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A B S T R A C T 

Turbulence plays a crucial role in shaping the structure of the interstellar medium. The ratio of the three-dimensional density 

contrast ( σρ/ρ0 ) to the turbulent sonic Mach number ( M ) of an isothermal, compressible gas describes the ratio of solenoidal 
to compressive modes in the turbulent acceleration field of the gas, and is parameterized by the turbulence driving parameter : 
b = σρ/ρ0 / M . The turbulence driving parameter ranges from b = 1/3 (purely solenoidal) to b = 1 (purely compressive), with 

b = 0.38 characterizing the natural mixture (1/3 compressive, 2/3 solenoidal) of the two driving modes. Here, we present a new 

method for reco v ering σρ/ρ0 , M , and b , from observations on galactic scales, using a roving kernel to produce maps of these 
quantities from column density and centroid velocity maps. We apply our method to high-resolution H I emission observations of 
the Small Magellanic Cloud (SMC) from the GASKAP-HI surv e y. We find that the turbulence driving parameter varies between 

b ∼ 0.3 and 1.0 within the main body of the SMC, but the median value converges to b ∼ 0.51, suggesting that the turbulence 
is o v erall driv en more compressiv ely ( b > 0.38). We observ e no correlation between the b parameter and H I or H α intensity, 
indicating that compressive driving of H I turbulence cannot be determined solely by observing H I or H α emission density, 
and that velocity information must also be considered. Further investigation is required to link our findings to potential driving 

mechanisms such as star-formation feedback, gravitational collapse, or cloud–cloud collisions. 

Key words: turbulence – stars: formation – ISM: kinematics and dynamics – galaxies: ISM – Magellanic Clouds. 
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 I N T RO D U C T I O N  

he interstellar medium (ISM) is turbulent and mostly composed of
ultiphase hydrogen gas. The density distribution in cold, dense,

elf-gravitating molecular clouds embedded in the diffuse ISM is
trongly influenced by the turbulence and magnetic field of the warm,
iffuse medium from which they condense and are embedded in.
he star formation rate and efficiency are functions of the density
istribution of molecular clouds (Elmegreen & Scalo 2004 ; Mac
ow & Klessen 2004 ; Scalo & Elmegreen 2004 ; McKee & Ostriker
007 ; Federrath & Klessen 2012 ; Hennebelle & Falgarone 2012 ;
adoan et al. 2014 ). Since the ISM is observed to be ubiquitously
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urbulent at all densities and temperatures, and since turbulence
ecays on short time-scales (Mac Low et al. 1998 ; Stone, Ostriker
 Gammie 1998 ), ISM turbulence must be sustained by continuous

nergy injection into all phases of the ISM o v er a large range of
cales. 

Understanding the processes that drive the structure and evolution
f the diffuse ISM, and the condensation of the warm neutral medium
WNM) to colder, denser gas phases from which stars are formed,
s imperative to our continual quest for a coherent theory of ISM
tructure and star formation. Supernovae, stellar winds, protostellar
utflo ws, radiati ve feedback, large-scale galactic dynamics, and
alaxy interactions will all impact the evolution of density and
elocity structures of the dif fuse ISM in dif ferent ways, but they do
o primarily through their ability to precipitate and drive turbulence
Elmegreen 2009 ; Federrath et al. 2017 ). 
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In order to characterize the turbulence in the ISM through compar- 
son of observations, 3D simulations, and analytic models, various 
tatistical methods have been developed that are applicable to the 
nformation available in observational data (see review by Burkhart 
021 ). Measuring the spatial power spectrum is one commonly used 
ethod, which reveals the energy injection and/or dissipation scale 

nd the energy cascade in the turbulent ISM (e.g. Stanimirovic et al.
999 ; Stanimirovi ́c & Lazarian 2001 ; Kowal & Lazarian 2007 ; Heyer
t al. 2009 ; Chepurnov et al. 2015 ; Nestingen-Palm et al. 2017 ; Pingel
t al. 2018 ; Szotkowski et al. 2019 ). In addition, investigating the
igher order statistical moments, such as the skewness and kurtosis, 
r the probability distribution function (PDF) of column density is 
seful given the highly non-Gaussian behaviour of the density field 
f cold gas (Kowal & Lazarian 2007 ; Burkhart et al. 2009 , 2010 ;
 atra, Chengalur & Be gum 2013 ; Bertram et al. 2015 ; Maier et al.
017 ). 
In (magneto)hydrodynamic simulations of isothermal, supersonic 

as it has been shown that the PDF of the gas density can be
escribed by a log-normal function, meaning that the logarithm of the 
ensity follows a normal Gaussian distribution (Vazquez-Semadeni 
994 ; Padoan, Jones & Nordlund 1997 ; Passot & V ́azquez-Semadeni
998 ; Federrath, Klessen & Schmidt 2008 ; Hopkins 2013 ; Squire &
opkins 2017 ; Beattie et al. 2021 ). It is the width (standard deviation)
f this density PDF that describes the density fluctuations of the 
as, and is a key parameter in theoretical models of star formation
Krumholz & McKee 2005 ; Hennebelle & Chabrier 2011 ; Padoan &
ordlund 2011 ; Federrath & Klessen 2012 ; Burkhart & Mocz 2019 ).
urthermore, studies by Price, Federrath & Brunt ( 2011 ), Konstandin 
t al. ( 2012 ), Molina et al. ( 2012 ), Federrath & Banerjee ( 2015 ),
olan, Federrath & Sutherland ( 2015 ), and Kainulainen & Federrath 

 2017 ) have shown that the width of the density PDF is proportional
o the turbulent Mach number. Formally, this is described by 

ρ/ρ0 = bM , (1) 

here σρ/ρ0 is the three-dimensional (3D) standard deviation of 
ensity ( ρ) scaled by the mean density ( ρ0 ), M is the standard
eviation of the (3D) turbulent velocity dispersion divided by the 
ound speed, and b is a constant of proportionality known as the
urbulence driving parameter (Federrath et al. 2008 , 2010 ). This
onstant of proportionality can be used to quantify how turbulence 
s being driven in the gas: the acceleration field that drives the
urbulence can have purely solenoidal modes (divergence-free; b 
 1/3) or purely compressive modes (curl-free; b = 1), or any

ombination of the two extremes. A value of b = 0.38 is the natural
ixture, which corresponds to 1/3 of the power in the driving field

n compressive modes and 2/3 of the power in solenoidal modes 
see equation 9 in Federrath et al. 2010 ). The b parameter has been
erived in theoretical models, and tested in simulations (Federrath 
t al. 2008, 2010 ; Price et al. 2011 ; Molina et al. 2012 ; Federrath &
anerjee 2015 ; Nolan et al. 2015 ; Beattie et al. 2021 ). In addition,
rucial methods have been developed to allow for a mapping between 
he intrinsically 3D properties of the gas ( σρ/ρ0 and M ), and the
espective quantities that are accessible in observations, i.e. the 
olumn density and the intensity-weighted velocity centroid (Brunt, 
ederrath & Price 2010 ; Kainulainen, Federrath & Henning 2014 ; 
ederrath et al. 2016 ; Stewart & Federrath 2022 ). Thus, we can
eco v er the turbulence driving parameter b from observations, which 
llows us to learn more about what kind of physical processes are
riving turbulence in those regions. 
There have been several studies (primarily of molecular star- 

orming regions) in the Milky Way (MW) that have measured the 
 parameter from observations of the variance in the density and 
elocity. In Taurus, Brunt ( 2010 ) used 13 CO J = 1 − 0 observations 
o derive b = 0 . 48 + 0 . 15 

−0 . 11 , which lies in the mix ed-to-compressiv e
egime, possibly a result of active star formation in that region.
insburg, Federrath & Darling ( 2013 ) study a non-star-forming giant
olecular cloud (GMC) towards W49A and find a lower limit for
 � 0.4, concluding that it is being dri ven compressi vely relati ve to
he natural mixture case. The authors posit that because this GMC is
epresentative of all GMCs in the solar neighbourhood, compressive 
riving may be a common feature of GMCs in general. Federrath
t al. ( 2016 ) find that the turbulence in a molecular cloud in the
entral molecular zone (CMZ), G0.250 + 0.016 (aka ‘The Brick’), 
s being driven solenoidally ( b ∼ 0.22 ± 0.12) due to the strong
hearing motions in the CMZ, which may account for inefficient star
ormation in that region of the MW. In agreement with Ginsburg
t al. ( 2013 ) and Kainulainen & Federrath ( 2017 ) find that the lower
imit of b for 15 solar neighbourhood clouds is � 0.4 and rule out
hat any of these clouds can be dominated by solenoidal driving,
lthough the authors point out that their density and velocity variance
easurements do not al w ays follow the standard relation described

y equation ( 1 ). Menon et al. ( 2021 ) use ALMA observations
f several CO isotopologues to measure the turbulence driving 
arameter in the ‘Pillars of Creation’ in the Carina Nebula, and find
hat all the pillars are being compressi vely dri ven, with b ∼ 0.7 −1.
he compressive driving in these star-forming regions could be a 

esult of compression induced by photoionizing radiation. There has 
lso been one extragalactic measurement of the b parameter in the
apillon Nebula in the Large Magellanic Cloud (LMC) by Sharda 
t al. ( 2022 ), which is also a molecular star-forming re gion. The y find
hat this region is being driven almost purely compressively, with b

0.9, and speculate that this filamentary molecular cloud could 
ave been formed by large-scale H I flows due to tidal interactions
etween the LMC and the Small Magellanic Cloud (SMC). Marchal 
 Miville-Desch ̂ enes ( 2021 ) derive a driving parameter for the warm

tomic gas at high galactic latitudes in the MW using H I emission
ata, and found that the turbulence was driven mostly compressively 
n that region, with b ∼ 0.68. The scale on which all of these
revious measurements of b have been made is typically on the
olecular cloud scale or smaller, and they all derive a single estimate

or the turbulence driving parameter of those clouds/regions. This 
s largely because the resolution required to robustly estimate the 
ensity and velocity variance is available only for nearby regions of
he ISM, and the star-forming molecular clouds are the most well
tudied. 

Ho we ver, multiphase atomic H I comprises the majority of the
SM, and understanding how turbulence dri ving af fects its structure
nd evolution as it condenses into molecular hydrogen is crucial 
n understanding how molecular clouds form (Gazol et al. 2001 ;
oyama & Inutsuka 2002 ; Audit & Hennebelle 2005 ; V ́azquez-
emadeni et al. 2006 ; Mandal, Federrath & K ̈ortgen 2020 ; Seta
 Federrath 2022 ). Here, we present a new method for mapping

he turbulence driving parameter o v er large scales, and apply it to
 I emission from the SMC, observed with the Australian Square 
ilometre Array Pathfinder (ASKAP) (Johnston et al. 2008 ; Hotan 

t al. 2021 ). These data are unprecedented in both spectral and
ngular resolution (see Section 2 ), and provide the ideal test bed for
ur new method of mapping the b parameter, particularly because 
1-cm observations of the ISM provide a spatially coherent field in
hich we can probe the variations in density and velocity. Hitherto,
o attempt has been made to spatially map the turbulence driving
arameter o v er a large re gion, such as an entire galaxy that may
ontain an array of different physical turbulence driving mechanisms. 
apping the turbulence driving parameter requires high spatial and 
MNRAS 526, 982–999 (2023) 
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pectral resolution in order to accurately reco v er the density and
elocity statistics, which makes H I particularly useful for this large-
cale mapping technique. 

The SMC is of particular interest because it has a rich dynamic
istory of interactions with the LMC and the MW. It is a disrupted,
tar-forming, low-metallicity, and irregular dwarf galaxy (Kallivay-
lil et al. 2013 ). There are, therefore, many physical mechanisms
resent by which to drive turbulence in the ISM across the SMC,
roviding a rich environment to test our method for mapping the
 parameter, and correlating our findings with known turbulence
rivers. 
The rest of this work is organized as follows. Section 2 introduced

he data used in this work. Section 3 introduces our method for
apping the turbulence driving parameter, describing how we

econstruct the 3D density and velocity dispersions in large-scale
bservational data sets. Our results are presented in Section 4 , and
e discuss potential correlations of the b parameter with H I and H α

mission in Section 5 . Section 6 discusses our SMC measurements
f the b parameter in relation to other environments presented in
he literature. We summarize our conclusions and pathways to future
ork in Section 8 . 

 OBSERVATION S  

he observations of the SMC were obtained as part of the pilot
hase of the atomic neutral hydrogen component of the Galactic
SKAP surv e y (GASKAP-HI), which aims to reveal the structure,
inematics, and thermodynamics of H I in the MW and Magellanic
ystem at angular resolutions a factor of 3 to 30 times finer than
xisting 21-cm surveys of the Southern sky. The H I data cube, 1 

esulting from 20.9 h of total integration with ASKAP, used for
ur analysis is the most sensitive (rms brightness temperature
T = 1 . 1 K per 0 . 98 km s −1 spectral channel) and detailed view
30 arcsec restoring beam or ∼ 10 pc at the distance of the SMC)
f the H I associated with the SMC made to date. The details on
he GASKAP-HI imaging pipeline, including the data validation,
alibration, imaging, and combination with observations from the
4-m Parkes single dish telescope (Murriyang) to fill in the low
patial frequencies filtered out by ASKAP, are discussed in section
 of Pingel et al. ( 2022 ). 

.1 Moment maps 

ur analysis pipeline uses the moment-0 and moment-1 maps of
ome giv en position–position–v elocity (PPV) cube as input, and
rocesses them in such a way as to reco v er the 3D (volume) density
ispersion and the Mach number, and thus the ratio of those two
uantities – b , as defined in equation ( 1 ). The moment-0 (M0) is the
ntegrated intensity, given by 

0 = 

∫ 

T b ( v ) d v , (2) 

here T b ( v) is the brightness temperature (in Kelvin) in the channel,
nd d v is the channel spacing. The moment-1 (M1) is the intensity-
eighted centroid velocity, and is given by 

1 = 

∫ 
v T b ( v) d v ∫ 
T b ( v) d v 

= 

∫ 
v T b ( v) d v 

M0 
, (3) 
NRAS 526, 982–999 (2023) 
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here v is the velocity of each channel. We have d v = 0 . 98 km s −1 ,
nd integrate from v = 60 . 5 to 235 . 0 km s −1 . 

By e xcluding an y pix els below some multiple of the rms brightness
emperature per channel prior to integration to create M0 and M1, we
an be confident that the data we include in our analysis are robust
nd we do not introduce any spurious effects to our calculation of
he turbulence driving parameter due to noisy pix els. F or our data,
e choose a 10 σ T cut per channel, i.e. we only consider data with an

ignal-to-noise ratio (SNR) ≥10. We discuss the effect of the choice
f signal-to-noise threshold on our results in Appendix A . 

.1.1 Influence of the multiphase H I 

quation( 1 ) was derived for isothermal, hydrodynamic gas. H I

mission does not originate from isothermal gas. The temperature
tructure of multiphase neutral H I can be roughly categorized into
old neutral medium (CNM; T ∼ 100 K), luk ew arm neutral medium
LNM; 100 � T /K � 6000), and WNM ( T � 6000 K) (Wolfire et al.
995 , 2003 ; Kalberla & Haud 2018 ). The WNM is the most diffuse
hase and has the largest volume-filling factor, while the CNM is
xpected to exist as smaller structures (such as clumps, sheets or
laments) dispersed throughout it (Clark, Peek & Miville-Desch ̂ enes
019 ). As such, the emission from H I originates from a mixture of
NM, LNM, and WNM. In order to apply equation ( 1 ) to the H I

mission data, we must make some careful assumptions about which
hase dominates the moment-0 and moment-1 maps derived from
he emission, which are the inputs to our analysis pipeline. 

The relative mass fractions of CNM, LNM, and WNM will
mpact column density and the centroid v elocity. F or instance,
arrow peaks in the spectrum due to the presence of CNM will
hift the velocity centroid towards the centroid of the narrow peak,
ather than measuring the centroid velocity of only the WNM. The
trength of this ef fect, ho we ver, depends on the relati ve intensities
f these CNM peaks with respect to the WNM component(s). The
olumn density will also be affected by the presence of CNM, as the
mission may be underestimated due to H I self-absorption (HISA)
y the cold gas (discussed further in Appendix B ). Furthermore, the
tatistics associated with these quantities are also affected by the
atio of WNM/LNM to CNM. If we imagine that the H I structure is
uch that cold clumps/clouds of CNM are embedded in the diffuse

NM, then the dispersion of the centroid velocity will reco v er the
ntraclump velocity dispersion, rather than the internal dispersion of
he cold clumps themselves. Because the clumps are moving within
he WNM, we can assume that this intraclump velocity dispersion
lso traces the WNM velocity dispersion (Kobayashi et al. 2022 ;
ohapatra et al. 2022 ), which is what we primarily aim to measure.
e also note that while the CNM may introduce a distortion in the

ndividual line profiles, we only require a reasonably good estimate of
he intensity-weighted average velocity along the line of sight (LOS,
.e. the centroid velocity) for the velocity analysis (below in Section
.4 , which is not expected to be strongly affected by individual
eatures in the line profiles. The effect that the CNM has on the
olumn density and centroid velocity and associated statistics is a
unction of the relative CNM mass fraction. In the SMC, the CNM
ass fraction is about 11 per cent (Dempsey et al. 2022 ), meaning

hat the majority of the neutral H I is WNM/LNM. Furthermore,
ecause the SMC is relatively metal-poor (Russell & Dopita 1992 ),
e expect that the portion of the gas that is not CNM is mostly

omprised of WNM, as metal-line cooling will be less efficient in
ow-metallicity environments, as will photoelectric heating (Bialy &
ternberg 2019 ), and therefore the amount of LNM is likely much

https://doi.org/10.25919/www0-4p48
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maller than the WNM. At such low CNM percentages, the effects 
escribed abo v e are relativ ely small, so we can assume that the
mission data we use throughout this work is representative of the 
NM, while acknowledging that the column density and centroid 

elocity maps are a product of a mixture of WNM, LNM, and CNM.

 M E T H O D S  

ere, we present the analysis pipeline developed for producing a 
ap of the turbulence driving parameter on galactic scales using 

he moment-0 and moment-1 maps of PPV data as input. In this
ection, we will describe each step in detail, but we begin with a
rief summary of the steps in the pipeline: 
The turbulence driving parameter b in equation ( 1 ) is constructed

rom the volume density dispersion σρ/ρ0 and the turbulent sonic 
ach number M . To reco v er the volume density dispersion, we first

ompute the column (2D) density dispersion from the moment-0 
ap and use it to reconstruct the volume (3D) density dispersion via

he Brunt method (Section 3.3 ). The Mach number is a function of
he 3D velocity dispersion and the sound speed, and we again start
y finding the velocity centroid dispersion using the moment-1 map, 
nd then extrapolating it to 3D (Section 3.4 ). To compute M , we
hen divide the 3D velocity dispersion by the sound speed of the
as (Section 3.5 ). In order to isolate the true density and velocity
uctuations without contamination from non-turbulent motions due 

o bulk rotation and/or large-scale hierarchical density structure, 
e employ a gradient-correction method in our calculations of 

he density and velocity dispersion (Section 3.2 ). This sequence of
alculations is performed inside a Gaussian-weighted roving kernel 
Section 3.1 ), so as to build spatial maps of the 3D density variance,

ach number, and b parameter. 

.1 Ro ving k ernel 

he density contrast and velocity fluctuations are scale-dependent 
uantities. Measuring the standard deviation of these quantities 
cross the plane-of-the-sky requires some minimum number of 
patial resolution elements. Our approach is to mo v e a circular kernel
cross the input maps, pix el-by-pix el, calculate the dispersion within 
he kernel and assign that value to the central pixel, thus building
p a map of the dispersion of the quantity from the input map
e.g. moment-0 or moment-1). The pixels of the resultant map are 
herefore not independent measurements and are correlated with one 
nother on the scale of the diameter of the roving kernel. 

In this study, we choose a Gaussian kernel, defined by 

( x , y ) = exp [ −[( x − i) 2 + ( y − j ) 2 ] / (2 σ 2 )] , (4) 

here i and j denote the central pixel of the kernel, x and y are the
osition of each pixel inside the kernel, and σ is the full width at half-
aximum (FWHM) of the kernel divided by 2.355. We choose the 

umber instrument beams per kernel FWHM to be 10, a quantity 
hat is referred to throughout this text as N bpk = D kernel / D beams ,
here D kernel is the FWHM of the kernel, and D beams is the diameter
f the instrument beam. This gives a sufficiently large number of
ndependent data points of the centroid velocity and column density 
o reliably calculate the dispersion in those quantities (see Sharda 
t al. 2018 , for a discussion on the choice of the number of resolution
lements per kernel; and a detailed study on the effects of the kernel
ize is presented below in Section 4.2.1 ). We apply the Gaussian
ernel to a cut-out of a square region three times the FWHM of
he kernel, which truncates the Gaussian. The size of the kernel 
s a flexible parameter in our pipeline and should be chosen as a
unction of the beam and pixel size of the input data. The kernel
s also weighted by the primary beam response of the mosaic – i.e.
he sensitivity across the field of view – so that pixels with lower
ensitivity contribute less to the calculations of the dispersion. This 
eighting is an optional input to the pipeline, and must be the same

hape as the moment-0 and moment-1 images, and should be a grid
f values between zero and one, which is then multiplied with the
aussian to give a grid of weights that can be used to weight the
ispersion calculations. 

.2 Gradient subtraction 

n calculating both the column density dispersion and the centroid 
elocity dispersion, we apply the gradient-subtraction method de- 
cribed in Federrath et al. ( 2016 ) and Stewart & Federrath ( 2022 ).
e refer the reader to those works for a complete discussion on the

etails of the method, which we summarize in relation to this work
ere. Our aim is to compute the turbulent dispersion of the centroid
elocity and column density maps, and we therefore must eliminate 
ny systematic gradients in motion or intensity which are caused by
ther factors besides turbulence, primarily the hierarchical column 
ensity structure (e.g. galaxies tend to be denser in their centres), and
ny bulk rotation of the gas. This method was previously applied in
ederrath et al. ( 2016 ), Sharda et al. ( 2018 , 2019 ), and Menon et al.
 2021 ), but only to the velocity field. Here, we apply the method to
oth density and velocity as large-scale gradients are present in both
uantities (seen in Fig. 1 ). 
To do this, we fit a linear gradient to the field, on the scale of

he kernel in which we perform our calculations, then subtract it
rom the original field. Formally, for some quantity q ( i , j ) with pixel
oordinates i and j , we define a gradient 

 q = a + bi + cj, (5) 

here a , b , c are fit parameters and ( i , j ) is a point on the plane of
he sky. After fitting for a , b , and c , we can compute the gradient-
ubtracted field, 

 

′ ( i, j ) = q( i, j ) − ∇ q . (6) 

or our purposes q is either the normalized logarithmic column 
ensity log 10 ( N HI / N 0 ), where N 0 is the mean column density inside
he kernel, or the intensity-weighted velocity centroid v. 

.3 Density dispersion 

o calculate the 2D column density dispersion, we take the moment-
 map as input (in this case, the left-hand panel of Fig. 1 ), and mo v e
he Gaussian kernel across it, computing the following steps for each
ixel. We first normalize the column density by the mean column
ensity inside the kernel (left-hand panel of Fig. 2 ) and then fit a
radient to the normalized map, using equation ( 5 ) (middle panel of
ig. 2 ). We then subtract the gradient from the original normalized
ap via equation ( 6 ), so that we are left with the turbulent density

ariations (right-hand panel of Fig. 2 ). We then calculate the standard
eviation of the resultant map, which gives the 2D column density
ispersion, σN HI /N 0 . 
In Fig. 2 , we have fitted Gaussians to the PDFs in the lower

anels. The raw data, in the left-hand panel, clearly do not follow the
nticipated Gaussian distrib ution, b ut after applying the gradient sub-
raction we see in the right-hand panel that the resultant distribution
MNRAS 526, 982–999 (2023) 
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M

Figure 1. Left-hand panel : Moment-0 map, which shows the integrated intensity. Because H I is (mostly) optically thin (See Appendix B for further discussion 
on this topic), this quantity represents the column density N H I , which has been normalized by the mean of the emission inside the black contour, N 0, SMC = 

4.5 × 10 21 cm 

−2 . The black contour (at 2 . 0 × 10 21 cm 

−2 ) denotes the first closed contour that encompasses the main body of the SMC. Following McClure- 
Griffiths et al. ( 2018 ), the o v erlays show the approximate location of the Bar (dashed box) and the Wing (dot–dashed box), and arrows indicate the directions 
towards the Magellanic Stream and the Magellanic Bridge linking to the LMC. The beam size is 30 arcsec, which is too small to show on this map. Each pixel 
in the map is 7 arcsec. The orange circle in the top right-hand corner represents the full width at half maximum (FWHM) of the kernel used throughout the 
analysis in this work; it has a diameter of 10 instrument beams. Right-hand panel: same as the left-hand panel, but for the moment-1 map, which shows the 
intensity-weighted velocity centroid, v. 

Figure 2. An example of a single kernel, illustrating the process of fitting a gradient to the column density map. In this example, the column density ( N H i ) is 
normalized by the mean column density ( N 0 ) in the kernel. The upper panels show the kernel-weighted maps (left-hand panel: original column density map; 
middle panel: fitted gradient via equation 5 ; right-hand panel: gradient-subtracted column density map via equation 6 ). We can see a distinct gradient in the 
original map, while the gradient-subtracted map shows a clearer density contrast. The black circles in each of the top panels shows the size of the instrument 
beam, while the dashed circles represent the kernel’s FWHM (10 beams). The lower panels show the PDF in each case (shaded histogram), fitted with a Gaussian 
(solid line). The original data (left-hand panel) has strong non-Gaussian components, as a result of the large-scale gradient. By contrast, the gradient-corrected 
data (right-hand panel) is well-approximated by a Gaussian distribution in logarithmic column density, a universal feature of compressible turbulence. 
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Figure 3. An example of the Fourier image of the gradient-subtracted column 
density shown in Fig. 2 . The wavenumber k = 1 corresponds to 3 × D kernel 

in real space, and the subscripts ‘RA’ and ‘DEC’ denote the orientation in 
real space. Given the high level of point symmetry in this image, especially 
for small wavenumbers, which correspond to large length scales inside the 
kernel, the conversion from 2D to 3D density dispersion via the Brunt et al. 
( 2010 ) method is expected to introduce only a ∼ 10 per cent uncertainty. 
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ell approximates a Gaussian, which is a hallmark of compressible 
sothermal turbulence. 2 

.3.1 Conversion from 2D to 3D density dispersion 

o convert the 2D density dispersion σN HI /N 0 to the 3D density 
ispersion, σρ/ρ0 , we follow the method outlined in Brunt et al. 
 2010 ). This method is based on reconstructing the power spectrum
f the volume density contrast from the power spectrum of the column 
ensity contrast, by measuring the column density power spectrum 

nd extending its 2D power into 3D space. The relation between 
he 2D density power spectrum P 2D ( k ) and the 3D density power
pectrum P 3D ( k ) is given by (Federrath & Klessen 2013 ), 

 3D ( k) = 2 kP 2D ( k) , (7) 

here k is the wave number. We exploit this relation to recover
 3D ( k ). 
We first compute P 2D ( k ) of the gradient-subtracted column density,

 N HI / N 0 − 1 shown in Fig. 3 ), which immediately gives us P 3D ( k ) of
he quantity ρ/ ρ0 as per equation ( 7 ). The ratio of the sums o v er k -
pace of these two quantities gives the density dispersion ratio (Brunt
t al. 2010 ), 

 

1 / 2 = 

σN HI /N 0 

σρ/ρ0 

= 

(∑ 

k P 2D ( k) ∑ 

k P 3D ( k) 

)1 / 2 

, (8) 

nown as the ‘Brunt Factor’, which then allows us to reco v er the
olume density dispersion, σρ/ρ0 . 

Equation ( 8 ) relies on the assumption that the input field is isotropic
n k -space, and that therefore P 2D ( k ) is also isotropic. This does not
ssume that the input field is isotropic in real space, only that its
 Note that this type of PDF is often referred to as the ’log-normal’ density 
DF, and indeed, this is what is shown by the fitted lines, i.e. a Gaussian 
t to the logarithm of the column density (e.g. Federrath & Klessen 2013 ; 
athborne et al. 2014 ; Federrath et al. 2016 ; Khullar et al. 2021 ). 

3

o
a
o

ower spectrum is symmetric and isotropic, so we must check the
ourier image to make sure that this assumption holds, and we are
ot introducing further uncertainty in our measurements. The P 2D ( k )
mage is shown in Fig. 3 , where we can see that the power spectrum
as good point symmetry. There are some angle-dependent features 
n the Fourier image. Ho we ver, overall the distribution of power can
e approximated as point symmetric around the k = 0 mode (centre).
he sampling of the power spectrum follows the spatial sampling of

he data. Noise is accounted for through the SNR threshold applied
cf .Section 2 ). The effect of the beam size is accounted for in that it is
rimarily the low- k modes (i.e. scales larger than the beam size) that
ontribute to the total power of the spectrum. We have also checked
ther regions (kernels) of the SMC and find qualitatively similar 
esults. This implies that spherical symmetry is a good approximation 
or P 2D ( k ), such that the distribution of the density variations in real
D space may be similarly distributed in 3D space. 

.4 Velocity dispersion 

he 3D turbulent velocity dispersion is defined as 

v, 3D = ( σ 2 
v x 

+ σ 2 
v y 

+ σ 2 
v z 

) 1 / 2 , (9) 

hich cannot be measured in PPV space as we do not have access to
he two velocity components in the plane of the sk y. To reco v er σ v, 3D 

n a given kernel, we follow the methods developed by Stewart &
ederrath ( 2022 ), who show that σ v, 3D can be reco v ered from PPV
pace using the standard deviation of the gradient-corrected moment- 
 map together with a correction (1D/2D to 3D conversion) factor.
s with our method for computing the density contrast, we apply a
radient correction to the moment-1 map that captures large-scale 
ystematic motions (e.g. rotation) before computing the centroid 
elocity variance. First, we apply the kernel to the moment-1 map
right-hand panel of Fig. 1 ). Next, we fit and subtract the gradient, and
hen take the standard deviation within the kernel to get the gradient-
ubtracted centroid dispersion σ v, 1D . This process is illustrated in 
ig. 4 . 
Subtracting the large-scale gradients from the velocity map iso- 

ates the turbulent motions, ho we ver, the v ariance of the gradient-
orrected map is not a true representation of the 3D turbulent
elocity dispersion, because it does not take into account the line-
f-sight dispersion. Therefore, we multiply by a correction factor 3 

f C 

any 
(c −grad) = 3 . 3 ± 0 . 5, which was determined based on synthetic

bservations of 3D hydrodynamical simulations of rotating, turbulent 
louds (Stewart & Federrath 2022 ) to convert the centroid velocity
ispersion into a 3D turbulent velocity dispersion σ v, 3D . The choice 
f using only the moment-1 map as opposed to using the moment-2
or the ‘parent’ velocity dispersion, which is a combination of the
oment-1 and moment-2; see Stewart & Federrath 2022 ) is discussed 

urther in Section 7.2 . 

.5 Mach number 

he sonic Mach number ( M ) of the turbulent component of the
elocity field is given by 

 = 

σv, 3D 

c s 
. (10) 
MNRAS 526, 982–999 (2023) 

 This correction factor is the mean of the p 0 values in lines 4–6 of table E1 
f Stewart & Federrath ( 2022 ). We choose the gradient-subtracted statistics 
nd choose the mean of those values, which are independent of the LOS 
rientation with respect to the rotation axis of the cloud/kernel region. 
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M

Figure 4. Same as Fig. 2 , but for the intensity-weighted velocity v along the LOS (i.e. the moment-1). Similar to the column density, we find a significant 
gradient in the original data, leading to non-Gaussian components in the PDF of v. After gradient-correction, the PDF of v follows a Gaussian distribution, 
which is a hallmark of turbulent flows. Thus, the gradient-subtraction method (cf. Section 3.2 ) successfully filters out non-turb ulent contrib utions and therefore 
isolates the turbulent velocity components in the data. 
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o construct a map of this quantity, we need the velocity dispersion
v, 3D (described abo v e) and an estimate of the sound speed c s . The

ast step in the pipeline is to divide σ v, 3D by the sound speed to
roduce the quantity M . Depending on available data, the sound
peed could be input to our analysis pipeline as either a constant or
s a spatially varying parameter (if spatially resolved information
bout the temperature or sound speed is available). As we do not
ave access to spatially varying data for the sound speed, we choose
 constant speed defined as 

 s = 

(
γ k B T 

μm H 

)1 / 2 

, (11) 

here γ = 5/3 is the adiabatic index, k B is the Boltzmann constant,
 is the gas temperature, μ is the mean particle weight, and m H 

s the mass of a hydrogen atom. Because we do not have a way
o estimate the temperature of the combined H I phases present
n our data, we will assume that the phase which dominates the
emperature of the neutral gas is the WNM, and so we use its
olecular weight of μ = 1.4 (Kauffmann et al. 2008 ). In this study,
e adopt T = (7 . 0 ± 1 . 0) × 10 3 K, which gives a sound speed of
 s = (8 . 3 ± 0 . 6) km s −1 . Estimates of the WNM temperature in the
W range from about 4000 K to 10 4 K, depending on the method

sed (Wolfire et al. 2003 ; Murray et al. 2014 , 2018 ; Marchal &
iville-Desch ̂ enes 2021 ). Bialy & Sternberg ( 2019 ) use simulations

o investigate temperature and pressure structures in atomic neutral
as for varying metallicities. They find that the temperature structure
hanges for metallicity values smaller than 0 . 1 Z �. The SMC is more
etal poor than the MW ( Z ∼ 0.2 Z �, Russell & Dopita 1992 ), and

herefore choosing a temperature in line with solar metallicity values
n accordance with Bialy & Sternberg ( 2019 ) seems a reasonable
ssumption. Ho we ver, ultimately the temperature only enters with a
quare-root dependence in the sound speed, and therefore in the Mach
umber; hence, these assumptions do not introduce any major source
f uncertainty in our calculations (discussed further in Sections 6
nd 7 ). 
NRAS 526, 982–999 (2023) 
 RESULTS  

n this section, we present and discuss the output of the analysis
ipeline described in Section 3 as applied to the GASKAP-HI
mission cube of the SMC. A summary of all the rele v ant physical
arameters and measurements for the SMC is provided in Table 1 . 

.1 Spatial distribution of volume density dispersion and 

urbulent Mach number 

n the left-hand panel of Fig. 5 , we present the volume density disper-
ion map, i.e. the plane-of-the-sky variations of σρ/ρ0 , following the
ethods described in Section 3.3 . The quantity σρ/ρ0 measures the

urbulent density variations in equation ( 1 ). We see that the density
ispersion varies by about an order of magnitude across the map.
ithin the analysis contour, the variations are about a factor of ∼3.
e see a slight tendency of higher dispersion values towards the

dges of the main contour (where the emission density begins to
rop off), but o v erall the density dispersion does not show distinct
egions of low or high values, with exception of the region at the top
f the Wing and Bar regions. The relatively small variation and the
ack of any large-scale global gradients in density dispersion within
he main body of the SMC is a result of the gradient-subtraction

ethod, which, although calculated on the kernel scale, successfully
ccounts for large-scale gradients (also) on the global scale. This is
lear when visually comparing with the left-hand panel of Fig. 1 ,
here column density gradients towards the centre and bar of the
MC are visible. Given that these gradients would be expressed in

he column density dispersion, and the volume density dispersion is
irectly related to that quantity (see Section 3.3.1 ), we would expect
o see large-scale gradients in the volume density dispersion if the
radient subtraction method had not accounted for them. In summary,
sing the gradient-subtraction method, we have isolated the overall
urbulent density fluctuations, which enter equation ( 1 ). 

The right-hand panel of Fig. 5 shows the map of the turbulent
onic Mach number, M , following the methods in Section 3.5 . The
ariations within the analysis contour are ∼3, similar to the variations
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Table 1. Summary of key quantities. The measured quantities are averaged within the closed contour, and therefore do not represent an actual global value for 
the entire SMC. The error bars for the quantities found in this work represent the range between the 16th and 84th percentile, or the variation around the median 
within the main contour, not actual uncertainties in those values. The quantities noted as ‘converged’ are the best-fitting parameters found in Fig. 9 , and their 
error bars are those produced by the fitting process. 

Symbol Value Comment/reference 

Constants 
Mean particle weight of WNM μ 1.4 Kauffmann et al. ( 2008 ) 
Gas temperature T (7.0 ± 1.0) × 10 3 K Section 3.5 
Sound speed c s 8 . 3 ± 0 . 6 km s −1 Derived from T via equation ( 11 ) 
Velocity conversion factor C 

any 
(c −grad) 3.3 ± 0.5 Stewart & Federrath ( 2022 , Table 

E1, l. 4–6) 
Measured and derived 
Centroid velocity dispersion at N bpk = 10 σv, 1D 0 . 89 + 0 . 40 

−0 . 24 km s −1 This work 
3D velocity dispersion at N bpk = 10 σv, 3D 2 . 91 + 1 . 32 

−0 . 75 km s −1 This work 
Turbulent Mach number at N bpk = 10 M = σv, 3D /c s 0 . 35 + 0 . 16 

−0 . 09 This work 
Column density dispersion σN HI /N 0 0 . 06 + 0 . 02 

−0 . 01 This work 
Brunt factor (converged) R 

1 / 2 0.31 ± 0.01 This work 
Volume density dispersion at N bpk = 10 σρ/ρ0 = σN HI /N 0 R 

−1 / 2 0 . 18 + 0 . 06 
−0 . 04 This work 

Driving parameter (converged) b = σρ/ρ0 / M 0.51 ± 0.01 This work 

Figure 5. Left-hand panel: 3D volume density dispersion σρ/ρ0 . The black contour is the first closed contour at 2 . 0 × 10 21 cm 

−2 . The orange circle shows the 
FWHM of the kernel with N bpk = 10 telescope beams per kernel. The white regions around the edges are a result of our SNR cut (see Section 2 ). Right-hand 
panel: same as left-hand panel, but for the turbulent Mach number. 
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f σρ/ρ0 . The Mach number distribution is also relatively uniform 

ithin the analysis contour, with notable regions of high M at the
op of the Wing region, where it intersects with the Bar region, similar
o σρ/ρ0 . Comparing the M map to the right-hand panel of Fig. 1 ,
e can see that the gradient-subtraction method has successfully 

emo v ed the large-scale rotation of the SMC. We find that the Mach
umbers are distinctly subsonic within the main analysis contour, 
ith typical values of M ∼ 0 . 1–0.7. Turbulent Mach numbers of

his magnitude are expected for the WNM (Burkhart et al. 2010 ),
here the gas remains largely subsonic, while the CNM usually 

xhibits trans-sonic to mildly supersonic turbulence with M ∼ 1–2 
V ́azquez-Semadeni et al. 2006 ; Hennebelle & Audit 2007 ; Heitsch
t al. 2008 ). Burkhart et al. ( 2010 ) derived a spatial map of the
onic Mach number based on lower resolution H I column density, 
nd found that 90 per cent of the H I in the SMC was sub- or trans-
onic. While the primary beam of the data used in that work was
uch larger than the primary beam in the GASKAP-HI data, or
he kernel FWHM we use in this work, the spatial distribution of
he variations in the Mach number is in agreement. Higher Mach
umbers towards the edges of the Wing, and surrounding the lower
ortion of the Bar are features in Fig. 5 of this work and fig. 8 in
urkhart et al. ( 2010 ). The difference in absolute values of the Mach
umber is likely due to a difference in the methods used, as well
s the difference in resolution of the two data sets. Increasing the
ernel size (and thus mimicking the lower resolution in Burkhart 
t al. 2010 ) increases the Mach number range we reco v er in this
ork (discussed further in Section 4.2.1 ), and pushes the values up

nto the trans-sonic/supersonic regime. 
Both maps in Fig. 5 show some gradients at the edges of the fields,

hich are a result of lower emission density in those regions, and
herefore lower SNR per-channel (below SNR = 10), as well as lower
nstrument sensitivity (40–80 per cent lower than inside the contour), 
MNRAS 526, 982–999 (2023) 
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hich is why we have chosen to analyse only the data in the first
losed contour. 

.2 Spatial distribution of the turbulence driving parameter 

ombining the maps in Fig. 5 via equation ( 1 ), we compute the
urbulence driving parameter, b , for the whole SMC, which is shown
n Fig. 6 . It is immediately clear that there are spatial variations in b .

ithin the main contour, b varies between ∼0.3 and 1, i.e. between
urely solenoidal and purely compressive driving of the turbulence.
egions towards the Stream and the upper parts of the Bar seem to
xhibit more compressive driving, while the central regions of the
MC tend towards more solenoidal and mixed (1/3 < b < 0.38)
riving. The key result from this map is that we clearly find spatial
ariations in the turbulence driving mode. The exact cause of these
 ariations is dif ficult to determine and requires detailed matching
f the new b -parameter map obtained here, with information about
otential physical drivers of turbulence (Elmegreen 2009 ; Federrath
t al. 2017 ), such as (1) feedback, i.e. from star formation/evolution
cti vity, including supernov ae, winds, jets/outflo ws, and radiation,
r (2) dynamics of the Magellanic system, which includes accretion
nto the SMC, large-scale flows inside the SMC, such as induced
y rotation or shear, or tidal interactions with the hot Galactic halo
ausing ram pressure stripping. Disentangling and cross-matching
ll of these effects is challenging and will be subject of future work.
o we ver, we start investigating some of these potential correlations

n Section 5 , by studying the turbulence driving parameter as a
unction of the H I and H α emission in the SMC. 

.2.1 Influence of the kernel size 

he 3D velocity dispersion and the volume density dispersion are
cale-dependent quantities (Kim & Ryu 2005 ; Kowal & Lazarian
007 ; Kritsuk et al. 2007 ; Federrath, Klessen & Schmidt 2009 ;
eattie et al. 2019 ; Federrath et al. 2021 ). In order to investigate

he influence of the size of the analysis kernel, we compute the four
ain analysis quantities for 5 different kernel FWHMs, such that N bpk 

 2.5, 5.0, 10.0, 20.0, and 40.0. The panels of Fig. 7 sho w the dri ving
arameter for these five values of the kernel size, and highlight the
if ferent le vels of spatial granularity resulting from each kernel size.
ll five kernel sizes, we test are small compared to the size of the
MC. This should al w ays be the case when applying this method to
bservations of entire galaxies, as the method is designed to probe
he (small-scale) 3D turbulence properties. 

In Fig. 8 , we show PDFs of the four main quantities as a function
f the kernel size (from the left- to right-hand panel): the Brunt
actor R 

1 / 2 , the density dispersion σρ/ρ0 , the Mach number M , and
he driving parameter b . Fig. 8 demonstrates that the width and peak
f the M and σρ/ρ0 PDFs increase with increasing kernel size, and
hat the Brunt factor ( R 

1 / 2 ) decreases with increasing kernel size.
ecause the width of the M and σρ/ρ0 PDFs scale with kernel size

n roughly the same way, the turbulence driving parameter b is not
 strong function of the kernel size (see right-hand panel of Fig. 8 ).
o we ver, it is clear that the kernel size plays a role in the distribution

nd peak of all the analysis quantities, so in Fig. 9 , we plot the median
alue of the PDFs shown in Fig. 8 for each analysis quantity as a
unction of N bpk , to study the convergence behaviour of each of the
ele v ant quantities. 

Fig. 9 shows how the median value of each analysis quantity
ehaves as a function of N bpk . The top two panels show the Brunt
actor and the driving parameter, which both converge to a constant
NRAS 526, 982–999 (2023) 
alue as the kernel size increases. We find that the best fit for the
runt factor (top left-hand panel of Fig. 9 ) is 

 

1 / 2 = 0 . 31 ± 0 . 01 + [ N bpk / (0 . 16 ± 0 . 10)] −0 . 88 ±0 . 21 , (12) 

uch that in the limit of an infinitely large kernel ( N bpk → ∞ ) the
runt factor converges to R 

1 / 2 = 0 . 31 ± 0 . 01. This value of roughly
.3 is consistent with previous findings (Brunt 2010 ; Ginsburg et al.
013 ; Federrath et al. 2016 ; Menon et al. 2021 ; Sharda et al. 2022 ). 
The driving parameter (bottom right-hand panel of Fig. 9 ) con-

erges to a value of b = 0.51 ± 0.01, in the limit of an infinitely large
 ernel, which tends tow ards the compressive driving end of the scale
 b > 0.38). The functional form of the fit is given by 

 = (0 . 51 ± 0 . 01)[1 . 0 − exp [ −N bpk / (2 . 17 ± 0 . 26)]] . (13) 

e take these two converged values to be the overall median Brunt
actor and driving parameter in the SMC. The Mach number and
olume density dispersion are not expected to converge, as they are
cale-dependent quantities. We therefore fit power-law functions to
ach of these quantities. For the volume density dispersion, we derive 

ρ/ρ0 = (0 . 18 ± 0 . 01) ( N bpk / 10) 0 . 76 ±0 . 01 . (14) 

nd for the Mach number we find 

 = (0 . 37 ± 0 . 04) ( N bpk / 10) 0 . 70 ±0 . 05 . (15) 

he exponents of these two power laws agree within the uncertainties,
hich shows that σρ/ρ0 and M do indeed change in the same way
ith increasing kernel size, which can also be seen in Fig. 8 . Thus,
 converges to a constant value with increasing kernel size. 
Because M and σρ/ρ0 do not converge, we must necessarily choose

ne value of N bpk when presenting the maps of these quantities and
 . As previously outlined, we chose N bpk = 10, because it provided a
uf ficient le vel of granularity and had enough resolution elements per
ernel to accurately reco v er the main analysis quantities (in particular
he driving parameter b ). We can see in Fig. 9 that this choice of N bpk 

eco v ers the converged value of b within about 2.5 per cent. 
Fig. 10 shows the PDFs of R 

1 / 2 , σρ/ρ0 , M , and b inside the
ain analysis contour for the standard kernel size of N bpk = 10.
e find R 

1 / 2 = 0 . 34 ± 0 . 01, σρ/ρ0 = 0 . 18 + 0 . 06 
−0 . 04 , and M = 0 . 35 + 0 . 16 

−0 . 09 .
s expected for the WNM, the Mach numbers lie in the subsonic

e gime. F or the turbulence driving parameter across the SMC, we
nd b = 0 . 49 + 0 . 22 

−0 . 13 . Ho we ver, there are substantial v ariations of b
rom region to region (as quantified by the 16th and 84th percentile
ange). Ne vertheless, e ven the 1 σ\ mu lower limit of b , i.e. the 16th
ercentile value is with b 16 = 0.36 still in the regime of a natural
ixture of compressive and solenoidal driving. This is an interesting

esult as it may indicate that the H I gas is subject to predominantly
ompressive turbulence driving mechanisms in the SMC. 

 C O R R E L AT I O N S  BETWEEN  T H E  

U R BU L E N C E  D R I V I N G  PARAMETER  A N D  

H E  G A S  DENSITY  A N D / O R  STAR  

O R M AT I O N  AC TIVITY  

n the left-hand panel of Fig. 11 , we investigate whether there is
ny correlation between H I intensity and the turbulence driving
arameter b within the main contour region of the SMC. We do not
nd evidence of a correlation between b and H I intensity, instead the

urbulence driving seems to be in the mix ed-to-compressiv e ( b > 0.4)
e gime re gardless of the H I emission density. This is expected since
e found b to be compressive overall in Fig. 10 . It also shows that b

s not simply a function of the column density, so one cannot simply
ssume that the turbulence is more compressively driven in regions
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Figure 6. Map of the turbulence driving parameter, b , calculated via equation ( 1 ), by combining the information in the maps shown in Fig. 5 . The main contour 
(black line), and kernel (shown in the bottom left-hand corner) are the same as in Fig. 5 . The pink contours denote purely solenoidal driving (dark pink, b ∼
0.3), naturally mixed driving (medium pink, b ∼ 0.38) and purely compressi ve dri ving (light pink, b ∼ 1.0). These lines are also shown on the colour bar. We 
see strong spatial variations in the turbulence driving parameter, ranging from purely solenoidal to purely compressive driving across the SMC. 
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f higher column density, in the case of H I . Similarly, we find that b
s slightly compressive across the entire range of H α (MCELS Smith 
t al. 1999 ; Winkler et al. 2015 ) intensity, as shown in the right-hand
anel of Fig. 11 . To first order, the presence of H α signifies active,
assive star formation, which may provide a feedback mechanism by 
hich to drive turbulence compressively, through winds, expanding 
II regions (Menon et al. 2021 ), outflows and ultimately supernovae 

Elmegreen 2009 ; Federrath et al. 2017 ). Compressi ve dri ving also
ositively influences star formation rates (Federrath & Klessen 
012 ), and so it is difficult to disentangle whether compressive 
riving where H α is present is causing star formation, or whether star
ormation is causing compressi ve dri ving. Because we do not find any 
orrelation with increased H α intensity and more compressive driv- 
ng, it is possible that the o v erall compressiv e nature of the driving in
he H I gas in the SMC is not dominated by the star-formation activity.

 C O M PA R I S O N  TO  OTH ER  MEASUREMENTS  

F  T H E  T U R BU L E N C E  D R I V I N G  PARAMETER  

N  D IFFER ENT  ENVIRO NMENTS  

ig. 12 concludes the discussion of our results by presenting a selec-
ion of other observational measurements of the density dispersion –

ach number relation in regions of the MW, as well as one molecular
tar-forming region in the LMC. Here, we can see that our data for
he SMC lie between the lines denoting mixed and fully compressive
riving, and that the points lie in the subsonic and low-density vari-
nce regime. With reference to our discussion in Section 4.2.1 , how-
ver, it should be noted that the points we present on this figure (both
ur work and previous studies) are all a function of the scale (and
elected region) on which they have been measured, which means that 

 and σρ/ρ0 change with the kernel or region size observed. We show 

he median values for the five kernel sizes investigated in Section
.2.1 , corresponding to a physical size of 25, 50, 100, 200, and
00 pc. We can see that the smallest kernel (25 pc) is squarely in the
olenoidal regime (ho we ver, this v alue is not converged; see Fig. 9 ),
nd as the kernel size increases, compressive driving becomes more 
ominant (and leads to a converged value of b ; cf. Fig. 9 ). 
Included in Fig. 12 are star-forming molecular clouds such as 

he Pillars of Creation (Menon et al. 2021 ), Taurus (Brunt 2010 ;
ainulainen & Tan 2013 ), IC5416 (Padoan et al. 1997 ), and the
apillon Nebula (Sharda et al. 2022 ), which all exhibit supersonic,
ompressi vely dri ven turbulence, likely dri ven by star formation
eedback. There are also two molecular clouds that are not star-
orming; one which exhibits supersonic mixed/compressively driven 
urbulence – GRSMC 43.30-0.33 (Ginsburg et al. 2013 ), and another, 
hich is supersonic and solenoidally driven – ‘The Brick’ (Federrath 

t al. 2016 ). The kind of turbulence driving in each of these molecular
louds depend on the specific physical mechanisms at play in each
MNRAS 526, 982–999 (2023) 
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Figure 7. Comparison of the turbulence driving parameter map using 
different kernel sizes. From the top to bottom panels, each panel uses a 
kernel with N bpk = 2.5, 5.0, 10.0, 20.0, and 40.0. The orange circle in the 
bottom left-hand corner of each panel shows the kernel FWHM, and the black 
contour is the first closed contour as throughout this work. 
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egion, and while it is interesting to note that a variety of b values
re reco v ered and can be correlated to the environmental conditions
for instance, strong shearing motions giving rise to predominantly
olenoidal driving in the Brick Federrath et al. 2016 ), it is difficult
o do so for the present SMC measurements, as these contain
ontributions from the entire galaxy in the data shown in this plot.
orrelating b with environmental conditions will ultimately involve

tudying the spatial variation of b as shown in the map of Fig. 6 , and
inking it to other measurements that provide information about the
ynamics and potential physical drivers of turbulence, as discussed
n the preceding sections. 

The most direct comparison we can make with our data is the
W WNM datapoint (Marchal & Miville-Desch ̂ enes 2021 ) (lilac

riangle in Fig. 12 ). Marchal & Miville-Desch ̂ enes ( 2021 ) found
ρ/ρ0 = 0 . 6 ± 0 . 2 and M = 0 . 87 ± 0 . 15, both somewhat higher

han our measurements for the SMC. Because the density variation
nd the Mach number are scale-dependent quantities (see previous
iscussion; and Figs 7 –9 ), we must first consider whether the spatial
cale on which we measure our quantities is comparable to the scales
n which the quantities in the MW were measured. We chose to use
 kernel N bpk = 10, which at the distance to the SMC is ∼ 100 pc.
n Marchal & Miville-Desch ̂ enes ( 2021 ), the spatial scale on which
hey measure σρ/ρ0 and M is ∼ 63 pc. Referring to Fig. 9 , we can
ee that had we used a kernel N bpk = 5 ( ∼ 50 pc), we would have
eri ved e ven smaller median values for these two quantities. It is
herefore likely that the difference between the measured SMC and

W values is not a result of the scale on which they were measured.
We have assumed that the WNM temperature in the SMC is

 = 7000 ± 1000 K, which is about 1000 K higher than the tem-
erature used in Marchal & Miville-Desch ̂ enes ( 2021 ), but lower
han the 10 4 K observed by Murray et al. ( 2018 ). There is a wide
ange of temperature estimates for the WNM in Galactic H I , and
e have chosen a temperature range in keeping with observations

rom Murray et al. ( 2014 ), following results from Bialy & Sternberg
 2019 ), who show that at the metallicity of the SMC, the temperature
tructure should be similar to that of the MW. This influences our

 values to be about 10 per cent lower than if we had used the MW
emperature estimate from Marchal & Miville-Desch ̂ enes ( 2021 ).
o we ver, taking our lowest estimate for the temperature in the SMC

nd the highest estimate for the temperature in the MW, our median
ach number value still does not result in any overlap with the
ach number estimate for the WNM in the MW. We conclude that

his cannot account completely for the difference between our Mach
umber values and those estimated in Marchal & Miville-Desch ̂ enes
 2021 ). It is likely that because we do not perform a phase separation
s in Marchal & Miville-Desch ̂ enes ( 2021 ), and assume that the
mission is dominated by WNM, this is a contributing factor in our
iffering result, but still may not account for it entirely. 
The difference between our median value for the volume density

ispersion as compared to the reported MW value could be explained
y significant variation in the depth of the SMC. If the SMC is highly
xtended along the LOS, it is possible that we have underestimated
he volume density dispersion via the Brunt et al. ( 2010 ) method
Section 3.3.1 ). We discuss this issue further in Section 7.3 , but
onsidering that we do not have a robust estimate for the extent
f the SMC in the third dimension, we can only assume that our
easured column density dispersion is a reasonable representation

f the dispersion along the LOS, and therefore σρ/ρ0 is truly smaller
han in the MW WNM. 

In summary, our analysis of the SMC WNM in comparison to
he MW WNM region studied by Marchal & Miville-Desch ̂ enes
 2021 ) may indicate that the values of density dispersion and Mach
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Figure 8. PDFs of the four main analysis quantities [ R 

1 / 2 (blue panel), σρ/ρ0 (pink panel), M (green panel), and b (purple panel)] for five different kernel 
sizes. For the smallest kernel size ( N bpk = 2.5), the peak of both σρ/ρ0 and M are shifted towards smaller values, while the largest kernel size ( N bpk = 40.0) 
shifts the peak of the distributions to higher values. On the other hand, the Brunt factor, R 

1 / 2 , exhibits the opposite trend. While both σρ/ρ0 and M depend on 
the kernel size, the ratio of the two, i.e. the turbulence driving parameter (equation 1 ) is independent of the kernel size for sufficiently large kernel size ( N bpk � 

10). At the distance of the SMC, the physical sizes of the kernels are approximately 25, 50, 100, 200, and 400 pc, respectively. 

Figure 9. The median values of the four main analysis quantities as a function of N bpk , with fitted functions. Top left-hand panel: the Brunt factor R 

1 / 2 . Top 
right-hand panel: the density variance σρ/ρ0 . Bottom left-hand panel: the Mach number M . Bottom right-hand panel: the driving parameter b . The error bars 
on each data point represent the 16th and 84th percentiles, and were used in the fits, with the errors on the fit parameters displayed in the legend of each panel. 
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umber are indeed physically smaller by a factor of ∼2–3 in the SMC
ompared to the MW, but the average turbulence driving parameter 
f b ∼ 0.7 for the MW and b ∼ 0.5 for the SMC, indicates a similar
ominance of compressive turbulence driving in the WNM of both 
he MW and the SMC. 

 C AV E ATS  

.1 Magnetic fields 

he ISM is ubiquitously magnetized, and the influence of magnetic 
ressure on the density dispersion – Mach number relation has 
een derived theoretically and investigated in simulations (Padoan & 

ordlund 2011 ; Molina et al. 2012 ; K ̈ortgen 2020 ) and observations
Federrath et al. 2016 ; Kainulainen & Federrath 2017 ). We have
ssumed the purely hydrodynamical relation in this work, as we are
nable to map the magnetic field strength of the SMC in a way that
ould allow us to meaningfully incorporate it into our calculation 
f b . From Molina et al. ( 2012 ), we know that for cases in which
he magnetic field strength is proportional to the square root of the
ensity, b is given by 

 = σρ/ρ M 

−1 (1 + β−1 ) 1 / 2 , (16) 
MNRAS 526, 982–999 (2023) 

0 



994 I. A. Gerrard et al. 

M

Figure 10. Same as Fig. 8 but for the N bpk = 10 case. The solid lines in each panel represent the 50th percentile, while the dashed lines show the 16th and 84th 
percentiles, respectively. These values are also reported in the legend. 

Figure 11. Left-hand panel: correlation between the H I emission and b . As in the left-hand panel of Fig. 1 , the mean column density is N 0 = 4.5 × 10 21 cm 

−2 . 
The coloured data (with colourbar) show the correlation PDF based on each spatial point in the main SMC contour, while the filled circles with error bars are 
the average b values in bins across the H I range (with the position of the circle in the centre of the bin, and the extent of the error bars indicating the 16th to 
84th percentile). The three horizontal lines show the theoretical limits for compressive ( b = 1, dotted), mixed ( b = 0.38, solid), and solenoidal ( b = 1/3, dashed) 
turbulence driving. Right-hand panel: same as left-hand panel, but for H α data from MCELS (Smith et al. 1999 ; Winkler et al. 2015 ). 

w  

m
f  

v  

T  

S  

 

c  

t  

fi  

(
(
3  

e  

t  

o  

H  

i  

v  

p  

g  

c  

d  

S  

i  

p

7
v

S  

t  

g  

o  

r  

c  

t  

a  

m  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/1/982/7271414 by Keele U
niversity user on 28 Septem

ber 2023
here plasma beta, β = P th /P mag = 2 c 2 s /v 
2 
A , is the ratio of the ther-

al to magnetic pressure, and the Alfv ́en speed v A = B turb /(4 πρ0 ) 1/2 

or the turbulent component of the magnetic field, and ρ0 is the mean
olume density (e.g. Federrath & Klessen 2012 ; Federrath 2016 ).
he best we can currently do is estimate a single value for β in the
MC, and therefore quantify its bulk effect on our spread of b values.
Our best estimate for the magnetic field strength across the SMC

omes from Livingston et al. ( 2022 ), who study Faraday rotation
owards 80 sources across the SMC to estimate the LOS magnetic
eld strength ( −0 . 3 ± 0 . 1 μG) and the random component of the field
5 + 3 

−2 μG). For the WNM, the number density is ∼ 0 . 2 − 0 . 5 cm 

−3 

Ferri ̀ere 2001 ). This gives us an Alfv ́en speed between v A ∼ 5 −
0 km s −1 . Combining this, we estimate β ∼ 0.1 −2. Using this in
quation ( 16 ), the factor (1 + β−1 ) 1/2 ∼ 1 −3, which means that
he turbulence driving parameter could increase by up to a factor
f three. Hassani et al. ( 2022 ) estimate that β < 1 in the WIM and
IM, and although they make no estimate for β in the WNM, it

s in-keeping with our estimate. Using the magnetohydrodynamical
ersion of the density dispersion – Mach number relation does not
rovide a particularly useful constraint in this instance, but would
NRAS 526, 982–999 (2023) 
enerally increase our values of b , pushing our results towards the
ompressive end of the driving spectrum. Howev er, giv en that we
o not have a map of the random magnetic field strength across the
MC at this time, the hydrodynamic approach used in our analysis

s robust enough to provide a lower limit of the turbulence driving
arameter in the SMC. 

.2 Calculating 3D velocity dispersion from the centroid 

elocity map 

tewart & Federrath ( 2022 ) discuss three methods to determine
he 3D turbulent velocity dispersion of a cloud. They find that the
radient-corrected parent velocity dispersion, the sum in quadrature
f the gradient-corrected moment-1 and moment-2 maps, is the most
obust way of reco v ering the 3D turbulent velocity dispersion of a
loud. We initially attempted to use this method, but were unable
o reliably disentangle the various components along the LOS in
 given pixel, causing an overestimation of the contribution of
oment-2 to the sum. In future work, we plan to explore new
ethods for decomposing multicomponent spectra, at which time we
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Figure 12. A summary of the available observational estimates for the turbulence driving parameter b of several sources, contextualizing our results for the 
SMC H I gas. The y-axis shows the 3D (volume) density dispersion ( σρ/ρ0 ), and the x-axis shows the turbulent Mach number ( M ), including a factor involving 
plasma β (ratio of thermal to magnetic pressure), as some of the literature values shown (Taurus and G0.253 + 0.016) have been calculated using the magnetized 
version of the density dispersion – Mach number relation (see Section 7.1 for further discussion on this point). The three diagonal lines show the theoretical 
limits for compressive ( b = 1.0, dotted), mixed ( b = 0.38, solid) and solenoidal ( b = 0.33, dashed) driving of the turbulence (Federrath et al. 2010 ). The SMC 

results of this work are shown in the lower left-hand corner, with the colourbar denoting the probability density of points in our SMC maps of σρ/ρ0 and M for 
N bpk = 10. The hexagons sho w the median v alues for the SMC quantities in the five different kernel sizes we investigated in Section 4.2.1 , which correspond to 
roughly 25, 50, 100, 200, and 400 pc. The error bars on these points show the 16th to 84th percentile on each axis. F or conte xt, we include a variety of sources 
from the literature: Taurus (dark blue star) (Brunt 2010 ), which includes magnetic field estimates and revised Mach number estimations from Kainulainen & 

Tan ( 2013 ), using 13 CO line imaging observations; IC5146 (blue cross) (Padoan et al. 1997 ), using 12 CO and 13 CO observations; GRSMC 43.30-0.33 (aqua 
plus) (Ginsburg et al. 2013 ), observed in H 2 CO absorption and 13 CO emission; ‘The Brick’ (G0.253 + 0.016, teal square) (Federrath et al. 2016 ), using HNCO 

observations; ‘The Pillars of Creation’ (NGC 3372 pillars, magenta diamonds) (Menon et al. 2021 ), from 

12 CO, 13 CO and C 

18 O; ‘The Papillon Nebula’ (LMC 

N159E, pink circle) (Sharda et al. 2022 ), again in 12 CO, 13 CO, and C 

18 O; and the WNM in the MW (lilac triangle) (Marchal & Miville-Desch ̂ enes 2021 ) (H I 

observations). 
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ill revisit this aspect of the pipeline. Ho we ver, the unprecedented
esolution of the PPV cube in both velocity and position allows us
o use the correction factor found in Stewart & Federrath ( 2022 )
 C 

any 
(c −grad) = 3 . 3 ± 0 . 5) to reco v er the LOS v elocity fluctuations from

he moment-1 map only, to within their quoted 10 per cent accuracy,
hich then gives us the 3D turbulent velocity dispersion. 

.3 Depth of the SMC 

he Magellanic system is highly dynamic and complex, and the 3D 

tructure of the gas in the SMC is, for all intents and purposes, an
nknown quantity. The robust gradient in the integrated velocity (see 
ight-hand panel of Fig. 1 ) has in the past been interpreted as evidence
hat the SMC has a disc-like structure (Kerr, Hindman & Robinson
954 ; Hindman, Kerr & McGee 1963 ; Stanimiro vi ́c, Stav ele y-Smith
 Jones 2004 ; Di Teodoro et al. 2019 ). Ho we ver, the kinematics

f gas-tracing stars, mapped using proper motions from Gaia , are 
nconsistent with a rotational disc model (Murray et al. 2019 ). 3D
ydrodynamical simulations that attempt to reconstruct the dynamic 
istory of the Magellanic system show that either one or two previous
nteractions between the SMC and LMC are required to consistently 
r  
eproduce the Stream and the Bridge (Besla et al. 2012 ; Diaz & Bekki
012 ; Lucchini, D’Onghia & Fox 2021 ). 
It is likely that the SMC is not a rotating disc, but a torn and

xtended structure, with an estimated depth of 10–30 kpc (Tatton 
t al. 2021 ). This is not, ho we ver, a particular problem for our method.
ecause we use the Brunt et al. ( 2010 ) method (Section 3.3.1 ) to

eco v er only the volume density dispersion, rather than any estimate
or the volume density itself, we do not need to directly account
or the depth o v er which we inte grate. The assumption behind this
ethod is that the gas density dispersion along the LOS is comparable

o the density dispersion in the plane of the sky. We further find
hat the dispersion in the plane-of-the-sky is relatively isotropic 
see Fig. 3 ), supporting the assumption in the Brunt et al. ( 2010 )
ethod. We may be estimating a lower limit on the volume density
uctuations present in each kernel if the SMC is highly extended
long the LOS, given that integration over a large distance tends to
ash out variance in the column density. However, the moment-1 
ap, used to quantify the turbulent velocity fluctuations in the plane-

f-the-sky, is subject to similar smoothing along the LOS. Thus, both
he moment-0 and the moment-1 maps are expected to be affected
y LOS averaging in a similar way, and therefore, the ratio of the
wo (i.e. the turbulence driving parameter b ; see equation 1 ) may be
elatively robust against LOS averaging effects (similar to how it is
MNRAS 526, 982–999 (2023) 
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ndependent of the kernel size on sufficiently large scales; cf. Figs 8
nd 9 ). Without further exploration which is beyond the scope of this
ork and the available data, we cannot investigate this effect further

t this time and therefore leave such an analysis to future work. 

.4 Relati v e uncertainties 

s we have outlined in the abo v e sections, there are several major
ssumptions made in this work, which likely dominate any errors
ssociated with our results. Ho we ver, under the assumptions we
ave made, we can quantify the relative error in our calculation
f the turbulence driving parameter. We must account for the error
ntroduced through the Brunt et al. ( 2010 ) method ( ∼ 10 per cent )
nd the error associated with our estimate for the WNM temperature
nd therefore the sound speed ( ∼ 10 per cent ). The error introduced
y our conversion of the velocity variance via the Stewart & Federrath
 2022 ) method is ∼ 10 per cent , which is similar to the range of
pplicable values, so the choice of conversion factor does not have
 significant effect on our results. Combined, this gives a relative
ncertainty of ∼ 20 per cent associated with our b values. Referring
o Fig. 10 , we can see that this error is smaller than the variance
f b itself, and as such, we are primarily measuring the spatial
ariations of the turbulence driving parameter across the SMC,
ather than variations introduced due to noise or uncertainties in
he method. 

 C O N C L U S I O N S  

n this work, we presented a new generalized method for creating
 map of the turbulence driving parameter in the ISM of galaxies
sing column density and centroid velocity information. Our method
an be applied on scales from molecular clouds to entire galaxies,
rovided there are enough spatially coherent resolution elements
vailable (Section 4.2.1 ), and the data are sufficiently sensitive to
rovide reliable moment-0 and moment-1 maps. We use a Gaussian-
eighted roving kernel (Section 3.1 ) to recover the volume density
ispersion and turbulent Mach number, and construct maps of these
uantities (Fig. 5 ) which we then use to create a map of the turbulence
riving parameter (Fig. 6 ) via equation ( 1 ). In summary, the main
teps of the pipeline performed in each instance of the roving kernel
re as follows: 

(i) to isolate only turbulent density variations, fit and subtract a
inear gradient from the normalized column density map (see Fig. 2 );.

(ii) via the ‘Brunt Method’ (Section 3.3.1 ), use the 2D power
pectrum of the gradient-corrected column density to construct the
D po wer po wer spectrum, the ratio of which is the Brunt factor,
 

1 / 2 ; 
(iii) using R 

1 / 2 , reconstruct the volume density dispersion from
he column density dispersion (see Fig. 5 ); 

(iv) fit and subtract a linear gradient from the centroid velocity
ap, thus isolating only turbulent velocity fluctuations (see Fig. 4 ); 
(v) find the dispersion of the gradient-corrected centroid velocity,

nd convert to 3D velocity dispersion via the ‘Stewart’ method (see
ection 3.4 ); 
(vi) divide the 3D velocity dispersion by the sound speed to

eco v er the turbulent sonic Mach number, M (see Fig. 5 ); and 
(vii) finally, divide the volume density dispersion map by the Mach

umber map to create a map of the turbulence driving parameter, b ,
ia equation ( 1 ) (see Fig. 6 ). 

We have applied this method to high-resolution GASKAP-HI
bservations of 21 cm emission from the SMC (Section 2 ). We find
NRAS 526, 982–999 (2023) 
hat spatial variations of the turbulence driving parameter span the
ntire driving range from purely solenoidal to purely compressive
riving, with some regions exhibiting very compressive driving
 b ∼ 1, e.g. towards the Bridge and the Stream), while other regions
re driven more solenoidally ( b ∼ 1/3, e.g. in the centre). We find
hat the driving parameter is a weak function of the scale on which
t is measured (see Fig. 9 ), but that it converges on kernel scales
 100 pc ) to a constant value of b ∼ 0.5, which is towards the

ompressive end of the spectrum (i.e. b > 0.38, which defines the
atural driving mixture), and with 16th to 84th percentile variations
n b between ∼0.3 and ∼0.6 across the SMC. In the context of
ther measurements of the turbulence driving parameter in the
NM, specifically Marchal & Miville-Desch ̂ enes ( 2021 ), we find

hat while both the volume density dispersion and the Mach number
re significantly lower than MW values, b is similarly compressive
 v erall ( ∼0.7 in the MW). We do not find evidence for a correlation
f b with either H I or H α emission intensity. In future work, we
ill delve deeper into specific regions of the SMC and correlate
ariations in the b parameter with known physical turbulence driving
echanisms. 
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PPENDIX  A :  IN FLUENCE  O F  T H E  SNR  

s we previously outlined, we choose a high SNR cut per velocity
hannel of 10 to ensure the robustness of our data analysis. As defined
n Section 2 , the rms noise level is 1.1 K per 0.98 km s −1 spectral
hannel. We apply multiples of this as a per-channel SNR threshold.
e investigated three different SNR cuts: 3, 5, and 10. Fig. A1

emonstrates that the choice of SNR cut does not impact the analysis
uantities particularly, because the data within our analysis contour
as a very high SNR. 

We can see this via visual inspection in Fig. A2 , where the
onviable kernels that contain low SNR pixels are shown in white.
learly, all the kernels inside the analysis contour contain pixels

hat hav e v elocity channels abo v e the SNR = 10 threshold, which
ccounts for how similar the PDFs of the analysis quantities are. The
light variations are caused by some specific velocity channels in a
iv en pix el being e xcluded by the per-channel SNR cut, resulting in
ess channels contributing to the integration that creates the moment-
 and moment-1 maps. This is the case in a minority of pixels towards
he contour edge, which, in turn, result in the slight variations in the
DFs of the analysis quantities. Pixels which contain no velocity
hannels abo v e the SNR threshold are not considered, and kernels
ontaining such pixels are ignored entirely. This results in the lower
NR thresholds having more viable kernels than the higher SNR

hresholds, as shown in Fig. A2 . 
NRAS 526, 982–999 (2023) 

t  

i  

igure A1. PDFs of the same quantities are shown in Fig. 10 , but for three differe
nly. We can see that using a contour of 10 σ provides a robust data set, which is l
ube. The R 

1 / 2 , σρ/ρ0 , M , and b values are nearly invariant across the three noise 
ontour is unaffected by any per-pixel noise. 

igure A2. Comparison of the turbulence driving parameter map using different 
eft-hand panel uses SNR = 3, the middle shows SNR = 5 and the right-hand panel
eft-hand corner of each panel shows the kernel size ( N bpk = 10), and the black con

/m
nr
PPENDI X  B:  C O R R E C T I O N  F O R  OPTI CALLY  

H I C K  H I 

n this work, we chose to account for HISA so as to a v oid
nderestimating the true column density. Using absorption data, the
rue optical depth of the gas can be estimated and a correction factor
erived, such that 

 HI = 

N HI , corr 

N HI , uncorr 
, (B1) 

nder the assumption that the gas is isothermal. In Fig. B1 , we present
DFs of our primary analysis quantities with two different correction
actors for the column density applied. The first is from Dickey et al.
 2000 ), and takes the form, 

 HI ≈ 1 + 0 . 667 ( log 10 N HI , uncorr − 21 . 4) , (B2) 

uch that the correction factor is applied to column densities abo v e
0 21 . 4 cm 

−2 . An updated version of this correction f actor w as derived
y Dempsey et al. ( 2022 ) using new ASKAP absorption data, and
akes the form, 

 HI ≈ 1 + 0 . 51 ( log 10 N HI , uncorr − 21 . 43) . (B3) 

espite the fact that the Dempsey et al. ( 2022 ) correction is only
tted to absorption data in the Bar of the SMC, we chose to apply it

o our column density map none the less. While the correction factor
n the Bar is not directly applicable to data from the Wing (and these
nt SNRs. The data used to construct these PDFs are from inside the contour 
argely insensitive to the per-channel noise threshold applied to the raw PPV 

levels we compare here. This gives us confidence that all analysis inside this 

SNRs to threshold the PPV cube prior to running the analysis pipeline. The 
 shows SNR = 10 (default used in this study). The orange circle in the bottom 

tour is the first closed contour as throughout this work. 
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Figure B1. Same as Fig. 10 , but comparing the influence of correcting the H I column density for optical-depth effects. We use correction relationships from 

Dickey et al. ( 2000 ) and Dempsey et al. ( 2022 ), and find that σρ/ρ0 and b increase slightly for both correction cases by 12 and 17 per cent, respectively, compared 
to no HISA correction. The Brunt factor is largely independent of the correction and the Mach number is completely independent of the correction (by definition, 
as it does not depend on the column density). 

Figure B2. Same as Fig. A2 , but for different opacity corrections. The left-hand panel has no correction factor applied. The middle and right-hand panels 
present maps using the Dickey et al. ( 2000 ) (equation B2 ) and Dempsey et al. ( 2022 ) (equation B3 ) corrections, respectively. 
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nras/article/526/1/982/7271414 by Keele U
niversity user on 28 Septe
re the two main regions enclosed by our analysis contour), a Wing-
nly correction is not available. By inspecting the data presented in 
g. 10 of Dempsey et al. ( 2022 ), it seems likely that the fit parameters

n such a correction would not be too dissimilar to those in the Bar
orrection, as there is a substantial amount of o v erlap between the
ata from the two regions. 
Fig. B1 shows a comparison of the Dickey et al. ( 2000 ), Dempsey

t al. ( 2022 ), and no HISA correction, on the four main quantities
tudied in this work. Without any HISA correction, we find b =
 . 42 + 0 . 11 

−0 . 19 , but with the Dickey et al. ( 2000 ) correction factor we
nd b = 0 . 47 + 0 . 41 

−0 . 16 and with the Dempsey et al. ( 2022 ) correction
e find b = 0 . 49 + 0 . 22 

−0 . 13 . The Mach number is not affected by the
The Author(s) 2023. 
ublished by Oxford University Press on behalf of Royal Astronomical Society. This is an Open
 https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and rep
orrection factor because it is not a function of the column density,
ut interestingly, the Brunt factor also remains largely invariant, 
uggesting that the ratio of the column density dispersion to the
olume density dispersion is not particularly sensitive to corrections 
f the H I intensity. 
Fig. B2 shows the respective maps of b without HISA correction

left-hand panel), and using the Dickey et al. ( 2000 ) (equation B2 ,
iddle panel) and Dempsey et al. ( 2022 ) (equation B3 , right-hand

anel) corrections, respectively. 
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