenumbers that can
blend with the tail of the PSF, masking a slight change
in PS slope. Molecular thicknesses in dwarfs are not as
well known because CO emission is usually weak.

8.2. The Large-Scale Slope

8.2.1. A Turbulence Interpretation

The slope of the large-scale part of the PS contains in-
formation about the emission structure. These slopes
range from approximately −0.6 at 21µm to −1.2 at
5.6µm for one-dimensional intensity strips (Table 2).
Simulations of a turbulent galaxy disk by Bournaud

et al. (2010) have a 2D power spectrum for surface den-
sity with a slope of −1.9 at small k and −3.1 at large k.
The one-dimensional analog for a strip of intensity in our
case would be shallower by 1, namely, −0.9 and −2.1, re-
spectively. This value of −0.9 at low k/k0 resembles the
slopes in Table 1.
Simulations of galaxies without feedback in Fensch

et al. (2023) have a much shallower 2D PS, with a slope
of −0.7 in the three-dimensional medium, i.e., at high k.
Their gas seems highly clumped, however, as feedback
is needed to break apart the clumps formed by gravity
(Bournaud et al. 2010). Grisdale et al. (2017) simulated
PS for galaxy disks and found that a uniform background
of HI increases the PS at low k, steepening the slope. Our
near-infrared emission does not have a significant back-
ground so this should not apply here.
In the ideal case, the 2D PS of intensity integrated over

a sufficiently deep sub-sonically turbulent layer will have
the Kolmogorov slope of −8/3 on large scales and −11/3
on small scales (Kolmogorov 1941; Lazarian & Pogosyan
2000, Fig. 3). Supersonic turbulence could have a slightly
steeper slope (Burgers 1948). Observations of 2D PS on
large scales in many galaxies are roughly consistent with
this, as summarized in Section [1. For 1D intensity strips
like we have here, the Kolmogorov slopes become −5/3
and −8/3. This is approximately what was found for
the 1D PS of HI emission in the LMC (Elmegreen et al.
2001). In the infrared studied here, the low-k PS are
shallower than any of these, ∼−0.9 in Table 1.
If density is a passive tracer of turbulence, as proposed

by Goldman (2000) for the SMC, then diffusion can af-
fect the slope of the PS. In the Batchelor regime on scales
smaller than the dissipation length and larger than the
diffusion length (Bedrossian et al. 2021), the power spec-
trum is P (k)∝ k−1, closer to our value, in contrast to
the inertial range on scales larger than the dissipation
length, where P (k)∝ k−5/3 for the Kolmogorov regime.
Most likely the observed ISM is much larger than the dis-
sipation length, so this shallow solution does not apply.
On scales larger than the dissipation length but shorter
than the diffusion length, the power spectrum drops off
exponentially toward higher k because small scales dif-
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Fig. 26.— 50-PS average slopes for scales larger than 200 pc (blue) and for scales between 5 times the FWHM of the PSF (as listed in
Table 1) and 200 pc (red) are shown versus the wavelength for all four galaxies. The rms range for each slope is shown by the error bars.
Because 5 times the FWHM of the PSF at 21µm in NGC 628 (which corresponds to 160.5 pc) is close to 200 pc, there are very few k/k0
values in this range and the rms is large, ±2.1, and mostly outside the figure. The two circles (with their tiny error bars) in the upper left
corner are the slopes of the PS of scan 1550 for NGC 628 at 5.6µm, which is the scan with the bright point-like source shown in Fig. 4.
The red points are shifted to the right by 0.1µm for clarity.

fuse before they convect (Tennekes & Lumley 1972). This
rapid drop-off is not observed here either.

8.2.2. An Interpretation based on Hierarchical Size and
Luminosity Distribution Functions

A different way to think about the PS is as a size-
dependent distribution function of hierarchical emission
sources. Many interstellar structures originate as point-
like pressure sources, such as supernovae, HII regions,
stellar winds, extragalactic impacts, etc., and the result-
ing morphologies consist of expanding bubbles and shell-
like pieces around them. There is also a significant in-
fluence by self-gravity and galactic shear, which makes
structures in the form of spiral arms and filaments. In
this case, there is a different interpretation of galaxy-
wide PS that is independent of conventional turbulence.
This different interpretation is not entirely without tur-
bulence, as that would be present as well, but may be
viewed as a superposition of definite structures inside a
turbulent medium, with more turbulence inside the shells
and spiral arms, as distinct from the shells and arms
themselves.
With this source-based structure in mind, we consider

now that P (k) is a distribution function in the inter-
val k to k+dk that arises from the combined (summed)
luminosity L(k) from all regions larger than 1/k. This
sum is because the emission coming from a particular re-
gion of size 1/k is the emission from that region plus
the emission from the slightly larger region it is part
of, plus the emission from the even larger region that
both are from, etc., up to regions of (effectively) infi-
nite size. This consideration is analogous to the turbu-
lent power spectrum, Pturb(k), which must be integrated
over all wavenumbers k to give the energy spectrum,
v2 ∼E(k)=P (k)d3k∝ k−2/3 in Kolmogorov turbulence,
where P (k)∝ k−11/3 in three dimensions. The analogy
arises because the total motion of a specific local region is
the superposition of all the motions of the larger regions
that enclose it.
To apply this concept in the present case, i.e., viewing

hierarchical interstellar structures in terms of the number
distribution of objects and the luminosities of each, we

convert the power spectrum as a function of wavenumber,
P (k)dk, to an emission distribution as a function of size,
Pem(R)dR. We consider that P (k) = Pem(R)dR/dk ∝
Pem(R)k−2 for R=1/k.
We then write

Pem(R)=

∫ ∞

R

L(R′)n(R′) dR′. (3)

where L(R) is the luminosity of regions specifically of size
R, i.e., subtracting their underlying backgrounds from
the larger regions they are part of, and n(R)dR is the
size distribution of these regions.
As an example of L(R) and n(R), we use the obser-

vation of superbubbles in four galaxies by Oey & Clarke
(1997). They find a relationship between the luminosity
function, Φ(L)dL ∝ L−β dL, and the size distribution,
n(R)dR ∝ R1−2β , where the same β applies to each,
almost independently of evolutionary effects. Convert-
ing these functions to a luminosity-size relation, L(R),
through the equivalence Φ(L)dL=n(R)dR, we get

L−β dL=R1−2β dR, (4)

from which it follows that L∝R2. For M33, they mea-
sure β∼ 1.6 for scales up to a kpc.
Using this notation for equation (3), we might write

Pem(R)∝
∫ ∞

R

R′2R′1−2β dR′, (5)

except that we derived our PS from one-dimensional
scans, which makes L1D(R)∝ R instead of the L∝ R2

measured by Oey & Clarke (1997) for whole regions.
That is, if we picture the PS of a 1D intensity trace,
an emission region contributes to that single scan only
proportional to its length along the scan, unlike the total
luminosity of the region which comes from its area and
many adjacent 1D scans. Thus we have in our case for
1D intensity scans,

Pem(R)∝
∫ ∞

R

R′R′1−2β dR′ ∝R3−2β ∼R−0.2 (6)
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where the evaluation is again for β = 1.6 from Oey &
Clarke (1997).
Converting this result to a function of k, we get

P (k)=P (R)
dR

dk
∝R3−2βk−2 = k2β−5 ∼ k−1.8, (7)

and converting further to equal intervals of logk instead
of k, we get

P (k)dlogk∝ k2β−4dlogk∼ k−0.8dlogk, (8)

which is the power spectrum observed at large k in this
paper (i.e., α∼ 0.8 to 1 from Table 2).
We note that if we were to take a two-dimensional PS,

then we would use L∝R2 in the integral over size, giving
Pem ∝R4−2β , which converts to P (k)dk∝ k−2.8dk or a
slope on a log-log plot of −1.8. This is approximately
the slope derived by others for 2D PS of galaxies, as
summarized in the Introduction.

9. CONCLUSIONS

Power spectra of three galaxies in the FEAST survey
and one galaxy in the PHANGS survey, using infrared
wavelengths from 5.6µm to 21µm observed by JWST
(Table 1), show no clear evidence for disk thickness in
the form of an inflection point from the transition be-
tween two-dimensional turbulence on scales larger than
the thickness and three-dimensional turbulence on scales
smaller than the thickness. This lack of a clear inflection
is partly the result of large variations in the PS from posi-
tion to position, reflecting discrete bright sources which
tend to flatten the large-scale PS, and the exponential
profiles of the galaxy disks, which tend to steepen the
large-scale PS. In addition, the star-forming layers in
these galaxies could be composed of dense gas that is
several times thinner than the diffuse lower-density gas
where PS kinks were previously found in different galax-
ies. This suggests that PS kinks for our galaxies could
be blended with the extended tails of the JWST PSF.
The PS slopes on large scale could be evidence for a

source luminosity dependent on size, L(R), and a source
distribution function dependent on size, n(R)dR. For
source properties analogous to superbubbles observed in
galaxies up to kpc scales (Oey & Clarke 1997), and for

a hierarchical distribution of these sources, the observed
PS slopes are reproduced.
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APPENDIX

A. ADDITIONAL FIGURES

Fig. A1.— NGC 628 at 7.7µm with sample scan directions like
those used to determine the PS, as in Fig. 2.

Fig. A2.— The same as Fig. 6 but at 7.7µm.
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Fig. A3.— NGC 628 at 10µm with sample scan directions like
those used to determine the PS, as in Fig. 2. The lines are separated
by 500 pixels, which is 40′′ and 1.91 kpc.

Fig. A4.— The same as Fig. 6 but at 10µm.

Fig. A5.— The same as Fig. 6 but at 21µm.

Fig. A6.— Averages of each 50 adjacent PS covering the NGC
5236 image in Fig. 12, shifted vertically for clarity. The 50-PS
average corresponding to the southwest part of the image is at
the bottom of the left-hand panel. Higher in the same panel, and
then from bottom to top in the middle panel and bottom to top
in the right-hand panel are the 50-PS averages in sequence from
southwest to northeast in the image.
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Fig. A7.— Same as Fig. A6 for NGC 5236 but at 7.7µm.

Fig. A8.— Averages of each 50 adjacent PS for the minor axis
scans covering the 5.6µm image in the left-hand panel of Fig. 14.
Scans go from southwest in the lower part of the left-hand panel
to northeast in the upper part of the right-hand panel.

Fig. A9.— Same as Fig. A8 but for 7.7µm.

Fig. A10.— Averages of each 50 adjacent PS for the major axis
scans covering the 5.6µm image in Fig. 14.
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Fig. A11.— Averages of each 50 adjacent PS for the major axis
scans covering the 7.7µm image in Fig. 14.

Fig. A12.— Averages of each 50 adjacent PS for the 10µm image
of NGC 5068 in Fig. 17. Scans go from southeast in the lower part
of the left-hand panel to northwest in the upper part of the right-
hand panel.

Fig. A13.— Averages of each 50 adjacent PS for the 21µm image
of NGC 5068.

Fig. A14.— NGC 628 at 5.6µm with 6 regions having 600 scans
each, indicated by the different colors, and in which ∼ 30 scans
each were selected with the lowest intensity peaks for deriving the
average PS shown in Fig. 19. The lines are separated by 100 px,
and there is one intensity scan per px.
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Fig. A15.— NGC 628 at 10µm with 4 regions having 500 scans
each, indicated by the different colors, and in which ∼ 30 scans
each were selected with the lowest intensity peaks for deriving the
average PS shown in Fig. 19. The lines are separated by 100 px,
and there is one intensity scan per px.

Fig. A16.— NGC 628 at 10µm with circles at the positions of
azimuthal scans, separated by 50 px, which is 10 scans. We selected
∼ 30 scans with the lowest intensity peaks from the total of 133
scans between radii of 100 px (20 scans) and 765 px (153 scans).
The PS of these select scans were averaged together to make the
PS in Fig. 25.
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