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1 INTRODUCTION

ABSTRACT

We analyze the 1D spatial power spectra of dust surface density and mid to far-infrared
emission at 24-500 ym in the LMC, SMC, M31, and M33. By forward-modelling the point-
spread-function (PSF) on the power spectrum, we find that nearly all power spectra have a
single power-law and point source component. A broken power-law model is only favoured
for the LMC 24 um MIPS power spectrum and is due to intense dust heating in 30 Doradus.
We also test for local power spectrum variations by splitting the LMC and SMC maps into
820 pc boxes. We find significant variations in the power-law index with no strong evidence
for breaks. The lack of a ubiquitous break suggests that the spatial power spectrum does not
constrain the disc scale height. This contradicts claims of a break where the turbulent motion
changes from 3D to 2D. The power spectrum indices in the LMC, SMC, and M31 are simi-
lar (2.0-2.5). M33 has a flatter power spectrum (1.3), similar to more distant spiral galaxies
with a centrally-concentrated H; distribution. We compare the power spectra of H1, CO, and
dust in M31 and M33, and find that H 1 power spectra are consistently flatter than CO power
spectra. These results cast doubt on the idea that the spatial power spectrum traces large scale
turbulent motion in nearby galaxies. Instead, we find that the spatial power spectrum is influ-
enced by (1) the PSF on scales below ~ 3 times the FWHM, (2) bright compact regions (30
Doradus), and (3) the global morphology of the tracer (an exponential CO disc).

Key words: galaxies: individual (LMC, SMC, M31, M33) — galaxies: ISM — ISM: dust —
methods: statistical

galaxy evolution is distinguishing what mechanism drives tur-

Turbulence is an integral part of the dynamics in the interstellar
medium (ISM). Within the inertial range of turbulence, the self-
similar structure of the density and velocity fields produce a power-
law distribution, which can be measured using statistical techniques
like the power spectrum (Elmegreen & Scalo 2004). Together, the
density and velocity fields constrain the energy power spectrum
E(Kk). This can directly be compared to turbulence models for in-
compressible (Kolmogorov 1941) and compressible gas (Burgers
1948; Fleck 1996; Galtier & Banerjee 2011; Federrath 2013). ISM
observations provide usable constraints on 3D turbulent velocity
and density fluctuations from the 2D line-of-sight velocity and col-
umn density maps (Federrath et al. 2010). This connection offers a
method for constraining the turbulent energy power spectrum from
observational data.

Of particular interest for the star formation process and
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bulence throughout a galaxy. Because turbulence decays quickly
(~ 10 Myr), the ubiquity of observed turbulent properties implies
the need for a near-continuous source of turbulent energy injec-
tion (Mac Low & Klessen 2004). Observational constraints on the
turbulent driving scale may provide a clean measurement to dis-
tinguish between different sources of energy injection. This con-
nection can be difficult to make with Milky Way observations as
line-of-sight confusion makes it difficult to distinguish scales at and
above the disc scale height (> 100 pc). As a result, high dynamic
range extragalactic observations may offer the best way to trace the
scale of energy injection.

The spatial power spectrum of a turbulent cascade offers a
potential solution to constrain the disc scale height and driving
scale in face-on galaxies. The index of the energy power spectrum
changes with both the type of turbulence and the number of spatial
dimensions. For the latter, the index is expected to steepen by +1
as the turbulent motions transition from being confined from three-
to two-dimensions (e.g., Lazarian & Pogosyan 2000). Extragalac-
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tic observations that resolve scales below the disc scale height are
ideal for testing whether this “break” in the power spectrum indeed
occurs, using the column density or the line-of-sight velocity fields.
From this break scale, the disc scale height can be measured, con-
straining quantities like the turbulent energy injection on galactic
scales (e.g., Tamburro et al. 2009; Koch et al. 2018; Utomo et al.
2019a), and the mid-plane pressure (Blitz & Rosolowsky 2006) that
are used in star formation models based on vertical dynamical equi-
librium (Ostriker et al. 2010).

Several studies, primarily using column density or intensity
maps, investigate the spatial power spectrum in nearby galaxies.
Some studies find power spectra well-described by both a single
power-law (e.g., Stanimirovic et al. 2000; Dutta et al. 2013; Zhang
et al. 2012). Others find a broken power-law (e.g., Elmegreen et al.
2001; Dutta et al. 2009a; Combes et al. 2012), where the break has
been interpreted as the disc scale height. These and other studies
also find a large range in the power law index. This is true even
when comparing results use a single traced like the 21-cm H line
(e.g., Dutta et al. 2013).

This range in extragalactic power spectrum properties makes
it difficult to draw general conclusions about the nearby galaxy
population. One reason for the confusion may be that extragalactic
power spectrum analyses use heterogeneous data and techniques.
In general, extragalactic studes have also not corrected for steep-
ening on small scales due to the PSF response (excepting Muller
et al. 2004), though this effect is commonly account for in Galactic
power spectrum analyses (Miville-Deschénes et al. 2003; Martin
et al. 2015; Blagrave et al. 2017). This issue was also noted by
Grisdale et al. (2017) who found that the break points in H I power
spectra in a few nearby galaxies are consistently limited by the PSF
scale.

A further issue to consider with extragalactic power spectra
is how galactic structure not dominated by turbulence (i.e., spiral
arms) affects the power spectrum shape. These large-scale distri-
butions are known to contribute additional power on large-scales.
Grisdale et al. (2017) show that changes in the mass distribution
steepens the column density power spectrum from galaxy-scale
simulations. Koch et al. (2019b) show how the clustering of GMC
locations in M33’s inner disc contributes to an excess in the power
spectrum up to scales near the disc scale length (~ 2 kpc; Druard
et al. 2014).

Accurate measurements of the power spectrum are particu-
larly important now because recent advances in galaxy-scale nu-
merical simulation resolve similar scales to current observations of
Local Group galaxies (e.g., Grisdale et al. 2017; Dobbs et al. 2018;
Garrison-Kimmel et al. 2019). Comparing the power spectra be-
tween these observations and simulations can provide a powerful
diagnostic for how large-scale galactic structure affects the power
spectrum shape (e.g., Grisdale et al. 2017). For example, several
simulations show a power spectrum break that is altered by stel-
lar feedback (Bournaud et al. 2010; Pilkington et al. 2011; Combes
et al. 2012; Grisdale et al. 2017), though the prominence of spiral
arms also appears to play a role (Renaud et al. 2013).

In this paper, we present a uniform analysis of 1D dust emis-
sion power spectra in four Local Group galaxies, the Large and
Small Magellanic Clouds, M31, and M33. We use archival Spitzer
and Herschel data, as well as dust surface density maps from
Utomo et al. (2019b). We compare power spectrum properties
across different galactic environments while resolving scale sim-
ilar to or below the disc scale height (~ 100 pc; Kalberla & Kerp
2009). Our analysis models the point-spread function (PSF) on the
power spectrum shape and demonstrates that a single power-law

combined with unresolved point sources can reproduce most of
the observed power spectra. We present the maps used in §2 and
the power spectrum model in §3. We discuss the implications of
our modelling in §4, including comparisons between IR bands and
galaxies, and how the dust power spectrum relates to power spectra
of H1, tracing the atomic ISM, and CO, tracing the molecular ISM.
Our uniform power spectrum analysis of multiple phases in multi-
ple galaxies offers a benchmark for simulations of Local Group-like
galaxies.

Throughout this paper, we define P(k) as the 1D power spec-
trum produced from an intensity or surface density maps and the
power spectrum index S as o« k™ such that 8 > 0.

2 OBSERVATIONS

We focus our study on the Magellanic Clouds, M31, and M33.
These are the closest targets uniformly observed across the mid-
to far-infrared by both Spitzer (Werner et al. 2004) and Herschel
(Pilbratt et al. 2010). Due to their large angular size and proxim-
ity (< 1 Mpc), these targets maximize the spatial range that can be
studied in their power spectra. The Spitzer and Herschel maps of
the Magellanic Clouds have resolve ~ 10 pc scale, well below the
expected scale height of both the atomic and molecular gas discs.

We use existing Spitzer MIPS (24, 70, & 160 um Rieke et al.
2004), and Herschel PACS (100 & 160 um Poglitsch et al. 2010)
and SPIRE (250, 350, & 500 um Griffin et al. 2010) data prod-
ucts from several projects: LMC Spitzer MIPS (SAGE; Meixner
et al. 2006), Herschel PACS & SPIRE (HERITAGE; Meixner et al.
2013); SMC Spitzer MIPS (SAGE-SMC & S3MC; Gordon et al.
2006, 2011; Bolatto et al. 2007), Herschel PACS & SPIRE (HER-
ITAGE; Meixner et al. 2013); M31 Spitzer MIPS (Barmby et al.
2006), Herschel PACS & SPIRE (Groves et al. 2012; Draine et al.
2014); M33 Spitzer MIPS (Hinz et al. 2004; Tabatabaei et al. 2007),
Herschel PACS & SPIRE (HerM33es; Kramer et al. 2010).

Altogether, we create 1D power spectra from maps in eight in-
frared bands in our analysis. We include both the MIPS and PACS
160 pum maps to check for consistency between different instru-
mental effects and noise levels. As a check, we did rerun our analy-
sis on background-subtracted maps and found that the background
remove had little effect on the power spectrum properties. This lack
of change in the power spectrum is expected since the background
tends to be both low intensity and smooth on large-scales.

A key component in our analysis is the effect of the instrumen-
tal PSF response on the power spectrum shape. We use the PSF and
convolution kernels from Aniano et al. (2011) to model for PSF ef-
fects. We also convolve each map to the “moderate” Gaussian size
provided in Table 6 of Aniano et al. (2011), again using their pub-
licly available convolution kernels.

We also analyze the dust surface density maps from Utomo
et al. (2019b), which were derived applying a uniform analysis
to the Herschel data for each of our targets. A modified black-
body model is fit to the spectral energy distribution (SED) from
100-500 pm following the methodology of Chiang et al. (2018)
and Gordon et al. (2014). The dust maps are provided at a common
set of physical resolutions; here, we use the highest resolution for
each galaxy: 13 pc for the LMC and SMC, and 167 pc for M31 and
M33.

Figure 1 shows the dust surface density maps from Utomo
et al. (2019b) for each galaxy. The region displayed in the figure
shows the area used for the analysis of all maps in all bands. Thus,
the power spectra can be compared directly.
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Figure 1. Dust surface density maps of the LMC, SMC, M31, and M33 from Utomo et al. (2019b). The bars in the lower left corners show the 1 kpc scale
shown for each galaxy. The region shown for each galaxy is used for all images in the power spectrum analysis (§3).

Throughout this paper, we adopt distances of 62.1 kpc for the
SMC (Graczyk et al. 2014), 50.2 kpc to the LMC (Klein et al.
2014), 744 kpc to M31 (Vilardell et al. 2010), and 840 kpc to
M33 (Freedman et al. 2001). These are the same distances used by
Utomo et al. (2019b) to create the dust maps at common physical
resolutions that we use here.

3 POWER SPECTRUM ANALYSIS

We characterize and compare the spatial structure in the LMC,
SMC, M31, and M33 with the 1D spatial power spectrum from
intensity or dust surface density maps, a commonly-used tech-
nique for describing ISM structure from ~AU to kpc scales (e.g.,
Elmegreen & Scalo 2004). We present the power spectrum calcula-
tion in §3.1, the power-law model and fitted results in §3.2, and the
model selection criteria in §3.3. Except for the MIPS 24 ym results
for the LMC, all of the power spectra the we measure are well-fit
by a single power-law plus point source component. In §3.5, we
demonstrate that 30 Doradus is responsible for a power spectrum
break in the LMC MIPS 24 um. Finally, §3.6 presents local dust
surface density power spectra from 820 x 820 pc? square regions in
the LMC and SMC. This analyses allows us to explore variations
in the power spectrum index. These local power spectra are also
well-fit by a single power-law model.

MNRAS 000, 1-18 (2019)

3.1 Calculating power spectra

We use TurbuStat (Koch et al. 2019a)! to compute the 1D spa-
tial power spectrum. TurbuStat implements a common version
of many turbulence statistics described in the literature, including
the spatial power spectrum. While TurbuStat can model the full
2D power spectra of images, we focus this study on modelling
1D power spectra azimuthally-averaged in Fourier space. The 1D
power spectrum, P(k), is most commonly used in extra-galactic
studies.

When large values are at the edge of the map, the Gibbs phe-
nomenon causes ringing in the Fourier transform, which manifests
as a strong cross-shape in the 2D power spectrum. Since the ring-
ing will affect the 1D power spectrum shape, we apply a Tukey
function to smoothly taper the edges of the map prior to comput-
ing the power spectrum. The maps that require this added step are
described in §3.2 and Appendix A.

3.2 Modelling the power spectra

We consider two models to describe the 1D power spectrum shape:
(1) a single power-law and (2) a broken power-law. In both cases,
we allow an optional point source component. Both models account

1 Version 1.0; turbustat .readthedocs.io
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for extended emission with the power-law components and the re-
sponse of bright, individual point sources on small scales with a
constant component.

The single power-law model for a 1D power spectrum P(k) is:

Psingle(k) = Pext(k) + Ppt(k) =A k_'B + B. (D

This model has three free parameters to fit: the power-law ampli-
tude A, the index 3, and the point-source contribution B.

The broken power-law model accounts for a change in the
power-law index at some scale. This model has been used in pre-
vious extragalactic studies (Block et al. 2010; Combes et al. 2012).
We adopt a broken power-law model following the form imple-
mented in Astropy Collaboration et al. (2013):

K\ P (1 K\ /A
Poroken(k) = A (E) {5 [1 + (E)

This model adds three additional parameters relative to Equation 1,
two of which are left as free parameters when fitting. The param-
eters 8 and S, describe the power-law index below and above the
break kj,, respectively. This form of a broken power-law smoothly
varies between the power-law components, with the “smoothness”
set by the A parameter. We fix A = 0.1 based on visually com-
paring model solutions. Given that the fitting is done in frequency
pixel units and the bin size of 1 is used for all power spectra, we ex-
pect this to be an appropriate choice for our analysis. This smooth
version of a broken power-law offers a more realistic description of
the data, rather than a model with a sharp break at k;,

Equations 1 and 2 are physically-motivated, idealized mod-
els that do not account for any real observational effects. In the
simplest interpretation, the power-law component results direction
from turbulent density fluctuation while the point source compo-
nent reflect, e.g., young stellar objects and embedded star forming
regions (Seale et al. 2009).

Instrumental systematics affect the observed shape of the
power spectrum, causing it to deviate from the idealized models
above. Fortunately, most of these effects can be account for by for-
ward modelling. In this analysis, we forward model the point spread
function (PSF) response for each map. Multiplying by the PSF re-
sponse (Ppsp(k)), the models from Equations 1 & 2 become:

Pobs(k) = Ppsg(k) - Pmodel(k)- 3

Since the PSF response has a fixed form, it does not introduce ad-
ditional free parameters in the model. For a Gaussian response,

Ppsp(k) o exp (—47r20'bzeamk2), where 0peam = FWHM/+/8log2
is the Gaussian rms of the beam. Similar models that include the
PSF response have been used in several studies (e.g., Miville-
Deschénes et al. 2002; Muller et al. 2004; Martin et al. 2015; Bla-
grave et al. 2017).

We fit the power spectra of the maps at two resolutions: (1) the
native resolution, and (2) convolved to a Gaussian beam using the
“moderate” kernels listed in Table 6 of Aniano et al. (2011). At the
native resolution, we account for the non-Gaussian PSF shape by
regridding the PSF map from Aniano et al. (2011) to have the same
pixel size as the observed map and using its 1D power spectrum as
Ppsg(k) in Equation 3. For the convolved maps, we use the analytic
form for a Gaussian PSF.

We found that fits to the the power spectra of the dust surface
density maps were improved by including an uncorrelated white
noise term C:

Pops(k) = Ppsp(k) + Pmodel(k) + C. “

(B-B2)A
} +B. ()

This additional C term is due to fitting the dust SED to individual
pixels. The inherent uncertainty of the SED fit adds some noise
to the dust surface density map. Since the fits are performed for
each pixel, this additional noise is not affected by the PSF and is
reasonably approximated as white (uncorrelated) noise.

Since the amplitudes A, B and C in the model vary over several
orders of magnitude, we fit the log;( of these parameters to make it
easier to sample large variations. Due to the potentially wide range
in parameters from map to map, we adopt uninformative uniform
priors on the parameters:

log;g A ~ U (=20, 20) )
logop B ~ U (-20,20) (©6)
logjg € ~ U (-20,20) for Eq. 4 7
B ~ U(0,10) (8)
B2 ~ B+ N(0,10) for Eq. 2 )
kp ~ U (kmin, kmax) for Eq. 2 (10)

The chosen parameter ranges are significantly wider than the ex-
pected values and none of the fitted parameters converged to the
edge of a parameter range. We also note that adopting wide Gaus-
sian priors on the parameters did not affect the fits.

When fitting Equation 2, we treat the second power-law com-
ponent, on scales below kj, as a perturbation on the large-scale
index . This allows for 8 ~ 8, thereby converging to Equation 1
when a break is not strongly preferred in the fit. The break point &,
is sampled uniformly over the whole range of spatial frequencies
k. The importance of kj, diminishes at large k; where forward-
modelling the PSF response dominates the power spectrum shape.
In these cases, 5, and kj, could be well-constrained but the fit will
be indistinguishable from Equation 1.

We fit the 1D power spectra and assume that the standard de-
viation of the azimuthal average is a reasonable uncertainty. Since
most of these maps have a high signal to noise ratio, particularly
on large scales, the variations in radial bins will be larger than the
inherent uncertainty. Thus, we treat the 1D power spectrum values
(P1p) as independent samples drawn from a normal distribution
with a width inferred from the standard deviation in azimuthal bins.
We draw these samples in logig space to avoid sampling negative
values for the power spectrum:

logioPy ~ N (1og10P1D, Tlogy, Pm) . (11)

The model is fit to the sampled values Pl*D’ ensuring the data un-

certainty is reflected in the parameter posterior distributions.

When fitting maps from the photometric bands to Equation
3, we only consider scales above 3x the Gaussian standard devia-
tion of the beam to avoid regions where pixelization or convolution
residuals dominate the power spectrum shape (see Appendix B).
We also limit the fit to scales less than k < kmax/3, where kmax
is the inverse of half the map shape. This removes large deviations
in the largest bin that arise from the need to account for the total
intensity in the image. These large scale bins are estimated from
just a few samples in the 2D power spectrum and thus have a large
uncertainty (see Figure 2). The dust surface density maps from
Utomo et al. (2019b) have pixel sizes 2.5 times smaller than the
beam which avoids small scales dominated by convolution residu-
als. Therefore, we include the smallest scales of the column density
power spectra in the fit to the surface density.

We use the PYMC3 package (Salvatier et al. 2016) to fit the
models, using Sequential Monte Carlo to sample the parameter
space (Del Moral et al. 2006), as we found it rapidly converged

MNRAS 000, 1-18 (2019)



for this problem. Sequential Monte Carlo runs a set of parallel
Markov chains through a series of stages. At each stage, the sam-
pling progresses from the prior to posterior distribution by temper-
ing, controlled by a tempering parameter2 B*. At each stage, B* is
increased according to the samples in the previous step, starting at
0 for the prior distribution and ending at 1 for the posterior distribu-
tion. For our fits, we found a good balance between computational
cost and convergence using 100 chains that sample over 6000 iter-
ations for each step. For comparison, we fit several power spectra
using the Levenberg-Marquardt algorithm, which provides similar
parameter values but severely underestimates parameter uncertain-
ties and covariance. Using Markov Chain Monte Carlo (MCMC)
and accounting for the data uncertainty (Equation 11) provides re-
alistic parameter uncertainties.

3.3 Model Selection

We fit each of the power spectra to the single (Equation 1) and bro-
ken power-law (Equation 2) models while forward-modelling the
PSF response. To compare the models, we compute the Widely-
applicable Information Criterion (WAIC; Watanabe 2010), as im-
plemented in PYMC3, to determine the preferred model. WAIC
estimates the out-of-sample prediction accuracy from a Bayesian
model based on the log-likelihood from the MCMC parameter
samples, with a correction for the number of variables to account
for overfitting. We note that the model comparisons calculated us-
ing leave-one-out (LOO) cross-validation are consistent with those
from WAIC for our fits (Vehtari et al. 2017).

We choose the preferred models by comparing the WAIC
and its uncertainty between the two models. The preferred model
should minimize the WAIC. However, we find that the WAIC is
similar for many of the fits. In this case, we choose the simpler
single power-law model (Equation 1) given the lack of clear evi-
dence for a broken power-law. In many of these cases, the break
point approaches the PSF FWHM and the broken power-law has a
diminishing influence on the fit quality.

3.4 Fit Results

For all of the fits but one (§3.5), we find that the power spectra
are well-fit by a single power-law and point source model (Equa-
tion 1) with no significant requirement for a broken power-law. In
our measurements, the PSF response can account for any observed
steepening of the power spectra on smaller scales.

Figure 2 shows the power spectra and fits for the dust surface
density maps from Utomo et al. (2019b). The PSF response, shown
separately for each galaxy, has a noticeable effect on the shape of
the power spectrum on scales ~ 3—4 times the FWHM. By incor-
porating the PSF response into our model, the fits shown in Figure
2 account for the apparent break point on those scales. Table 1 pro-
vides the fitted parameters using Equation 4. These results show
that the power spectra are all well-fit by a single power-law, plus a
point source term for maps with ~ 10 pc resolution (i.e., the LMC
and SMC) and do not require a physical break point in the model.

Figure 3 shows the power spectra and fits for the MIPS 24 ym
maps at their original resolution. The MIPS 24 um PSF has no-
ticeable non-Gaussian features that result in a “step” in the PSF

2 Typically 3 is used for the tempering parameter, but we adopt 8* to avoid
confusion with the power spectrum index 3.
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response3 . Each of the galaxy maps show this step feature in their
power spectra, indicating these breaks are solely from the PSF. All
of the power spectrum fits are best described by a single power-law
model, except for the LMC MIPS 24 um shown in the top panel
of Figure 3, which we explore in further detail in §3.5. Repeat-
ing this analysis with the MIPS 24 pm convolved to a Gaussian
PSF, we find consistent power-law indices, demonstrating that the
fits are not strongly dependent on the PSF model. Table 2 provides
the complete fit parameters for all bands and resolutions, with the
WAIC used for model selection.

In a few cases, we found that the power spectra did not fol-
low the PSF response on small scales. In each case, other system-
atic effects not included in the model dominate the power spectrum
shape. These cases are indicated by a 4 in Table 2 and a longer ex-
planation is provided in Appendix A. In most cases, we found that
cross-hatching of telescope scans near bright emission enhances the
power on scales near to or smaller than the FWHM of the PSF. It is
difficult to account for this effect in our model, so we instead fit a
model without the PSF response (Equation 1) and limit the scales
fit to several times the PSF FWHM.

3.5 A break due to 30 Doradus in the LMC MIPS 24 ym
power spectrum

We find that all power spectra in our sample are well-fit by a sin-
gle power-law plus point source model with the exception of the
LMC MIPS 24 pum map. For the LMC at 24 um, Figure 4 shows
a distinct bump in the power spectrum on scales of > 80 pc, mak-
ing the broken power-law model (Equation 2) preferred based on
the WAIC of each fit. This feature is also noted by Block et al.
(2010). However, the break scale from broken power-law model is
not well-constrained. We derive somewhat different values when
we fit the data at their original resolution and when we fit the map
after smoothing to a Gaussian kernel (Table 2). In this section, we
identify 30 Doradus (30 Dor) as the source for this break.

A significant fraction (~ 30%) of the LMC’s emission at
24 um is solely from this giant H II region. We investigate the ef-
fect that a prominent single source has on the power spectrum by
calculating the power spectrum in 3 kpc boxes with and without 30
Dor, where the edges of both boxes have the same apodizing ker-
nel applied to suppress Gibbs ringing. Figure 4 shows the distinct
difference in these power spectra. The box containing 30 Dor has
a power spectrum that closely matches the LMC’s power spectrum
and contains a similar bump at the same scales. In contrast, the box
without 30 Dor follows a power-law to the scale of the box.

Figure 4 shows the power spectrum from two 3 kpc boxes,
one with and one without 30 Dor. The region with 30 Dor clearly
shows a similar deviation from a single power-law matching the
power spectrum of the whole galaxy. The region without 30 Dor
does not show this deviation is an noticably shallower, similar to
the MIPS 24 um power spectra of the other galaxies (Table 2). We
fit a single power-law to the power spectrum without 30 Dor and
find an index of 1.29 + 0.02, steeper than the large-scale index of
1.13 £ 0.03 from the power spectrum of the entire image.

We initially fit a broken power-law (Eq. 2) to the power spec-
trum with 30 Dor, however, the break point from the fit converges
to the beam size. Restricting the fit to larger scales did not lead to
an improved fit. We therefore only fit a single power-law model to
the power spectrum from this region. The single power-law fit gives

3 For M33, the step in the PSF is on ~ 80 pc scales.
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Figure 2. 1D power spectra of the dust surface density (left column) and the fitted models (right column; Table 1) for the LMC, SMC, M31, and M33 shown on
a common physical scale. The orange dashed-dotted line shows the power spectrum of the PSF response, scaled to an order of magnitude below the amplitude
from the fit. The vertical thick gray dotted line is the FWHM of the PSF response. The standard deviation on the power spectrum is shown in the shaded gray
region in the left panel. The dashed orange line in the right column panels is the best fit model, and the underlying gray lines are the model fits from 10 random
draws of the MCMC. The power spectra are well-fit by a single power-law and point-source component, while the PSF response is solely responsible for the
break point on small scales.

Table 1. Fit parameters for the 1D dust surface density power spectra to Equation 4. Uncertainties are the 1-o- interval estimated from the MCMC samples.
Missing entries in log; B are unconstrained in the fit and not used.

Galaxy  Resolution (”)  Phys. Resolution (pc) logjp A B logjo B logip C
LMC 534 13 1.67 £ 0.08 2.18+0.05 2.82+0.32 0.79+0.08
SMC 43.2 13 -0.16 £0.25 2.47+0.15 2.52+0.04 2.93+0.18
M31 46.3 167 0.02 +0.13 2.46 +0.14 - 0.33 £ 0.06
M33 41.0 167 1.32+0.15 1.11+0.14 - 0.13 +£0.03

an index of 1.76 + 0.02, which is consistent with the index below
the break point from the power spectrum of the entire galaxy. Since
this fit agrees with the entire image power spectrum, the broken
power-law fit likely did not converge due to the lack of data points
at the largest scales within the 3 kpc region. This is similar to the
change in the break point between the original and convolved LMC
MIPS 24 um power spectra. The break point is very sensitive to the
data.

This example demonstrates how the power spectrum shape
can be significantly altered by a small number of regions with large
intensity relative to the whole image. Willett et al. (2005) find a

similar result in the power spectrum of NGC 2366 in He, where
a giant H 1I region causes an additional power spectrum “bump.”
Images with power spectrum breaks should be tested for whether
the break is due to a limited number of bright discrete features.

3.6 Power spectrum variations within local 820 pc regions

We test whether the power spectrum varies across the LMC and
SMC by computing the dust column density power spectra in local
(~ 820 pc) regions. We choose 820 pc to balance between measur-
ing local variations and retaining sufficient information to constrain

MNRAS 000, 1-18 (2019)
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Table 2. Fit parameters for the individual band power spectra to Equations 1 & 2 with forward-modelling the PSF response (Equation 3. Uncertainties are the
1-o interval estimated from the MCMC samples. Missing entries in log;B are unconstrained in the fit and not used, while missing entries in other parameters
(B> and k3, ) are cases where the broken power-law model is not preferred. The model preference is indicated by the bold-faced WAIC value and chosen based
on a lo difference for the broken power-law, or < 1o for the single power-law. The latter is chosen based on the lack of evidence for a more complex model.
Fits labelled with * do not include the PSF shape in the model (see Appendix A), and those labelled with ¢ use an apodizing kernel to minimize ringing in
the FFT from large values at the image edges.

FWHM FWHM xp = 1/kp, BP SP
Galaxy Band @) (pc) logip A B logio B B> (pc) WAIC (x10%)  WAIC (x10%)
LMC MIPS 24 6.5 2 13.65+0.09 1.13+0.03 - 1.79+0.07 190 +25 241.0+0.4 241.5+0.4

11.0 3 14.28 £0.07  0.50 +0.09 - 1.77+0.18 439 +46 152.9+0.3 153.2+0.3
MIPS 70 18.7 5 10.14+0.04 1.70£0.02  10.96 + 1.40 - - 102.2+0.2 102.2+0.2
30.0 7 10.22+0.03  1.67 £0.02 - - - 67.1+0.2 67.1+0.2
PACS 100 7.1 2 11.17£0.04  1.73+£0.02  13.13+0.02 - - 289.6+0.3 289.7+0.3
9.0 2 11.24+0.04 1.70£0.02  13.02 +0.02 - - 233.7+0.3 233.7+0.3
MIPS 160 38.8 9 7.84+0.07 2.13+0.04 9.05+0.71 - - 40.7 0.2 40.8 + 0.02
64.0 16 8.07+0.05  2.00+0.04 - - - 26.3+0.1 26.3+0.1
PACS 160 112 3 10.07£0.04 1.88+0.02 11.61+0.04 - - 166.3 £ 0.3 166.3+0.3
14.0 3 10.14 £0.05 1.84+0.03 11.45+0.08 - - 137.5+0.3 137.5+0.3
SPIRE 250 18.2 4 8.59+0.06 1.89+0.04 - - - 89.7+0.2 89.7+02
21.0 5 8.64+0.04 1.87+0.03 - - - 79.2+0.2 79.2 +0.02
SPIRE 350 25 6 7.31+£0.03  1.95+0.02 - - - 56.5+0.2 56.5+02
28.0 7 7.33+0.03  1.95+0.03 - - - 51.3+0.2 51.3+0.2
SPIRE 500 36.4 9 6.16+0.03  1.99 +0.03 - - - 33.9+0.2 33.9+0.2
41.0 10 6.18+0.04  1.97+£0.03 - - - 30.7+0.2 30.7+0.2
SMC MIPS 24 6.5 2 8.91+0.02 0.78+0.01 - - - 116.2+0.2 116.2+0.2
11.0 3 9.09+0.03  0.67 +0.02 - - - 72.7+0.2 72.7+0.2
MIPS 70% 18.7 6 7.17+0.33  1.98+0.14 10.56 +0.38 - - 1445+ 0.4 1445+ 0.4
30.0 9 7.51+0.37 1.83+0.17 10.67 +0.23 - - 145.9 £ 0.4 1459+ 0.4
PACS 100 7.1 2 8.47+0.16 1.93+0.07 11.78+0.01 - - 131.1£0.2 131.1+0.2
9.0 3 8.68+0.16 1.85+0.07 11.74+0.01 - - 105.5 £0.2 105.5+0.2
MIPS 160* 38.8 12 576 +0.14 233+0.10 7.51+0.08 - - 16.4 +0.1 16.4+0.1
64.0 19 6.03+0.23  2.15+0.15 - - - 10.7 £ 0.1 10.7 0.1
PACS 160%-¢ 11.2 3 7.40 £0.06  2.16 +0.04 - - - 37.4+0.1 37.4+0.1
14.0 4 7.74+0.05  2.04+0.03 - - - 38.0+0.1 38.0+0.1
SPIRE 250 18.2 5 6.24+0.11  2.17+0.07 8.19+0.04 - - 37.2+0.2 37.2+0.2
21.0 6 6.27+0.13  2.15+0.08 8.17+0.06 - - 32.9+0.2 329+02
SPIRE 350 25 8 5.05+0.12 2.28+0.08 6.88+0.05 - - 23.1+0.1 231+0.1
28.0 8 511011 2.24+0.07 6.87+0.06 - - 20.9+0.1 20.9+0.1
SPIRE 500 36.4 11 3.88+0.15 2.39+0.09 5.93+0.06 - - 13.6 +0.1 13.6+0.1
41.0 12 3.98+0.15 2.32+0.10 5.90+0.07 - - 12.3+0.1 123+0.1
M31 MIPS 24 6.5 23 5.55+0.34 1.39+0.18  7.82+0.68 - - 50.9 +0.1 50.9+0.1
11.0 40 5.08+035 1.59+0.16 7.90+0.50 - - 31.7+0.1 31.7+0.1
MIPS 70 18.7 67 4.74+0.42 2.11+0.20 7.52+0.08 - - 16.5+0.1 16.5+0.1
30.0 108 459+044 2.16+0.22 7.53+0.13 - - 10.9£0.1 11.0+0.1
PACS 100% 7.1 26 8.34+0.13  1.91+0.07 - - - 19.9+0.1 19.9 £ 0.1
9.0 32 8.77+0.14  1.77 +£0.07 - - - 20.2+0.1 20.2+0.1
MIPS 160¢ 38.8 140 579+023 1.87+0.19 - - - 8.05 +0.08 8.05 + 0.08
64.0 231 576 +0.16  1.89+0.16 - - - 5.21+0.08 5.21+0.08
PACS 160* 11.2 40 7.95+0.18 2.20+0.08 11.57+0.04 - - 433+0.1 433+0.1
14.0 50 8.18+0.21  2.11+0.09 11.44+0.07 - - 35.5+0.1 355+0.1
SPIRE 250* 18.2 66 6.10+0.07  2.16 £0.07 - - - 18.4+0.1 18.4+0.1
21.0 76 6.10+0.08 2.16+0.07 - - - 16.4+0.1 16.4 +0.1
SPIRE 350* 25 90 5.01+0.07 2.21 £0.08 - - - 11.5+0.1 11.5+0.1
28.0 101 5.03+0.08 2.21 £0.08 - - - 10.5+0.1 10.5+0.1
SPIRE 500* 36.4 131 4.04+0.11  2.18+0.11 - - - 6.8+0.1 6.8+0.1
41.0 148 4.07+0.12  2.17+0.12 - - - 6.2+0.1 6.2+0.1
M33 MIPS 24 6.5 26 9.25+0.09  0.46 +0.05 - - - 25.7+0.1 257+0.1
11.0 45 9.26+0.09  0.46 +0.05 - - - 15.9+0.1 15.9+0.1
MIPS 70 18.7 76 8.21+0.08  0.99 +0.06 - - - 8.38 +0.06 8.38 +0.06
30.0 122 8.30+0.11  0.94+0.08 - - - 5.51+0.05 5.51+0.05
PACS 100 7.1 29 9.24+025 1.30+0.13 - - - 26.7£0.1 26.7+0.1
9.0 37 9.47+0.10  1.20+0.06 - - - 21.7+0.1 21.7+0.1
MIPS 160 38.8 158 6.18£0.11  1.50+0.11 - - - 3.19 £ 0.05 3.19+0.05
64.0 261 6.43+0.28 1.30+0.21 - - - 2.06 +0.03 2.06 +0.03
PACS 160 11.2 46 8.61+0.09  1.31+0.07 - - - 15.6+0.1 15.6+0.1
14.0 57 8.52+0.09 1.37+0.06 - - - 12.9+0.1 129+0.1
SPIRE 250 18.2 74 6.68+0.07 1.51+0.06 - - - 7.83 +0.07 7.83+0.07
21.0 86 6.73+0.08  1.47 £0.07 - - - 6.94 +0.07 6.94 +0.07
P 25 102 5.54+0.07 1.42+0.07 - - - 4.75 £ 0.06 4.75 + 0.06
MNRAS 000, §_}§1(‘2%ﬂ%) 28.0 114 5.60+0.08 1.38+0.07 - - - 4.32+0.07 4.32+0.07
SPIRE 500 36.4 148 4.66+0.09 1.17+0.08 - - - 2.72 £0.05 2.72+£0.05
41.0 167 472+0.10 1.15+0.08 - - - 2.46 +0.05 2.46 +0.05
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Figure 3. 1D power spectra of MIPS 24 um maps (left column) and the fitted models (right column; Table 2), similar to Figure 2. A similar figure for each
band is included as supplemental information. The MIPS 24 pm PSF is highly non-Gaussian, as is clear from the extra “step” in the response on small scales.
Similar to the dust surface density, the power spectra are well fit without a break point. The only exception across all of the bands is the LMC MIPS 24 ym
power spectrum in the top panel. A broken power-law model (Eq. 2) is marginally preferred with a break point at 190 pc, shown in the labeled gray vertical

line. We show in §3.5 that 30 Doradus causes this deviation.

the power spectrum. The high physical resolution (~ 10 pc) allows
for a large spatial range to be studied in the local power spectra.
Due to the lower physical resolution in M31 and M33, we cannot
access such a large spatial range in those galaxies.

Previous power spectrum studies of the Magellanic Clouds
find spatial variations in the power-law index (Muller et al.
2004), potentially tracing variations in the turbulence. Furthermore,
Padoan et al. (2001) identify a spatially varying scale height across
the LMC studying the H 1 emission from 180 pc regions using the
Spectral Correlation Function.

We test for a varying break point by splitting the LMC and
SMC dust surface density maps into ~ 820 pc overlapping squares
and fit the power spectra in each region with Equation 4. These
square regions tend to have bright emission at their edges, so we
apply a Tukey apodizing kernel to remove ringing in the FFT, as
explained in §3.1. We focus only on the Magellanic Clouds for this
analysis since the resolution of 13 pc is an order of magnitude be-
low the ~few 100 pc disc scale height of atomic gas in dwarf galax-
ies (Walter & Brinks 1999).

There are large signal-to-noise (S/N) variations among the re-

gions. The vast majority of regions have sufficient signal to mea-
sure the power law component, though a few regions in the SMC
are clearly dominated by noise. When fitting the local power spec-
tra, we found that the S/N variation leads to strong correlations be-
tween the B and C parameters from Equation 4. Since this analysis
is primarily concerned with variation in the power law properties
(index and break point), we limit the fits in this section to scales
of 4 x FWHM ~ 52 pc and only fit the power law (i.e., we fix
B = 10729, the lower limit on the prior). This spatial limit on the
fit still captures the “break” due to the PSF response and so is ade-
quate for this analysis.

We further attempted to model the local power spectra with a
broken power-law model (Eq. 2) to test for the presence of strong
breaks. However, we do not find any cases where the broken power-
law model is strongly preferred. This is in part due to the smaller
spatial range, where there is a lack of data points on > 400 pc
to constrain a break. We focus the remainder of this analysis on
variations in the power spectrum index.

Figure 5 shows LMC and SMC power spectra from the whole
map and from randomly-selected 820 pc boxes. In all cases, we find

MNRAS 000, 1-18 (2019)
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Figure 4. power spectra of the MIPS 24 um image for the LMC convolved
to an 11” (3 pc) Gaussian beam, and equal area regions (4 x 3.6 kpc? area)
that include and exclude 30 Doradus. The power spectra are normalized
by their maximum and offset by 10? to show the relative shapes. For the
entire LMC and the region including 30 Doradus, there is a deviation and
break point from a single power-law at ~ 80 pc. In the region without 30
Doradus, however, the power spectrum is well-described by a single power-
law. In this case, the flux from 30 Doradus relative to the entire LMC is
sufficient to produce a break in the power spectrum.

that the PSF accounts for the power spectrum shape on small scales
and that a break point is not required in the model. The lack of a
break point on local scales rule out a varying disc scale height as an
explanation for finding no break point in the whole galaxy power
spectra.

The local power spectra in Figure 5 show variation on scales
unaffected by the PSF response, implying that the fitted amplitude
and power law index vary with position in both galaxies. While the
amplitude is set by the total emission in the box, variations in the
index imply changes in the emission morphology. Figure 6 shows
the power spectrum index () overlaid on the dust surface den-
sity maps. The power spectrum indices vary from 1.31 + 0.23 to
2.88 +0.22 and 0.82 + 0.38 to 2.50 + 0.22 in the LMC and SMC,
respectively, after removing all regions near the edges of the col-
umn density maps where the noise increases. The range in local
power spectrum indices is drastically larger than the uncertainty on
the global power spectrum index for both galaxies (2.18 +0.05 and
2.47 £ 0.15; Table 1). This then implies that the local power spec-
trum variations are real and not due to noise fluctuations.

In the higher surface density regions to the north and west, the
SMC power spectrum varies in index by +1. The steepest power
spectra have indices of 2.5 and are offset from the highest surface
density regions, suggesting steeper power spectra are sensitive to
the gradients in surface density. In these regions, there is an excess
of emission on larger scales and a deficit of small scales—due to
the offset from the peak in the emission—Ileading to a steep power
spectrum. A similar result is found by Burkhart et al. (2010), who
find extremes in the skewness and kurtosis of the local HI sur-
face density distribution near large gradients. The LMC index map
shows a similar trend, with steep power spectra offset from 30 Dor
and south along the Molecular Ridge along the eastern edge of the
LMC.

Spatial variations in the H I power spectrum or structure func-
tion, the real-space analog, have been noted in the Magellanic
Bridge (Muller et al. 2004) and the SMC (Nestingen-Palm et al.
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2017). In the latter work, Nestingen-Palm et al. (2017) split the
SMC into regions based on the star formation rate. They find no
change in the index with star formation rate, which is somewhat
different than the variations correlated with IR brighntess that we
observe. In addition to using a different tracer (they use H 1, we use
dust), the regions they use are significantly larger than the 820 pc
boxes than from this analysis. In particular, the bright north and
west regions are included in the same high SFR region, which is
the area we find moderate variations in the power spectrum index.

More recently, Szotkowski et al. (2019) use the “rolling power
spectrum” to explore changes in the H 1 power spectrum with spa-
tial position in the SMC and LMC. They find evidence of power
spectrum breaks only in the LMC, where the power spectra flatten
above the break. Since we do not find this behaviour over the same
regions using the dust column or IR bands, this suggests that the H 1
may be better coupled to stellar feedback than the total gas column
traced by the dust. While Szotkowski et al. (2019) do not forward
model the PSF response, the power spectra are cut-off at the beam
scale. This implies that breaks on scales much larger than the beam
(3 x FWHM ~ 90 pc) are robust against the PSF shape.

4 DISCUSSION

We show that the IR and dust surface density power spectra for the
LMC, SMC, M31 and M33 are well-modeled by a single power-
law with point-source term, when the PSF response is accounted
for. A broken power-law model is only preferred for the LMC MIPS
24 pum image and results from 30 Doradus (§4).

Here we discuss trends in the power spectrum properties
across bands and galaxies and compare with previous studies, some
of which have found evidence for breaks in the power spectrum.
We also compare the dust, CO and H 1 power spectra in M31 and
M33. We find discrepancies in the fitted index of these three tracers.
This strongly suggests that a comprehensive spatial power spec-
trum analysis requires a multi-tracer approach.

4.1 Comparisons with literature power spectra

This paper uses a large suite of archival observations, many of
which have been previously analyzed using the spatial power spec-
trum. Here, we present an overview of spatial power spectra in the
four galaxies analyzed here, including tracers not explored in this
work. Where appropriate, we compare our results to these previ-
ous works, highlighting discrepancies in fit values that occur due to
different fitting procedures. Accounting for differences in method-
ology, our power spectrum fits agree with previous analyses using
similar data sets. We then compare how the power spectra from
the IR and dust surface density compares to literature values at
other bands. We note here that our definition of the power-law in-
dex (< k) is defined so measured indices should have B > 0.
Where appropriate, we alter the sign of literature values to follow
this convention.

4.1.1 LMC

Block et al. (2010) use the LMC MIPS maps (Meixner et al. 2006)
fit to a two-component power law model, where the component on
large scales should have a similar index to our fits. On large scales,
they find indices of 0.78 £0.19, 1.83 +0.36, and 2.15 + 0.48 at 24,
70, and 160 pm, respectively. The latter two agree with our fitted
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Figure 5. Dust surface density power spectra of the entire LMC and SMC maps (black lines) and thirty randomly-selected power spectra (gray lines) from
~ 820 pc local regions. The dashed line is the PSF scaled to compare with the power spectra shape. Local power spectra steepen at small scales according
to the PSF response and do not show a distinct break point on small scales. There is substantial spatial variation in the local power spectrum index, which is

shown in Figure 6.

SMC

2.6

1.4

Figure 6. The LMC and SMC dust surface density maps overlaid with the power spectrum index measured in 820 pc regions. There is a 400 pc overlap
between regions so the points shown in the figure are correlated with their neighbours. We restrict the analysis to high S/N regions, which removes regions at
the edge of the LMC and a significant portion of the SMC. In both galaxies, there is significant variation in the power spectrum index (see uncertainty map in
Figure D1) from the index over the whole galaxy (2.18 + 0.05 and 2.47 + 0.15 for the LMC and SMC, respectively).

indices, while the 24 pm is flatter due to the influence of 30 Dor
§4.

The power spectrum of HI in the LMC is presented in
Elmegreen et al. (2001) and Elmegreen et al. (2003a), where they
find that the large-scale index is around 5/3 on larger-scales (>
100 pc), as would be expected for Kolmogorov turbulence.

4.1.2 SMC

In the SMC, Stanimirovic et al. (2000) present power spectra from
60, and 100 pum JRAS bands. When fit to a single power law model,
the 60 and 100 um power spectra have indices of 2.4+0.2 and 3.2+
0.3, respectively. Small scales that appear to be affected by the PSF

response are included in the fit, leading to steeper power spectra
than if only the large scales were fit; the 100 pum with its larger
PSF is more affected by the decrease in power on small scales.
Consistent with this difference in the power spectrum models, we
find much shallower power spectra of 1.98 +0.14 and 1.93 + 0.07
in the MIPS 70 and 100 pm bands, respectively. Accounting for
uncertainty, the /RAS 60 um index from Stanimirovic et al. (2000)
is consistent with our fit to the MIPS 70 yum.

In H 1, Stanimirovic et al. (1999) find a power spectrum index
of 3.04 + 0.02 (see also Stanimirovic et al. 2000; Nestingen-Palm
et al. 2017), steeper than the power spectra we find for the dust
surface density (2.47 + 0.15).
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4.1.3 M33

Combes et al. (2012) present power spectra from a large number of
tracers for M33, including the MIPS, PACS, and SPIRE bands. Like
the LMC analysis by Block et al. (2010), they fit a two-component
power law model to the power spectra; we compare the large-scale
indices with ours. A second difference between our analyses is the
fits from Combes et al. (2012) include the two smallest spatial fre-
quency bins, which we do not include in our fits as the values in
these bins are significantly larger than what would be inferred from
the power law model. The indices we find tend to be shallower
than those found reported by Combes et al. (2012), consistent with
excluding the smallest frequency bins. The discrepancies are the
largest for the MIPS bands, where our fitted indices are ~ 0.5
smaller. The discrepancy is smaller and roughly within the index
uncertainty for the PACS and SPIRE maps.

Combes et al. (2012) include power spectra of the molecular
and atomic neutral ISM traced through H1 and CO(2-1), respec-
tively (Gratier et al. 2010; Druard et al. 2014). On large-scales (un-
affected by the PSF shape), they find indices of 2.4 for the HT and
1.5 for CO(2-1). The latter does not flatten on large-scales. Koch
et al. (2019b) shows that an excess of power on large scales is due
to the clustering of GMCs in the inner few kpc. We also explore
these tracers in M33 in §4.4 and compare the recovered indices
there.

Combes et al. (2012) also include additional tracers that we
do not explore, including Ha, and GALEX NUV and FUV. They
find indices of 1.2 for the NUV and FUV bands, similar to what we
find in the IR bands. The Ha index they find is 0.77, similar to the
MIPS 24 pum power spectrum and consistent with an independent
study by Elmegreen et al. (2003b). These similarities are expected
since these are tracers of star formation that inherits some of the
galactic ISM structure.

Finally, Elmegreen et al. (2003b) present power spectra of
M33 in the B, V, and R bands. These optical bands are dominated
by the stellar component and are not expected to match the ISM-
dominated maps that we explore here. By calculating a power spec-
trum from 1D azimuthal strips, they find indices of 0.66+0.66. The
large uncertainty is due to contamination from foreground stars.

4.14 M31

There is little previous work on spatial power spectra in M31,
likely due to its high inclination. We discuss the similarity of M31’s
power spectra to those of the Magellanic Clouds in §4.3.

4.2 Variations in the power spectrum index across bands

Large-scale variations in the shape of the dust spectral energy den-
sity, e.g., due to temperature variations, could alter the shape of
the power spectrum measured at IR different bands. Figure 7 sum-
marizes our fitted power spectrum indices from Tables 1 & 2 for
each galaxy. The MIPS 24 um index is consistently shallower than
those at longer wavelengths by 0.5-1.2. As we have shown in §3.5,
bright emission regions at 24 um, like 30 Doradus in the LMC, can
alter the power spectrum shape over a large range of scales. Bright
concentrated sources could result in the shallow power spectra we
find in all four galaxies. The 24 um power spectra have a similar
index to studies using Ha in nearby galaxies, consistent with bright
emission in both tracers arising from compact star-forming regions
(Elmegreen et al. 2003b; Combes et al. 2012).

At longer wavelengths, there is less variation in the index. In
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Figure 7. 1D power spectrum index with 1o~ uncertainty error-bars for each
band and the dust surface density map across all four galaxies (see Tables
1 & 2). We show the indices for the original images and the images con-
volved to a Gaussian, using the kernels described in Aniano et al. (2011),
to highlight the agreement between the two results, which is expected if the
powers-spectra are well-fit without a break point. The LMC MIPS 24 ym
has both indices from the broken power-law fit shown, where squares indi-
cate the index on small scales (above the break) and diamonds indicates the
index on large-scales (below the break). The MIPS 24 pm indices are con-
sistently flatter than the other bands, while all other have slopes of ~ 2, in
broad agreement with literature values. M33 has a consistently flatter power
spectrum relative to the other galaxies.

the LMC and SMC, there is a mild trend of steeper power spectra at
longer wavelength. The power spectrum index in M31 is relatively
constant across the longer wavelength bands, while M33’s power
spectrum in the three SPIRE bands becomes shallower. With these
differences, and the limitations of a small sample size, we find no
consistent trend in the power spectrum index from 70-500 um.

4.3 Variation in the power spectrum index between galaxies

The LMC, SMC, and M31 differ significantly in their large-scale
morphology (Figure 1), yet they have a similar power spectrum
index. Figure 7 shows that the LMC, SMC, and M31 have simi-
lar power spectra ranging from 2-2.5, excluding the MIPS 24 um
band. In all cases, the power spectra are shallower than the 8/3
predicted for 2D Kolmogorov turbulence (e.g., Elmegreen & Scalo
2004).
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The small range in power spectrum indices of the LMC, SMC,
and M31 could suggest the dust emission shares a similar mor-
phology when resolving < 167 pc scales, though this similarity
is not apparent from the maps in Figure 1. For the LMC and SMC,
where < 13 pc scales are resolved, bright features in the dust sur-
face density maps correspond to GMCs, and, particularly for the
LMC, there are large voids from supershells (Kim et al. 1999). The
167 pc resolution of the M31 dust surface density map is not suffi-
cient to resolve individual GMCs, and the bright regions in the map
primarily highlight M31°s ring structure at Ry, ~ 10 kpc. This dis-
crepancy in the spatial morphology at different scales demonstrates
that different spatial morphologies can produce similar power spec-
tra.

M33 has a consistently flatter power spectrum compared to
the other three galaxies, excluding the MIPS 24 um band, with in-
dices ranging from 1-1.5. This difference in the power spectrum in-
dex results from M33’s flocculent spiral morphology with a central
enhancement of molecular gas, which differs from the distributed
molecular gas morphology in the LMC and SMC, and the predom-
inant molecular rings in M31. M33’s molecular gas, and thus the
highest dust surface density, is centrally concentrated into the inner
few kpc; Druard et al. (2014) show that the azimuthally-averaged
molecular gas surface density, from CO(2-1), is well-fit by an expo-
nential disc with a scale length of 2.1 kpc. This is in contrast with
the H 1 distribution, which has a roughly constant average surface
density of ~ 8 Mg pc~2 in the inner 8 kpc (Druard et al. 2014; Koch
et al. 2018). Approximating the disc as a uniform exponential disc,
the power spectrum should have a break near the disc scale length4
and a flat power spectrum on larger scales. While this is a plausible
explanation for the CO(2-1) power spectrum from Combes et al.
(2012) (see Koch et al. 2019b), this simple model does not explain
the lack of a power spectrum break near the disc scale length nor
the shallow power spectrum measured for the dust surface density
and IR bands. This implies that the more diffuse and predominantly
atomic gas plays an important role in setting the large scale power
spectrum shape. We compare the H I properties to the dust in M33
in §4.4.

To test this hypothesis of shallow power spectra from a cen-
tralized Hj distribution, we require other nearby face-on galaxies
where similar physical scales to the M33 observations can be re-
solved, of which there are few. We choose to compare with the
face-on spiral galaxy IC 342, which has a distance of 3.4 kpc (Tully
et al. 2013). Using the Herschel bands (Kennicutt et al. 2011), the
PACS 160 um resolution resolves 11.2”" ~ 180 pc scales, similar
to the physical resolution of the SPIRE 500 ym and dust surface
density maps of M31 and M33 used here?.

We perform the same analysis on IC 342 that is described in
§3. We find that IC 342 has a flat power spectrum similar to M33,
with typical indices around 1 (see Table E1), deviating from the in-
dex from the LMC, SMC, and M31. The similarity between M33
and IC 342 suggests that galaxies with a centrally concentrated
Hj-distribution tend to have flatter power spectra, consistent with
our expectation above for an exponential (molecular) disc plus a
constant (mostly atomic) component. Grisdale et al. (2017) find a
similar result in their analysis of power spectra from galaxy-scale
simulations and H1 data from THINGS (Walter et al. 2008). They
demonstrate this dependence on the gas mass distribution by in-

4 The inclination would broaden the power spectrum break.
5 There are discrepancies in the expected PSF shape for the IC 342 PACS
100 p#m map and so we exclude it for this comparison.

cluding an extended uniform gas component with different surface
densities and find that this added component steepens the power
spectrum on large scales. The connection with 2D turbulence on
large scales is then tenuous for these galaxies.

Though the methodology and resolution of the data differ, in
general the power spectrum indices that we find agree with previ-
ous work on other galaxies. Indices from power spectra measured
in various optical bands range from 0.6 to 1.8 (Elmegreen et al.
2003b; Willett et al. 2005; Elmegreen et al. 2006), while those from
3.6-8.0 um range from 0.8-2.8 (Block et al. 2009). The most stud-
ied tracer, and with the widest range in indices, is the 21-cm H1
line. Previous studies find indices that range from 0.3 (Dutta et al.
2013) to 4.3 (Zhang et al. 2012), though most indices range from
1.5-3.0 (Begum et al. 2006; Dutta et al. 2008, 2009a,b; Zhang et al.
2012; Dutta et al. 2013; Dutta & Bharadwaj 2013). Low-inclination
spiral galaxies tend to have flatter power spectra in previous studies
(Dutta & Bharadwaj 2013), broadly consistent with our findings for
M33 and IC 342.

Spatial power spectra within the Milky Way tend to be steeper
than in extragalactic systems, though they around found in a sim-
ilar range. The power spectra we find here are consistently shal-
lower than power spectra from Milky Way studies. Galactic H1
power spectra typically have indices from 2.5-4 (Deshpande et al.
2000; Dickey et al. 2001; Miville-Deschénes et al. 2003; Pingel
et al. 2013; Martin et al. 2015; Blagrave et al. 2017; Pingel et al.
2018), with extreme values of 2.2 (Green 1993) to 4.9 (Kalberla
et al. 2017). Values from dust include 2.7 from extinction over
the Perseus molecular cloud (Pingel et al. 2018), 2.9 from dif-
fuse galactic light in optical bands (Miville-Deschénes et al. 2016),
and 2.7 from Herschel SPIRE maps of the Polaris flare (Miville-
Deschénes et al. 2010). The latter example is ~ 0.5 steeper than
the indices we find for SPIRE maps of the LMC, SMC, and M31
(Table 2). We note that Milky Way studies using the spatial power
spectrum do not find strong evidence for power spectrum breaks.

Even if multiple spatial distributions yield the same power
spectrum index, our results still a key benchmark for simulations
that aim to reproduce Local Group-like galaxies. Several recent
works aim to simulate galaxies with properties closely matching
the LMC, SMC, M31, M33, or the Milky Way (Combes et al.
2012; Wetzel et al. 2016; Grisdale et al. 2017; Dobbs et al. 2018;
Garrison-Kimmel et al. 2019) with many producing “synthetic” ob-
servations to compare with properties found in the actual observa-
tions (e.g., Dobbs et al. 2019), a key step for directly comparing
simulations and observations (Haworth et al. 2018). For any simu-
lation the produces dust maps or synthetic IR observations, match-
ing our measured power spectrum represents an important check.

4.4 Comparisons with H1and CO power spectra

The dust surface density closely traces the total neutral gas surface
density, related only through the dust-to-gas ratio. In contrast, 21-
cm H1or CO emission traces only a particular phase of the neutral
ISM. This makes the dust surface density a potentially useful tool
to compare how the power spectrum changes in the atomic and
molecular ISM phases.

We found in the previous section (§4.3) that the large-scale
galactic distribution affects the power spectrum shape. In this sec-
tion, we compare the dust power spectrum with those from HI and
CO, which cleanly separate the atomic and molecular components
of the neutral ISM, to measure how the power spectrum changes in
the different neutral ISM components.

Due to the different conditions in each neutral ISM phase, the
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turbulent properties in the H1 and H, may differ. Romeo et al.
(2010) demonstrate how the transsonic or subsonic conditions in
warm HT alter the stability conditions relative to the supersonic
turbulence from H in molecular clouds. In particular, if warm H1
traces a transsonic or subsonic density field, density fluctuations
from the mean will be small. This means that the 1D power spec-
trum from the HT surface density should be flatter than the Hp
(traced by CO). These differences in the turbulent properties of the
atomic and molecular ISM have important consequences for setting
the local stability of the galactic disc (Hoffmann & Romeo 2012;
Romeo & Agertz 2014).

Furthermore, dust may be a passive tracer in ISM turbulence,
meaning that it may not actively contribute to the turbulence and
may have different properties from the gas (e.g., Goldman 2000).
Dust may further be subject to additional drag instabilities (Hop-
kins 2014; Hopkins & Squire 2018). The comparisons between
the dust, H1 and CO we show here may results from any of these
sources. We focus our analysis on looking for consistent differences
between the power spectra of these different tracers.

Previous work on the SMC and LMC shows that the HT is
steeper than the dust power spectra we find here. In the SMC, the
H1 power spectrum is well-described by a single power-law (over
the entire galaxy) with an index of 3.04 + 0.02, and between 5/3
and 8/3 (Elmegreen et al. 2001), respectively. Combes et al. (2012)
similarly find a steeper H 1 power spectrum (2.4 + 0.2) relative to
the IR bands and CO in M33.

To further this comparison, we calculate the H and CO inte-
grated intensity power spectra of M33 and M31°. We use the Karl
G. Jansky Very Large Array (VLA) M33 H 1 map from Koch et al.
(2018) and IRAM 30-m CO(2-1) map from Druard et al. (2014),
both of which are convolved to the 167 pc (46.3”) resolution of
the dust surface density map. For M31, we use a new VLA H 1 map
(Koch et al. in prep) with 58" resolution and the CO(1-0) map from
Nieten et al. (2006). The M31 H I map has a lower resolution than
the dust and CO maps, so we convolve these maps to match the H 1.
This gives a resolution of 201 pc (58”).

We fit the H1 and CO power spectra to Equation 3. Table 3
presents the fit parameters for the H 1, CO, and dust power spectra.
The power spectra are all well fit by a single power-law model (Eq.
1). Figure 8 shows the consistent differences between the H 1, dust,
and CO power spectra, where H 1s the steepest and CO is the shal-
lowest. Our fits to the M33 H1 and CO are flatter than those found
by Combes et al. (2012), though they use a resolution of 48 pc
for both and do not account for the PSF shape; fitting the H I power
spectrum at its native 80 pc resolution gives an index of 2.30+0.13,
consistent with Combes et al. (2012). Combes et al. (2012) also in-
clude the smallest frequency bins from the power spectrum, which
strongly deviate above the power-law relation. We exclude these
data in our analysis.

A steeper H1 power spectrum relative to the dust implies a
lack of power on small scales in the H 1. In terms of the molecular
and atomic column density, there are four sources for this discrep-
ancy: (1) the Hy distribution differs from the H I on galactic scales,
(2) saturated H 1 on small scales, (3) optically-thick H 1 dominates
on small scales, and (4) radial changes in the dust-to-gas ratio due
to radial metallicity gradient. The first three will remove structure
on small-scales, smoothing the spatial distribution of H1 relative
to the total gas distribution traced by dust. The first two sources
arise from the conversion of H1 to H, (e.g., Bigiel et al. 2008;

6 We assume optically-thin H 1 emission, but see Braun (2012).
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Figure 8. power spectra from CO, dust and H1 in M31 (201 pc;58”) and
M33 (167 pc; 41”) convolved to a common beam size and normalized to
the power on 500 pc scales. The power spectrum of the beam is shown with
the orange dotted curve. All of the power spectra are well fit by a single
power law attenuated by the beam. Indices are given in Table 3. In both
galaxies, the CO power spectrum is the flattest and the H 1 is the steepest,
with the dust somewhere in between. In M33, the centralized H, emission
significantly affects the dust power spectrum shape by comparison to the
CO power spectrum. This comparison shows that the power spectrum shape
is affected by the large-scale structure of the emission on all measurable
scales, making connections to 2D turbulence tenuous.

Krumholz 2013; Sternberg et al. 2014). In M33, the H, distribution
is centrally-concentrated in the galaxy and primarily from GMC
scale emission (Rosolowsky et al. 2003). Koch et al. (2019b) show
that the distribution of GMCs in M33 can provide an excess in
power on scales up to ~ 2 kpc, and can therefore affect the CO
and dust power spectra shape on similar scales. The final fourth
point will tend to flatten the dust power spectrum on large scales,
as the dust abundance decreases with metallicity.

The H, distribution in M31 is dominated by the ring-structures
and does not show a strong concentration in the inner disc. How-
ever, with bright CO still clustered into a large-galactic structure
(i.e., the rings), the morphology may still provide excess power on
the scale of the rings, affecting the large-scale power spectrum.

We test the influence of the Hy distribution on the dust surface
density power spectrum by combining the H 1 and CO maps to get
the neutral gas surface density power spectrum. We assume con-
stant Milky-Way aco factor of 4.8 Mg pc=2 and 6.7 Mg pe~2 for
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the 1-0 and 2-1 lines, respectively, and optically-thin HI to convert
the integrated intensities to the molecular and atomic surface den-
sities. All of the neutral gas surface density power spectra are well
fit by a single power-law (Eq. 1) with indices between the HI and
CO (Table 3). We expect this result from the relative differences in
the power spectra shown in Figure 8.

The power-law indices from the neutral gas power spectra are
similar to the dust index, though the index is highly sensitive to the
choice of acg, as shown in Table 3. For example, doubling aco
changes the index by 0.23 and 0.30 in M31 and M33, respectively.
We note that this is an overly-simplified treatment of acq that only
demonstrates the power spectrum’s sensitivity to these variations.
The variations in the dust-to-gas ratio, tied primarily to metallicity
(e.g., Bolatto et al. 2013), will show a similar sensitivity to changes
in @co. Both quantities also vary within galaxies (e.g., Sandstrom
et al. 2013), and a more sophisticated handling for these variations
may explain the moderate discrepancies in the dust and gas power
spectra. Though the turbulent properties may change in the atomic
and molecular ISM (Romeo et al. 2010) and dust may have differ-
ent dynamics than the gas (Hopkins 2014), these variations in the
netural gas power spectrum index suggest that conversion factors
alone can explain the difference between dust and the gas phases.

In all cases, we do not correct for optically-thick H1 when
computing the H I surface density as, for M33, Koch et al. (2018)
do not find evidence for flattened H I velocity spectra indicative of
bright optically-thick H I emission (Braun 1997; Braun et al. 2009),
though Braun (2012) argue there is a 30% correction factor to the
atomic gas mass in M31 and M33. If optically-thick H1 emission
contributes to the lack of power in the H I power spectrum at small
scales, we expect it to arise from spatial regions < 167 pc in size.
We note, however, that Nestingen-Palm et al. (2017) find no change
in the SMC H 1 power spectrum when correcting for optically-thick
H 1 (Stanimirovic et al. 1999), and Pingel et al. (2018) also find no
change in the index for H 1 of the Perseus molecular cloud.

These results demonstrate that the power spectrum of the dust,
and IR bands dominated by dust emission, is strongly influenced by
the location of Hy, in this case traced by CO, leading to a signifi-
cantly different slope relative to only the atomic component traced
by the H 1. These differences in the power spectra of the atomic and
molecular power spectra, and between different galaxies, strongly
suggests that the properties of the large-scale power spectrum are
dominated by the galactic distribution of the tracer. This makes
comparisons to 2D turbulent properties on > kpc scales tenuous
without accounting for these differences.

4.5 Power spectrum breaks are not ubiquitous

A key result from previous studies using the spatial power spec-
trum of dust and gas in nearby galaxies is a break in the power
spectrum on scales similar to the expected disc scale height, which
is otherwise difficult to constrain from observations of low or mod-
erately inclined galaxies. Here we find that previous claims of a
power spectrum break for M33 (Combes et al. 2012) and the LMC
(Block et al. 2010) can be entirely accounted for by the shape of the
PSF. The only exception we find is the 24 ym LMC map, where 30
Doradus is sufficiently bright to cause an excess on ~ 200 pc scales
(§4). In §3.6, we find that splitting the map does not make a power
spectrum break evident, which may occur if the disc scale height
changes substantially over the maps, thereby smearing out a sin-
gle clear break-point. With the lack of a power spectrum break, the
spatial power spectrum does not constrain the disc scale height.
Most studies that explore the power spectrum break find that it

is located on scales a few times the PSF FWHM (Elmegreen et al.
2001; Dutta et al. 2009a; Block et al. 2010; Combes et al. 2012).
Based on our results, this suggests that the scale of the break could
be influenced by the PSF shape of the observation. A similar sug-
gestion is made by Grisdale et al. (2017) based on H I power spectra
of 6 galaxies from THINGS (Walter et al. 2008). There are some
exceptions where breaks are found on scales many times the PSF
FWHM, however, these tend to be measured at either 24 um (Block
et al. 2010) or the Ha line (Willett et al. 2005; Combes et al. 2012)
where a small number of giant H I regions provide a significant
fraction of the total flux of the galaxy.

Szotkowski et al. (2019) have recently found power spectrum
breaks in the H1 in the LMC when measured over local scales.
Several areas in their analysis show a break on scales significantly
larger than the beam size (30 pc), with variations around near re-
gions with strong stellar feedback (e.g., giant H 11 regions). This is
in apparent disagreement with the lack of break points we find in
the local LMC dust surface density power spectra (§3.6), yet we
show in §4.4 that dust and H1 power spectra are different when
measured over the entirety of M31 and M33. These differences
could indicate that the H1, which saturates above some surface
density (e.g., Krumholz 2013), better traces the influence of stel-
lar feedback on the surrounding atomic ISM. There is significant
precedent for feedback affecting galaxy-scale spatial power spec-
tra from numerical studies (Bournaud et al. 2010; Pilkington et al.
2011; Combes et al. 2012; Grisdale et al. 2017), including those
that do not find a power spectrum break (Renaud et al. 2013).

These results point to multiple factors that influence the power
spectrum shape and the presence of a break, rather than a ubiqui-
tous break related to the disc scale height. These factors include the
large-scale distribution of gas in the galaxy, especially the presence
of high column density, H>-dominated regions (§4.3), and the gas
tracer used (§4.4). The relative influence of each factor can be ex-
plored using local power spectra (§3.6) of multiple tracers. We plan
to explore this in future work.

We also note that power spectrum breaks are not commonly
found on smaller scales within nearby Milky Way molecular clouds
(< 20 pc). Power spectrum studies of the Perseus molecular cloud
include scales where stellar feedback provides sufficient energy to
drive turbulence (Padoan et al. 2009; Arce et al. 2011) but do not
find a power spectrum break, despite results from alternative meth-
ods, like the probability distribution function (PDF), that suggest
small scale driving should be dominant (Bialy et al. 2017).

The multiple factors influencing the power spectrum shape do
not rule out a break at the disc scale height, tracing the transition
from 3D to 2D turbulence. It may be possible to account for each of
these factors with a more sophisticated model to search the uniform
presence of a break. However, the current quality of data does not
support the need for a more complex model.

Finally, we note that this analysis is limited to information
from the projected density field of these galaxies. When using a
spectral-line, the line-of-sight velocity offers additional informa-
tion useful for this type of analysis. Velocity information be in-
corporated into the power spectrum or structure function by using
the line-of-sight velocity centroid (e.g., Bertram et al. 2015) or dif-
ferent on power spectra of the whole spectral-line data cube, such
as the Velocity Channel Analysis or Velocity Coordinate Spectrum
(e.g., Stanimirovi¢ & Lazarian 2001; Lazarian & Pogosyan 2006;
Chepurnov et al. 2015). Alternatively, empirically-based methods
like the Spectral Correlation Function (SCF; Rosolowsky et al.
1999) provide a complementary measure of structure with spatial
scale. Padoan et al. (2001) found deviations in the SCF relation ap-

MNRAS 000, 1-18 (2019)



Local Group Dust Power Spectra 15

Table 3. Power spectrum indices of H1, CO, dust, and total neutral gas surface density in M31 and M33, with different assumed values of aco. In all cases,
the power spectra are well-fit by a single power-law (Figure 8). The M31 maps are convolved to the 197 pc (57.5”) beam from the H I data (Koch et al. in
prep.) and the M33 maps are convolved to the 167 pc (41”) beam of the dust surface density map. Despite differences in the M31 and M33 indices, there is
a consistent trend for steeper atomic gas power spectra and flatter molecular gas power spectra, with the dust power spectra somewhere in the middle. The
neutral gas surface density maps have power spectra similar to the dust, but are sensitive to the choice of aco. Differences between power spectra of different
tracers emphasises how the large-scale structure affects the power spectrum shape on all measurable scales. 2 CO(1-0) (Nieten et al. 2006). b CO(2-1) (Gardan

et al. 2007; Gratier et al. 2010; Druard et al. 2014).

M31 M33

201 pc scales 167 pc scales

Iy 2.66 £0.12 2.18+0.10

Ico 1.59 +0.08% 0.91+0.14>
Zdust 2.44 +£0.15 1.11+£0.14

Zur + acolco 2.34+0.11 1.66 £0.12

@co1o = 4.8 Mo pc~2/Kkms™! acoz1 = 6.7 Mg pc~2/Kkms™!
Zur + acolco 2.11+0.10 1.36 £ 0.07

aco10 = 9.6 Mo pc2/ Kkms™!

plied to H1 data of the LMC and attributed the deviations to the
LMC disc scale height. In future work, we will utilize velocity in-
formation in our analysis of H 1 of M33 (Koch et al. 2018) and M31
(Koch et al. in prep.).

5 SUMMARY

We present a unified analysis of the 1D power spectra of mid- to
far-IR emission and the dust surface density in the LMC, SMC,
M31, and M33. A key result of our work is that previous claims
of a power spectrum break can be explained by the instrumental
PSF response and are not a measurement of the disc scale height.
This result has important consequences for simulations of Local
Group-like galaxies, which have also found break points in power
spectra (e.g., Bournaud et al. 2010; Combes et al. 2012; Grisdale
et al. 2017).

(1) We model the PSF response on the 1D spatial power spectra
and find that the power spectra of all the galaxies is well-modeled
by a single power-law plus point source components. We demon-
strate that previous studies that find a break point in the power
spectra is entirely due to the PSF response. We also note that, com-
paring to both Galactic and extra-galactic power spectrum studies,
there are few cases a power spectrum break from intensity maps is
unambiguously found over all spatial scales across several wave-
bands.

(i) M31, the LMC, and SMC have similar power spectra in-
dices ranging from 2 to 2.5. The indices in these three galaxies
are broadly consistent in the dust surface density and individual in-
frared bands despite the difference in their morphology. This simi-
larity demonstrates that different spatial morphologies can produce
similar power spectra, showing the need to carefully consider mul-
tiple sources that can alter the power spectrum shape.

(iii) Compared to the other three galaxies, M33 has a signifi-
cantly flatter power spectrum with an index of ~ 1.3. We calculate
the power spectrum of IC 342, a nearby face-on spiral, in the Her-
schel bands and find a similarly flat power-law index. This simi-
larity suggests that spiral galaxies with a central H, concentration
tend to have flatter power spectra, which can be explained by the
shape of an exponential (molecular) disc with a flat (mostly atomic)
component, rather than large-scale 2D turbulence.

(iv) We compare the dust, H1, and CO power spectra of M31
and M33 at a common scale. The H1 and CO power spectra are
well-fit by a single power-law. We find a consistent trend in the
indices, with H 1 being the steepest and CO being the shallowest.
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This is consistent with H1 having more structure on large scales
and CO having more structure on small scales. We create total neu-
tral gas surface density maps by combining the H1 and CO, and
find their power spectrum index is intermediate between the H 1
and CO, and is similar to the dust. The neutral gas power spectrum
is sensitive to acq, leading to variations that can account for the
difference in the power spectra index of the dust. The dust and gas
are further related by the dust-to-gas ratio, which is known to vary
on large scales (Sandstrom et al. 2013). This result provides further
evidence that the power spectrum is sensitive to the large-scale dis-
tribution of a tracer, making it difficult to connect to 2D turbulence
without accounting for this effect.

(v) We compute the dust surface density power spectra over lo-
cal (~ 820 pc) regions within the LMC and SMC and find they
are also well-fit without a power spectrum break. This result rules
out local variations in the disc scale height as an explanation for
the lack of a break measured from the whole galaxy’s power spec-
trum. The difference between the dust and H 1 power spectra that
we find, and the recent identification of local H 1 breaks in the LMC
by Szotkowski et al. (2019) shows that the HT may better trace
feedback relative to the total neutral gas column traced by the dust.

(vi) The local power spectra in the LMC and SMC show
substantial variation across the galaxies. We find that steeper
power spectra occur near large intensity gradients, similar to what
Burkhart et al. (2010) find using the skewness and kurtosis of the
H 1 column density in the SMC.

(vii) Simulations of Local Group-like galaxies reflect some of
the results we find here. Grisdale et al. (2017) find that the column
density power spectrum on ~few kpc scales is sensitive to the mass
distribution in galaxies but is insensitive to other effects like stel-
lar feedback. They also find that, when comparing to HT intensity
power spectra of nearby galaxies, the small-scale power spectra are
dominated by the PSF shape. These results demonstrate the need
to produce synthetic observations when comparing power spectra
of simulations and observations (Haworth et al. 2018). Our results
provide a benchmark for comparing observations and simulations
of Local Group-like galaxies.

Our results demonstrate that power spectra are sensitive to sys-
tematic effects that significantly effect how they are modeled and
interpreted. Where applicable, we recommend forward-modelling
the instrument PSF when fitting a model to power spectra.

Previous work has focused on the source of the power spec-
trum break, using it as a measure of the disc scale height to con-
strain galactic structure. With these results, we show that an alter-
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native explanation is required to understand the ubiquity of galactic
power spectra on scales well below the disc scale height. Further
work requires investigating whether a break is measurable from the
velocity field from spectral lines (e.g., Padoan et al. 2001).

Scripts to reproduce the analysis are available at github.
com/e-koch/DustyPowerSpectra’.
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APPENDIX A: ADDITIONAL SYSTEMATICS
AFFECTING FITS

Some of the fits to the power spectra presented in Table 2 required
an altered model or additional step applied to the data to find a valid
fit. These cases are shown in Table 1 with an additional symbol. We
provide further details of these special cases here.

e SMC MIPS 70 um — There is cross-hatching in the map on
scales below the PSF’'s FWHM. Thus, the power spectrum does not
follow the PSF on small scales. We do not use the PSF in the model
and restrict the fitting to scales above 25 pc.

o SMC MIPS 160 um — There are large, noisy values at the edge
of these images that cause ringing in the FFT. We apply a Tukey
apodizing kernel to taper these values in the power spectrum.

o SMC PACS 160 um — We do not use the PSF for the fit for the
same reason as the MIPS 70 um. The fitting is restricted to scales
larger than 10 pc. We also apply a Tukey apodizing kernel to this
map, similar to the MIPS 160 um map.

e M31 PACS 100 um — We do not use the PSF in the fit as
the small-scales in the power spectrum are dominated by the scan
pattern. We restrict the fitting to scales larger than 150 pc.

e M31 MIPS 160 um, PACS 160 um, SPIRE 250, 350, 500 um
— We apply a Tukey apodizing kernel to taper large values at the
map edge, avoiding ringing in the FFT.

We also test whether bright foreground point sources affect
the power spectrum shape or contribute to the additional systemat-
ics described above. Using the MIPS point-source subtracted maps
from the SAGE (Meixner et al. 2006) and SAGE-SMC (Gordon
et al. 2006, 2011) data releases, we find no difference in the power
spectrum index. We do not expect point source contamination to
affect our results.

APPENDIX B: ADDITIONAL FIGURES

We provide figures of the power spectra for each band, as shown
in Figure 2, as part of the supplemental paper figures. The fitted
values are given in Table 2.
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APPENDIX C: DEPROJECTION DOES NOT CHANGE
THE LARGE-SCALE POWER SPECTRUM

Some previous works presenting extragalactic spatial power spectra
have deprojected the image into the galaxy frame prior to comput-
ing the power spectrum (Block et al. 2010; Combes et al. 2012). We
show an example of deprojection using the SPIRE 500 pm maps of
M31 and M33 to demonstrate that deprojection does not signifi-
cantly affect the large-scales of the power spectrum. We use these
maps for this example because the SPIRE 500 um map have well-
behaved PSFs with near-uniform noise, which allows for the depro-
jected PSF to be well-described by an elliptical Gaussian.

We use ths position angle and inclination for M31 (i =
77.7°PA = 38°) and M33 (i = 55.1°%PA = 201°) from Corbelli
etal. (2010) and Koch et al. (2018), respectively. We deproject each
map in three steps: (1) the galaxy centre is shifted to the central
image pixel, (2) the image is rotated to have the semi-major axis
aligned along the y-axis of the image, and (3) the image is warped
along the minor axis to match the major axis. Each of these steps are
applied with interpolation methods in the SCIPY.NDIMAGE pack-
age®. For a Gaussian PSF, step (3) can be applied to the PSF to ap-
proximate the PSF in the deprojected frame; thus the deprojected
images have a larger effective beam shape set by the inclination.

Figure C1 shows the original and deprojected power spectra
for M31 and M33. In both cases, the shape of the power spectrum
on large scales (small frequencies) is not affected. The fitted indices
to the deprojected power spectra are 2.17 + 0.12 and 1.08 + 0.08
for M31 and M33, respectively; these indices are consistent with
the original power spectra indices of 2.17 + 0.12 and 1.15 + 0.08
(Table 2).

The power spectrum index after deprojection is consistent
with Grisdale et al. (2017), who compare power spectra of simu-
lated galaxy discs at i = 0° and i = 40° and find that only scales
of order the disc diameter are affected by inclination. Block et al.
(2010) also note no significant difference in indices from deproject-
ing the MIPS maps of the LMC.

Finally, we note the difficulty in simultaneously modelling for
instrumentation effects and the projection effects from the observed
frame of the galaxy. Deprojection of a non-axisymmetric PSF is
complicated by the rotation step. Fully modelling for both of these
effects would require forward-modelling the 2D power spectrum
through a deprojection step, followed by applying the PSF. The
computational requirements to model the 2D power spectrum for
large images would be prohibitive in practice.

APPENDIX D: LOCAL LMC AND SMC POWER
SPECTRUM UNCERTAINTY

Figure D1 shows the power spectrum index uncertainties for the
values shown in Figure 6. The uncertainties are small relative to
the change in the indices, indicating that spatial variation in Figure
6 represent real variations in the power spectrum shape.

APPENDIX E: DUST POWER SPECTRA OF I1C342

In §4.3, we perform a similar analysis to §3 on the Herschel maps of
1C342 to compare with M33’s power spectra. Despite being 4x the
distance of M33, IC342 is one of the nearest face-on spiral galaxies.

8 docs.scipy.org/doc/scipy/reference/ndimage.html

Critically for this comparison, the molecular gas fraction increases
towards the inner disc, similar to M33 and other spiral galaxies but
unlike the LMC, SMC, and M31.

Similar to the Local Group galaxies, we calculate the power
spectrum centered on 1C342 and exclude regions far from the
galaxy. This step is more critical for IC 342 than the other galaxies
because of its low Galactic latitude; Galactic emission in the Her-
schel bands is substantial over most of the maps. We do not find
substantial contamination from Galactic emission over the regions
used for the power spectrum, which would be indicated by emis-
sion near the edges of the region causing the Gibbs phenomenon in
the 2D power spectrum.

Table E1 provides fit results to Equation 3 for the Herschel
bands, excluding the PACS 100 um map due to variations from the
expected PSF shape that appear to be systematics (Appendix A). In
§4.3, we compare these results with the other galaxies.
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Figure C1. Comparison of the M31 and M33 SPIRE 500 um power spectra with and without deprojecting the maps. The translucent orange lines show the
best fit to Equation 3 and the vertical lines are the FWHM of the original image. The warping step for deprojection effectively adds a “white noise” due to
the interpolation that is evident on scales below the FWHM. This is more evident for M31 due to its large inclination. We limit the fit to scales larger than
3 x FWHM to avoid these regions. For M31, the deprojected power spectrum index is 2.20 + 0.19, consistent with the original power spectrum index of
2.17 £ 0.12. Similarly, the M33 deprojected power spectrum index 1.08 + 0.08 is consistent with the original index of 1.15 + 0.08. Thus, we expect that
deprojection will not significantly alter the fitted indices in this paper.

Index Standard Deviation (op)

0.0

Figure D1. The power spectrum index uncertainties in 820 pc regions overlaid on the LMC and SMC dust surface density. The power spectrum indices are
shown in Figure 6.

Table E1. Fit parameters to Equation 3 for the Herschel bands of IC 342. Uncertainties are the 1-o- interval estimated from the MCMC samples. None of the
fits constrain the unresolved point-source term B. We exclude the PACS 100 um map as the small scale structure does not follow the expected shape of the
PSF (see Appendix A). IC 342 has a flat power spectrum similar to M33, suggesting that a flatter power spectrum is associated with typical spirals where the
molecular gas fraction increases in the inner disc, unlike the LMC, SMC, and M31.

Band Resolution (")  Phys. Resolution (pc) logip A B
PACS 160 11.2 181 2.49£0.04 0.99 +£0.05
SPIRE 250 18.2 295 8.03+0.07 1.04+0.06
SPIRE 350 25 405 6.61 £0.10 0.98£0.10
SPIRE 500 36.4 589 5.30+£0.16 0.89+0.17
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