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ABSTRACT

High-spatial-resolution H1 observations have led to the realization that the nearby (within few hundreds of parsecs) Galactic
atomic filamentary structures are aligned with the ambient magnetic field. Enabled by the high-quality data from the Australian
Square Kilometre Array Pathfinder (ASKAP) radio telescope for the Galactic ASKAP H1 survey, we investigate the potential
magnetic alignment of the 2 10 pc-scale H 1 filaments in the Small Magellanic Cloud (SMC). Using the Rolling Hough Transform
technique that automatically identifies filamentary structures, combined with our newly devised ray-tracing algorithm that
compares the HT and starlight polarization data, we find that the HT filaments in the north-eastern end of the SMC main body
(‘Bar’ region) and the transition area between the main body and the tidal feature (“Wing’ region) appear preferentially aligned
with the magnetic field traced by starlight polarization. Meanwhile, the remaining SMC volume lacks starlight polarization data
of sufficient quality to draw any conclusions. This suggests for the first time that filamentary HT structures can be magnetically
aligned across a large spatial volume (2 kpc) outside of the Milky Way. In addition, we generate maps of the preferred orientation
of HI filaments throughout the entire SMC, revealing the highly complex gaseous structures of the galaxy likely shaped by a
combination of the intrinsic internal gas dynamics, tidal interactions, and star-formation feedback processes. These maps can
further be compared with future measurements of the magnetic structures in other regions of the SMC.

Key words: galaxies: ISM — (galaxies:) Magellanic Clouds — galaxies: magnetic fields — ISM: magnetic fields — ISM: structure —
radio lines: ISM.

Klessen 2012; Birnboim, Balberg & Teyssier 2015; Krumholz &
Federrath 2019), the stellar initial mass function (Krumholz &
The pnG-strength magnetic fields in galaxies affect nearly all aspects Federrath 2019; Sharda, Federrath & Krumholz 2020; Mathew &
of galactic astrophysics (e.g. Beck & Wielebinski 2013; Beck 2016), Federrath 2021), the large-scale gas dynamics (Beck et al. 2005;
including the propagation of cosmic rays (Aab et al. 2015; Seta et al. Kim & Stone 2012), and possibly even the rotation curves of galaxies
2018), the rate at which stars form (Price & Bate 2008; Federrath & (Chan & Del Popolo 2022; Khademi, Nasiri & Tabatabaei 2022,
however see also Elstner, Beck & Gressel 2014). Detailed mapping of
the magnetic field strengths and structures in galaxies is challenging,
but important for a full understanding of the astrophysical processes

1. INTRODUCTION
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above. In addition, it has wide applicabilities such as tracing gas
flows (e.g. Beck et al. 1999; Heald 2012), disentangling the three-
dimensional (3D) structures of galaxies (e.g. Panopoulou et al.
2021), and furthering our fundamental understanding in the origin
and evolution of the magnetic fields in galaxies (e.g. Beck 2016;
Federrath 2016a).

The linear polarization of starlight is amongst the first phenom-
ena utilized to measure the magnetic fields in galaxies (Hiltner
1951). While starlight is generally intrinsically unpolarized, the
intervening dust in the interstellar medium (ISM) can induce linear
polarization in the observed starlight (Hall 1949; Hiltner 1949). The
magnetic moment vector of an asymmetric dust grain is aligned
to the ambient magnetic field via the radiative torque alignment
effect (Hoang & Lazarian 2014), forcing the long axes of the
dust particles to be perpendicular to the magnetic field direction.
From this, the preferential extinction along the long axis of the
dust grains leads to the linear polarization signal parallel to the
plane-of-sky magnetic field orientation (e.g. Andersson, Lazarian &
Vaillancourt 2015; Hoang & Lazarian 2016). Meanwhile, the same
dust grains can re-emit in the infrared and submillimetre wave-
lengths, with the emission also linearly polarized but with the
polarization plane being perpendicular to the magnetic field instead
(e.g. Hildebrand 1988; Planck Collaboration XIX 2015; Lopez-
Rodriguez et al. 2022). These two methods can be exploited to
probe the plane-of-sky magnetic fields in the colder phases of the
ISM. For the line-of-sight component of the magnetic field, one can
utilize the rotation measure (RM) of background polarized radio
continuum sources (e.g. Ma et al. 2020; Tahani et al. 2022), or
the polarized Zeeman-splitting measurements (e.g. with HI absorp-
tion, Heiles & Troland 2005; or with OH masers, Ogbodo et al.
2020).

The linear polarization state is commonly described by the Stokes
Q and U parameters defined as

Q =PI cos(20), and (€))]

U = PI-sin(26), 2)

where PI and 6 are the polarized intensity and the polarization posi-
tion angle, respectively. We follow the convention of the International
Astronomical Union on the 6, which measures the polarization E-
vector from north through east (Contopoulos & Jappel 1974). We
further define, in line with the literature, fractional Stokes ¢ and u
parameters as

g = Q/1,and (3)

u=U/I, 4)

where [ is the total intensity (or, Stokes /) of the emission.
High-spatial resolution observations have revealed that the H1 gas
in the Milky Way is organized into highly filamentary structures (e.g.
McClure-Griffiths et al. 2006; Clark, Peek & Putman 2014; Martin
et al. 2015; Kalberla et al. 2016; Blagrave et al. 2017; Soler et al.
2020, 2022; Campbell et al. 2022; Skalidis et al. 2022; Syed et al.
2022). Upon comparisons with starlight and dust polarization data,
it has been found that the elongation of these slender (with presumed
widths of <0.1pc) H1 filaments is often aligned with their ambient
magnetic field orientations (McClure-Griffiths et al. 2006; Clark et al.
2014, 2015; Martin et al. 2015; Kalberla et al. 2016; Clark & Hensley
2019, see Skalidis et al. 2022 for a counter-example). However, it
remains unclear whether such magnetic alignment is common within
the entirety of the Milky Way as well as amongst galaxies with
different astrophysical conditions, as the studies above focused on
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the neighbourhood around the Sun only (within a few hundreds of
parsecs). The limitation is imposed by a combination of the paucity
of starlight polarization data throughout the Galactic volume, the
angular resolution of the H 1 as well as dust polarization data, and the
complexity of studying the Milky Way from within.

From simulations, it has been suggested that filamentary HT struc-
tures can be formed by turbulence, shocks, or thermal instabilities,
with the role of the magnetic field still under debate (e.g. Hennebelle
2013; Federrath 2016b; Inoue & Inutsuka 2016; Villagran & Gazol
2018; Gazol & Villagran 2021). In fact, various numerical studies
have led to results ranging from no preferred orientation of the
H1 filaments with respect to the magnetic field (Federrath 2016b),
to the filaments preferentially oriented parallel (Inoue & Inutsuka
2016; Villagran & Gazol 2018) or perpendicular (Gazol & Villagran
2021) to the magnetic field. Extending the observational study of
the relative orientation between magnetic fields and H1 filamentary
structures to nearby galaxies is therefore crucial, as the simpler
external perspective will allow us to verify, despite the very different
spatial scales probed, if the magnetically aligned HI filaments are
a general trend across a vast galactic volume. The main hurdle to
achieving this is obtaining H1 data of sufficient quality, specifically
the spatial resolution, velocity resolution, and sensitivity.

Apart from improving our understanding of the physical nature
of HI filaments as discussed above, the alignment of the filaments
with the ambient magnetic fields, if established, will open up the
possibility of using the HI data as a tomographic probe of the
magnetic field. This is because the plane-of-sky magnetic field
orientation can then be dissected across pseudo-distance separated
by the radial velocity (e.g. Clark & Hensley 2019). It also allows the
study of magnetic field tangling along the line of sight (Clark 2018).

At a distance of about 62 kpc (e.g. Scowcroft et al. 2016; Graczyk
et al. 2020), the Small Magellanic Cloud (SMC) is one of the closest
galaxies from us. Its proximity makes it among the best targets
for the investigation of the relative orientation between magnetic
fields and H 1 filaments. The SMC is a low-mass (M, = 3 x 108 Mg;
Skibba et al. 2012), gas-rich (My; = 4 x 108 My; Briins et al.
2005), low-metallicity (Z ~ 0.004 ~ 0.3 Zy; Choudhury etal. 2018)
irregular galaxy undergoing an episode of enhanced star formation
(~0.26 Mg yr~!; see Massana et al. 2022). The galaxy consists of
two major components (see e.g. Gordon et al. 2011): the main body
called ‘the Bar’ which is unrelated to an actual galactic bar, and a
peripheral feature called ‘the Wing’ which is believed to have formed
by tidal interactions with the Large Magellanic Cloud (LMC; Besla
et al. 2012). The tidal forces are believed to have also created the
gaseous bridge connecting the two Magellanic Clouds (Besla et al.
2012), aptly named the Magellanic bridge. The overall 3D structures
of both the gaseous and stellar components of the SMC are highly
complex, and remain poorly understood (see e.g. Di Teodoro et al.
2019; Murray et al. 2019; Tatton et al. 2021, and references therein).

The SMC has previously been observed and studied using the Aus-
tralia Telescope Compact Array (ATCA) in H1 emission (Staveley-
Smith et al. 1997). The angular resolution of these data (1/6 =~ 30 pc)
is a drastic improvement over those of single-dish observations,
leading to the distinct identification of numerous shell structures
throughout the galaxy (Staveley-Smith et al. 1997; Stanimirovic
et al. 1999). With the Australian Square Kilometre Array Pathfinder
(ASKAP) radio telescope (Hotan et al. 2021), the SMC was observed
in H1 during the commissioning phase with 16 antennas (McClure-
Griffiths et al. 2018), and recently with the full 36 antennas array as
part of the pilot observations for the Galactic ASKAP H1 (GASKAP-
H1) survey (Pingel et al. 2022, see Dickey et al. 2013 for a
description of the GASKAP survey). The latter pilot survey data
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have clearly revealed the highly filamentary structures of the SMC
(see Section 2.1), enabling our study here regarding the links between
these H 1 structures and the associated ambient magnetic field.

Apart from the early studies observing the polarized synchrotron
emission from within the SMC (Haynes et al. 1986; Loiseau et al.
1987), the magnetic field of the SMC was first explored in great
detail by Mao et al. (2008), using both RM of polarized background
extragalactic radio sources (EGSs) and polarized stars within the
SMC. An extensive starlight polarization catalogue of the SMC was
made available by Lobo Gomes et al. (2015), leading to their study
of the plane-of-sky magnetic field in the north-eastern end of the
SMC Bar, the SMC Wing, and the start of the Magellanic bridge
(see Section 2.2). Recently, the line-of-sight magnetic field has been
revisited with RM values from new ATCA observations of EGSs
(Livingston et al. 2022). The current picture of the galactic-scale
magnetic field in the SMC consists of:

(1) A coherent magnetic field along the line of sight (~0.2-0.3 nG)
directed away from the observer across the entire galaxy;

(i) Two trends in the plane-of-sky magnetic field orientation
(~0.9-1.6 uG), one aligned with the elongation of the SMC Bar,
and the other along the direction towards the SMC Wing and the
Magellanic bridge; and

(iii) A turbulent magnetic field component that dominates in
strength (*1.5-5.0 nG) over the ordered/coherent counterparts, by a
factor of 221.5 in the plane of sky and 2210 along the line of sight.

However, the current spatial coverage of the data (both EGS RM
and starlight polarization) remains too coarse to construct a detailed
map of the magnetic structure of the SMC.

Are the H1 filaments in the SMC preferentially aligned to the
ambient magnetic field similar to the case in the solar neighbour-
hood, despite the vastly different astrophysical characteristics (e.g.
metallicity, mass, star formation rate, and tidal influences) and spatial
scales probed (=0.1pc in the Milky Way; ~9pc in the SMC)?
How are the 3D H1 structures linked to the different astrophysical
processes occurring in the SMC, including its overall magnetic field
structure? Motivated by these questions, we investigate in this work
the relative orientation between H 1 structures in the SMC as traced
by the new GASKAP-H1 data and the magnetic fields traced by
starlight polarization reported by Lobo Gomes et al. (2015).

This paper is organized as follows. We describe the data and
the associated processing required for our study in Section 2,
and devise a new ray-tracing algorithm that enables our careful
comparison between the H 1 and starlight polarization data as outlined
in Section 3. In Section 4, we (i) evaluate whether the SMC H1
filaments are magnetically aligned, (ii) test whether the GASKAP-
H1 data can trace the small-scale turbulent magnetic field, and (iii)
present the plane-of-sky magnetic field structure of the SMC as
traced by H1 filaments. We discuss the implications of our work in
Section 5, and conclude our study in Section 6.

2. DATA AND DATA PROCESSING

2.1 Hi1 filaments from GASKAP

We use new GASKAP-H 1data of the SMC for this study (Pingel et al.
2022). The 20.9-h ASKAP data were taken in December 2019 during
Phase I of the Pilot Survey, and were combined with single-dish data
from the Parkes Galactic All-Sky Survey (GASS; McClure-Griffiths
et al. 2009). The resulting data cube presents an unprecedented
view of the H1 emission of the SMC (see Fig. 1), with the highest
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combination of angular resolution (synthesized beam of 30 arcsec),
velocity resolution (0.98 km s71), and sensitivity (1.1 K per channel).

It is immediately apparent that the SMC exhibits a vast network
of filamentary structures throughout the entire galaxy. We proceed
to apply the Rolling Hough Transform' (RHT; Clark et al. 2014)
algorithm to the GASKAP-HI cube to automatically locate these
filaments. Other algorithms that have been used in the literature for
the study of elongated structures include the Hessian analysis (e.g.
Polychroni et al. 2013; Kalberla et al. 2016) and the anisotropic
wavelet analysis (e.g. Patrikeev et al. 2006; Frick et al. 2016). While
the former has been shown to lead to comparable results as the RHT
(Soler et al. 2020), the differences of the latter with the RHT have
not been explored in details, and is beyond the scope of this work.

In particular, we apply the convolutional RHT algorithm (see BI-
CEP/Keck Collaboration et al. 2022, for details) which is a significant
improvement in the computational efficiency. For each 2D image,
the RHT first performs an unsharp mask procedure, subtracting from
the image a smoothed version of itself. The smoothing is done by
convolving the image with a circular top-hat function with radius
R¢m. Next, a bitmask is created by checking the value of the resulting
difference map — True if the pixel value is greater than zero, and
False otherwise. This bitmask can be regarded as a map of small-
scale structures, including potential filaments, edges of structures,
etc. Finally, the algorithm ‘rolls’ through each pixel in the bitmask
image and quantifies the distribution of surrounding linear structure.
This is done by extracting a circular window with diameter Dw
around each pixel, and applying a Hough transform (Hough 1962) to
the bitmasked data in the window, with the sampling done through
the centre of the circular window only (i.e. p = 0 in the formulation
of Duda & Hart 1972). A simplified explanation of the operation here
is that we sample straight lines passing through the centre pixel of
the circular window, each with different 6 ranging from 0° to 180°.
For each of the straight lines, the fraction of True-valued pixels
has been evaluated and compared with the threshold parameter.
If the computed fraction exceeds threshold, the fraction value
subtracted by the threshold is written to the final output 4D-
hypercube (with the axes being the two spatial coordinates, velocity,
and 0). Otherwise, zero is written to the hypercube instead. In other
words, a non-zero pixel in the RHT 4D-hypercube means a filament
with orientation 0 passes through the 3D location (position-position-
velocity) of the corresponding pixel.

The original RHT algorithm outlined above performs well for
Galactic sky regions and velocity ranges where the emission is
ubiquitous (e.g. Clark et al. 2014; Jeli¢ et al. 2018; Campbell et al.
2022). However, this is far from the case for the SMC in H1, for
which the presence of emission is highly dependent on the location
and the radial velocity (Stanimirovic et al. 1999; McClure-Griffiths
et al. 2018; Di Teodoro et al. 2019; Pingel et al. 2022). Upon
application of this original RHT to the new GASKAP-H I cube of the
SMC, we find that it can sometimes erroneously identify filamentary
structures in very low-signal-to-noise sky areas. This prompts us to
implement an intensity cutoff procedure in the RHT algorithm —
the bitmask-formation step above would additionally compare the
H1 intensity of the input image with a determined cutoff value, and
will set the bitmask pixel value as False if the intensity is lower
than the cutoff. For our application here, we adopt a cutoff value of
(5.7K/ Ppp), where the 5.7 K corresponds to five times the rms noise
near the centre of the images, and Ppg is the primary beam attenuation
level.

! Available on: https://github.com/seclark/RHT.

G20z Arenuer go uo Jasn (IAILOVNI) Ateiqi] Asisaun [euonen ueliensny Aq L089€0./09/L/12S/oIMe/Seluw/woo dno-ojwapese//:sdny woly papeojumoq


https://github.com/seclark/RHT

71°
=)
S 720
g -
[
5
©
-
B
2 730
740

Potential H1 compass needles in the SMC 63

ng>

Right Ascension (J2000)

20 40

60 80

100 120

Peak Brightness Temperature (K)

Figure 1. The HI peak intensity image of the SMC from the GASKAP-H 1 Pilot Survey I observations (Pingel et al. 2022), highlighting the vast network of
filamentary structures in this galaxy. The locations of the 20 Lobo Gomes et al. (2015) starlight polarization fields considered in this study are each shown as
a square with the size reflecting the true field of view of 8 x 8 arcmin. The approximate spatial division between the Bar and the Wing regions of the SMC is
outlined by the grey dotted line, and the Magellanic bridge is situated outside of the covered sky area in the direction indicated by the arrow to the lower left.

We apply the modified RHT algorithm? independently to each of
the 223 velocity channels® from 40.91 to 257.85kms™!, with the
three RHT parameters set as Ry, = 12px = 25pc, Dy = 83 px =
175 pc, and threshold = 0.7. The conversions to physical scales
aforementioned assume a distance of 62kpc to the SMC (e.g.
Scowcroft et al. 2016; Graczyk et al. 2020) with a pixel scale of
7 arcsec for the GASKAP-H 1 data (Pingel et al. 2022). A sample of
the RHT output is illustrated in Fig. 2. Our choice of Ry, in units
of the synthesized beam, is similar to that of Clark et al. (2014) with

2This can be toggled on by using the cutoff_mask parameter in the
convolutional RHT algorithm.

3The radial velocities presented throughout this work are with respect to the
local standard of rest.

Galactic Arecibo L-Band Feed Array H1 (GALFA-HTI; Peek et al.
2011) data (2.8 for us here compared with their 2.5). Meanwhile,
our chosen Dy in units of Ry, which determines the aspect ratios of
the identified filamentary structures, is about 7, again similar to the
choice of Clark et al. (2014) of 10. Finally, our choice of threshold
is identical to Clark et al. (2014). To ensure that our results are not
critically dependent on the RHT parameter choice, we repeat our
analysis using different sets of parameters, reported in Appendix A.

In this study, we do not count the number of H I filaments identified,
since the RHT algorithm only reports whether a pixel is part of a
filamentary structure, but not group the many pixels together as a
filament. The quantification of the number of filaments in the SMC
will require additional algorithms that take into account the spatial
and radial-velocity coherence of the RHT output, which is beyond
the scope of this work.

MNRAS 521, 60-83 (2023)
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Figure 2. Illustration of the automatically identified filaments using RHT. Left-hand panel shows a zoomed-in image of the central area of the GASKAP-H 1
SMC map (Pingel et al. 2022) at visg = 133.74kms~!, and the right-hand panel shows in cubehelix colour scheme (Green 2011) the corresponding RHT
back-projection map, where any non-zero pixels are regarded as a filament in our study.

Finally, we note that the GASKAP-HI SMC maps are in ortho-
graphic projection, and given the large angular extent of the maps,
sky curvature is apparent (see Fig. 1). This means that the vertical
axis of the map is in general not parallel to the sky North—South axis.
As RHT operates on the maps’ Cartesian grid, there can be angle
offsets between the output hypercube’s 0-axis and the sky 6. This
has been corrected for in our analysis throughout this paper.

2.2 Starlight polarization data

To trace the plane-of-sky magnetic field orientation in the SMC, we
use the Lobo Gomes et al. (2015) starlight polarization catalogue
derived from a V-band optical survey towards the SMC using the
Cerro Tololo Inter-American Observatory. The survey has covered
a total of 28 fields in the north-eastern Bar and the Wing of the
SMC, as well as part of the Magellanic bridge, with a field of view
of 8 x 8 arcmin each. The polarization properties of 7207 stars have
been reported, with the foreground polarization contribution of the
Milky Way determined and subtracted in Stokes qu space by making
use of the polarized starlight from Galactic stars in the same sky area.
To compare with our GASKAP-H1 data of the SMC, we focus on
the 20 starlight fields in the SMC only (Fig. 1), encompassing a total
of 5999 stars with detected linear polarization.

In Lobo Gomes et al. (2015), the preferred orientation(s) of the
starlight polarization angle (6,) of each of their fields was obtained
by fitting a single- or double-component Gaussian function to the
histogram of 6,. In other words, they have only used the angle
information of the starlight polarization vector (in Stokes qu plane),
without taking the polarization fraction (p,) into account. Here, we
re-analyse the starlight polarization data with a full vector approach
as outlined next.

Consider that the SMC is permeated by a magnetic field composed
of two components in superposition — a large-scale magnetic field
with a coherence length >>100pc, and a small-scale isotropic
magnetic field with a coherence length <100 pc (e.g. Beck 2016, see
also Livingston et al. 2022). As each of the Lobo Gomes et al. (2015)
fields spans &~ 150 pc across in the plane of sky, the two magnetic field
components will leave different imprints on the observed starlight
polarization when we consider each starlight field as a whole. On the

MNRAS 521, 60-83 (2023)

Stokes qgu plane, all stars start at the origin (¢ = u = 0) since they
are intrinsically unpolarized. The large-scale magnetic field in the
intervening volume shifts all stars coherently in a single direction in
the Stokes qu plane as determined by its magnetic field orientation,
while the small-scale magnetic field scatters the stars isotropically in
the Stokes qu plane.

In light of the expected effects of the two magnetic field compo-
nents on the observed starlight polarization, we re-analyse the Lobo
Gomes et al. (2015) data accordingly. The large-scale magnetic field
contribution is evaluated by the vector mean in Stokes qu space:

7, =~ 30" g and )

U= 5 >0 Ui, (6)

where i is the index for the N, stars within each of the starlight fields.
This can be further converted to p, and 6, by

Py = /G2 + @12, and (N
0, = 0.5tan"' (i1, /4.). (8)

Meanwhile, the effect of the small-scale magnetic field is captured
through the 2D standard deviation (0. = ,/04x - 04x) Of the star
sample in Stokes gu plane, with o4, and o, being the 1D standard
deviation of Stokes ¢ and u, respectively. The uncertainties in p,,
0., and o, are estimated by bootstrapping — for each starlight field
we correspondingly draw with replacement N, stars, and obtain the
values of the three parameters as above. This process is repeated 10°
times, and the standard deviations out of the 10° values are taken as
the uncertainty values of the three parameters.4 The values of 9,, p,,
and o, of each field, as well as the number of SMC stars per field
(N,) are all listed in Table 1, with the corresponding 2D histograms
shown in Fig. C1 under Appendix C. Finally, the sky distribution of
6, is shown in Fig. 3.

4We repeat this bootstrapping for 10 times, each time resampling 10° times
as stated, and find that the resulting uncertainties are always almost identical,
meaning that these obtained uncertainty values have certainly converged.
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Table 1. Observables of each of the Lobo Gomes et al. (2015) starlight polarization fields covered

by the new GASKAP-H1 SMC field.

Field 0LG15 O D« O px Ny Umean
No. (deg) (deg) (per cent) (per cent) (kms™")
1 1209 £ 0.3 120.5 £ 2.5 0.45 £ 0.04 0.92 +0.03 491 154.81
2 584 +0.7 52.6 +4.1 0.20 + 0.03 0.61 +0.02 492 153.39
3 102.2 £ 0.6 106.0 £ 4.5 0.34 £+ 0.05 1.11 £ 0.03 471 145.00
4 1692 £ 1.6 1780+ 7.6 0.30 + 0.07 0.95 + 0.05 170 144.30
5 - 117.0 £ 10.8 0.32+£0.10 0.76 £+ 0.06 47 166.12
6 100.6 £ 2.1 (96.7 £ 15.8) (0.18 £0.07) 1.29 £+ 0.06 247 165.88
7 178.8 £0.7 250+ 5.6 0.22 £ 0.04 1.06 + 0.03 640 146.40
8 73.7+04 74.8 4.7 0.21 £ 0.03 0.91 £ 0.02 735 164.11
9 67.5+0.2 69.0 +2.3 0.49 £ 0.04 0.96 + 0.03 605 152.18
10 1425+ 0.3 1423 + 4.7 0.26 + 0.05 1.09 £+ 0.03 560 153.17
11 1583+ 0.2 156.0 £ 1.7 0.86 + 0.05 1.08 + 0.03 453 154.75
12 1479 £ 0.7 159.0 £ 7.0 0.36 + 0.08 1.21 £ 0.06 205 151.92
13 126.2+£2.5 (139.0£23.4) (0.14 £ 0.08) 1.06 + 0.06 122 158.27
14 - (924 +£44.1) (0.03 £ 0.06) 1.07 £ 0.06 165 157.20
15 1445+ 1.0 1424 +£5.1 0.54 £+ 0.09 1.11 £ 0.06 139 157.43
16 1345+48 (121.7+£24.5) (0.19 £0.11) 1.15 + 0.09 87 169.38
17 540+ 1.6 (524 £37.1) (0.07 £0.07) 1.06 + 0.06 136 149.78
18 88.5+29 (94.0 £ 16.2) (0.21 £0.09) 1.16 + 0.08 131 150.06
19 - (102.4 £40.7) (0.10 £ 0.12) 1.10 £ 0.11 40 153.40
20 75.0+3.2 727+ 10.4 0.38 +0.12 1.01 £ 0.10 63 159.22

Note. Parameters that are deemed uncertain, as described in the text, are placed in parentheses.

-72°

-73°

Declination (J2000)

-74° 4

1h36m 24m 12m oom
Right Ascension (J2000)

20 40 60 80 100 120
Peak Brightness Temperature (K)

Figure 3. Results from our re-analysis of the Lobo Gomes et al. (2015)
starlight polarization data. Green line segments are directed along the 6,
that trace the plane-of-sky magnetic field orientation for fields that we find a
coherent starlight polarization angle, while red crosses mark fields that do not
exhibit a coherent starlight polarization angle. The background image shows
the same but zoomed in GASKAP-H I peak intensity map as in Fig. 1.

We deem the resulting 6, of seven out of the total of 20 fields as
uncertain, since their signal-to-noise ratios of p, are low (<3). All
these uncertain values are placed in parentheses in Table 1.

We compare our newly obtained 6, of each field with the
corresponding results from Lobo Gomes et al. (2015). Since their

approach can yield up to two polarization angles for each starlight

field, we identify the primary polarization component for such case,
defined as the listed Gaussian component with the highest peak in
their 6, histogram. The resulting angles are labelled as 6115 and
listed in Table 1. In almost all fields, the values of our §, show good
agreement with 0 g5 (to within 10°), with the only exceptions being
field 7 (angle difference of 26° & 6°) and field 12 (angle difference
of 11° £ 7°).

2.3 3D dust extinction data

To model the extinction effect experienced by starlight through the
SMC (Section 3), we require 3D information of SMC dust extinction.
Yanchulova Merica-Jones et al. (2021) derived a relation between the
dust extinction (Ay) and the hydrogen column density (Ny) for the
south-western end of the SMC Bar region as

Ay Ay

= —3242x 10" P magem’H, )
Nu  Nu + 2Ny,

where Ny; and Ny, are the column densities for atomic and molecular
hydrogen, respectively. While we have the full 3D (position-position-
velocity) information for HI from our new GASKAP-H1 observa-
tions covering the entire SMC, the same for H; is not available.

We therefore attempt to convert the 2D Ny, map from Jameson
et al. (2016), obtained through Herschel observations of dust emis-
sion, to an approximate 3D distribution of H, throughout the SMC.
To achieve this, we first obtain a 2D Ny, map from the GASKAP-
H1 data. From this, we compute a molecular-to-atomic hydrogen
column density ratio map (Ny,/Nm;), and subsequently apply it
to each velocity slice of the GASKAP-H1 cube to obtain the 3D
H, cube. In other words, we assume that the H1 and H, number
densities are correlated, which is generally not the case (e.g. Wannier,
Lichten & Morris 1983; Lee et al. 2012). However, we point out that
the exact details of the implementation of the H, data likely will
not significantly affect our results here, as we find that the SMC is
dominated by H1, with the median H,-to-H1 column density ratio
being a mere 0.06.
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Finally, we apply equation (9) to the H1 and H, cubes to obtain the
3D dust extinction cube of the SMC, with the middle of the quoted
range (i.e. 3.7 x 1072* magcm? H™!) adopted as the applied value.
Each velocity slice of this cube is a map of extinction (in units of
mag) that V-band starlight is subjected to while traversing through
the corresponding volume.

3. RAY TRACING OF STARLIGHT
POLARIZATION

We proceed to perform a careful comparison between the orientation
of H1filaments (Section 2.1) and the magnetic field traced by starlight
polarization (Section 2.2). For this, we devise a ray-tracing analysis of
starlight polarization, with the effect of diminishing starlight intensity
due to dust extinction (Section 2.3) taken into account. Our goal here
is to obtain the expected linear polarization signature of each of the
Lobo Gomes et al. (2015) stars, assuming that the H1 filaments in
the SMC are indeed aligned with the ambient magnetic fields that
are also experienced by the dust grains imprinting linear polarization
signals in the observed starlight. This assumption will be confirmed
if we find a match between the expected (from ray tracing) and
the observed starlight polarization. In essence, we use the locations
of polarized SMC stars reported in Lobo Gomes et al. (2015), and
send the starlight through the GASKAP-H 1 cube. When the starlight
is intercepted by H1 filaments, linear polarization signal along the
filament orientation is added to it accordingly.> Note that the results
from the ray-tracing analysis here are a representation of the H1 data,
and the ray tracing is done (instead of averaging all spatial pixels
in the HI data) to completely remove the possibility of sampling
bias imposed by the positions where polarized stars were found in
Lobo Gomes et al. (2015). Furthermore, we adopt this ray-tracing
approach instead of directly comparing the orientation angles of
the filaments and starlight polarization (e.g. McClure-Gritfiths et al.
2006; Clark et al. 2014) since, for our case here studying the SMC,
the observed starlight often traverses through multiple H1 filaments
along the sightline. The contributions by these filaments are correctly
combined by our ray-tracing analysis. The details of the ray tracing
are described below.

First, we need to determine the 3D positions where we place the
stars within the GASKAP-H 1 cube. While the plane-of-sky locations
(i.e. in right ascension and declination) of the stars can be directly
adopted from the Lobo Gomes et al. (2015) catalogue, the choice
along the velocity axis is less straightforward. Putting the stars on
the far side of the cube may not be a good choice, since this would be
assuming that all of the polarized SMC stars are physically behind all
the gas in the SMC. Instead, we calculate, for each of the 20 starlight
polarization fields, the HT intensity weighted mean velocity (Vmean)
and place the corresponding polarized SMC stars there. The values
Of Umean are listed in Table 1.

The above choice of 3D stellar positions involves two key
assumptions. The first one being that for any given line of sight,
the H1 velocity has a monotonic trend with the macroscopic physical
distance. While effects such as the gas dynamics of small HT clouds
and turbulence can break this monotonic trend within a velocity
range of ~1-10kms~!, we require the HI velocity to follow the
macroscopic physical distance monotonically for the ray-tracing
experiment to be a good analogy with attenuation along the line

SThe preferential extinction of starlight along the polarization plane perpen-
dicular to the magnetic field will lead to a net polarization signal added along
the magnetic field orientation.

MNRAS 521, 60-83 (2023)

of sight. The second assumption is that the H1 velocity profile traces
stellar density across the physical distances corresponding to the
associated HT velocities. This ensures that using vy, as the ray-
tracing starting point for a large (=100) number of stars will give
statistically meaningful results. We further attempt using the radial-
velocity measurements from the Gaia DR3 (Gaia Collaboration
2022) instead of vyean as the stars’ positions along the line of sight
for the 57 cross-matched stars, as reported in Appendix B.

Our next step is to direct starlight from vy, through the higher
(V > VUmean) and lower (v < Uyean) Velocity portions of the H1 cube
independently. The former (latter) case would imply that the higher
(lower) velocity H1 gas is physically closer to us, since the gas as well
as the associated dust causing the stellar extinction needs to intercept
the traversing starlight to cause the observed linear polarization.
While many optical and ultraviolet absorption line studies have
suggested that the lower velocity gas component of the SMC is
physically closer to us (e.g. Mathewson, Ford & Visvanathan 1986;
Danforth et al. 2002; Welty, Xue & Wong 2012), we do not make
this assumption a priori. In addition, despite being astrophysically
unrealistic (see above), we also perform the ray-tracing analysis
through the entire SMC HT cube (40.91-256.85 km s~!) for both
cases of starting from the lower and higher velocity ends for
completeness.®

For each step through the radial velocity axis, we check individ-
ually for each of the stars if the corresponding starlight is being
intercepted by any H1 filaments. If so, we add starlight polarization
signal accordingly as follows, taking into account the possibility
of overlapping filaments with different orientations (6;) at a single
velocity step. The added linear polarization at velocity v is expressed
in Stokes QU space as

o) = w <> cos 26;, and (10)

U(v) = H2I® 5™ in 26, (11)

where F(v) is the (unitless) attenuated fractional starlight flux density
due to dust extinction (see next paragraph), /(v) is the HI intensity,
and the summation index i goes through the list of the 7 intercepting
filaments, all evaluated at the sky position of the star at velocity v.
This operation does not only give the correct orientation of the po-
larization signal to be added, but also accounts for the depolarization
effect among multiple filaments. For example, consider the extreme
case of two orthogonal intervening filaments, which are expected
to cancel out one another and add no linear polarization signal to
the traversing starlight. Our scheme above would correctly yield
Q(v) = U(v) = 0. Finally, the added polarization signal (barring
the depolarization effect above) is proportional to the HI intensity,
since we expect the amount of extinction leading to the observed
polarization to be proportional to the dust and gas column densities.

The attenuated fractional starlight flux density F(v) introduced
in the above paragraph incorporates the amount of dust extinction
sustained by the starlight over its journey up till v. This term is
necessary since the polarized intensity added at each velocity step
should be proportional to the starlight flux density as it traverses
through the same velocity step. The value of F(v) can be obtained by
first summing the Ay velocity cube (Section 2.3) from the starting
velocity of the starlight (Vpean, 40.91, or 256.85 km s7!, depending

6Since our ray-tracing algorithm takes into account the extinction of starlight
during the traversal along the line of sight (see below), the results do not
only depend on the velocity range considered, but also the direction along the
velocity axis that the starlight propagates through.
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on where the stars are placed along the velocity axis) to the velocity
channel right before v. The summed Ay is then converted from
magnitude to flux density, with the intrinsic starlight flux density
defined to be unity (since only the proportionality matters here).
These all are captured by the following equation:

i—1

2
logig F(v) = =2 > _ Av(y), (12)
Jj=0

where the summation index j goes through each of the relevant
velocity channels, with vy corresponding to the starting velocity
of the starlight, and v; being the velocity step where the starlight flux
density is being evaluated.

From the above four runs of our ray-tracing experiment with
different starting velocities and velocity ranges considered, we
correspondingly obtain four sets of the expected linear polarization
signal from the 5999 SMC stars. We note that all stars in all cases
are intercepted by at least one HI filament, and in most cases by
multiple. We extract the per-field polarization behaviour from these
four cases of ray tracing by following the identical procedures as
we did to the Lobo Gomes et al. (2015) data in Section 2.2. At this
stage, the Stokes Q and U values are in units of Kkms~! since they
are brightness temperature summed across velocity channels. We
convert them to Stokes ¢ and u in units of percent by applying a
conversion factor C (in units of per cent K=! km™!s), such that the
obtained ray-traced py, values here exactly match the observed p,
values on a per-field basis (see next paragraph for a more detailed
discussion). The resulting Oy, P, opmi> and C values are listed in
Table 2, with the corresponding 2D histograms shown in Figs C2—C5
under Appendix C. The subscript ‘HT’ is chosen here to stress again
that the ray-traced starlight polarization results are a representation
of the H1 data.

Our application of the conversion factor C to each of the com-
binations of the four ray-tracing cases and 20 starlight fields forces
the ray-traced py; values to match the observed p, obtained from a
re-analysis of the Lobo Gomes et al. (2015) data (Section 2.2). The
values of C encapsulate information such as the gas-to-dust ratio
in number density and the intrinsic properties of the dust (specifi-
cally, the efficacy in producing the observed starlight polarization).
While we obviously cannot then draw meaningful conclusions from
comparing between the ray-traced py; and the observed p,, we can
still compare the o, /p values to assess the ability of a ray-tracing
experiment through the GASKAP-H I cube to uncover the small-scale
magnetic field in the SMC (Section 4.3). Furthermore, the scaling
does not affect the study of the large-scale magnetic field orientation
with Gy, (Section 4.1).

Finally, we remark that the differences between our formulation
and that of Clark & Hensley (2019) are our implementation of
extinction along the line of sight, as well as their incorporation of the
RHT amplitude. For the former, the inclusion of the extinction term
is appropriate for our comparison with starlight polarization data,
while their approach of excluding the extinction term is suitable for
their comparison of the H14PI (HI4PI Collaboration et al. 2016)
and GALFA-HT (Peek et al. 2018) cubes with the polarized dust
emission from Planck at 353 GHz (Planck Collaboration XIX 2015).
Meanwhile for the latter, our exclusion of the RHT amplitude
represents a different view in the RHT outputs compared with that
of Clark & Hensley (2019), with the RHT 4D-hypercube seen as a
deterministic depiction of the filament locations (i.e. any non-zero
values delineate filamentary structures) rather than a probabilistic
one (i.e. the RHT amplitude describes the probability of being part
of an H1 filament). We repeat our analysis with the RHT amplitude
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incorporated into equations 10 and 11 similar to Clark & Hensley
(}0 19), and find that the results are almost identical, with the resulting
Oy, differing by 5° in the worst case and by less than 1° on average.

4. RESULTS

4.1 Magnetic alignment of H1 filaments

To test whether magnetic alignment of HI filaments exists in
the SMC, we compute the polarization angle difference (Af =
|0, — Oui|) between the Lobo Gomes et al. (2015) observations (see
Section 2.2) and each of our four cases of ray-tracing experiment
(see Section 3). The results are listed in Table 2 and plotted in Fig. 4.

We recognize a notable trend in A8 for the case of ray tracing
through the low-velocity range of the H1 cube (top panel of Fig. 4) —
the values of A@ are close to 0° for most of the fields in the SMC Bar
and the start of the SMC Wing (approximately fields 1-11). Mean-
while, no obvious trends can be seen for the other velocity ranges.
Below, we will first statistically quantify this apparent alignment in
the low velocity range, followed by exhaustively investigating the
potential trends of A@ with diagnostics from H1, He, and starlight
polarization data.

4.1.1 Statistical significance of the preferential magnetic alignment

We first compute the average A6 from ray tracing through the low-
velocity portion of the H1. Considering all fields (1-20, less the
uncertain fields), the mean, median, and inverse-variance weighted
mean of Af are 32° £ 2°,20° & 3°, and 29° =& 1°, respectively. The
listed uncertainties are the corresponding standard errors. Mean-
while, considering fields 1-11 only (again excluding the uncertain
fields) these three average values decrease to 25° £ 2°, 13° £ 3°,
and 24° + 2°, respectively. These are all lower than the 45° expected
if the H1 filament orientation is independent of the magnetic field
orientation. To evaluate the statistical significance, we perform two
statistical tests as described ahead.

First, we apply the one-sample Kolmogorov—Smirnov (KS) test
to our results, comparing the A@ distributions against a uniform
distribution within [0°, 90°). Our null hypothesis is that the camu-
lative distribution function (CDF) of the data is less than or equal
to the CDF of a uniform distribution for all A@ values, while the
alternative hypothesis is that the data CDF is greater than that of
a uniform distribution for at least some A@. The resulting p-values
considering all fields and fields 1-11 (both excluding the uncertain
fields) are 0.061 and 0.008, respectively. These indicate a preference
of the alternative hypothesis aforementioned and, combined with the
low average Af determined earlier, suggest a preferred alignment of
the H 1 filaments with magnetic fields in the concerned SMC volume
(namely, the north-eastern end of the SMC Bar and the Bar—Wing
transition region).

For the second statistical test, we first draw a cutoff level of
A@ at 20°, below which the HT filaments and magnetic fields are
defined as aligned. This adopted value is in line with the typical
degree of alignment of Galactic HI filaments with magnetic fields
(Clark et al. 2014) and structures such as the Galactic plane (Soler
et al. 2020). Similarly, a cutoff level at 70° can be defined, above
which the two are classed as perpendicular to each other. This
gives six out of 12 fields that exhibit apparent magnetic alighment
of HI filaments out of all starlight fields, again excluding the
uncertain fields. We then evaluate the likelihood that this alignment
fraction is purely by chance drawn from a uniform distribution
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Table 2. Results from our new starlight polarization ray-tracing analysis through the GASKAP-HI cube.

Low-velocity range (v < Umean)

High-velocity range (v > Umean)

Field 9_]_11 ]71-“ O pHI Aé C 5}-11 ﬁHl O pHI AG_ C
No. (deg) (per cent) (per cent) (deg) (1073) (deg) (per cent) (per cent) (deg) (1073)
1 69.0+ 1.9 045+0.03 0.63 £0.01 51.5+3.1 241 717+ 14 045+0.02 049 +0.01 48.8 +2.9 2.49
2 520+7.1 0.20 £+ 0.04 1.05 £ 0.02 0.6 £8.2 9.49 37.8£3.2 0.20+0.03 0.52£0.01 148 £52 2.19
3 959+ 1.1 0.34 + 0.01 0.28 £ 0.01 10.0 + 4.6 146 (146.8 +13.5) (0.34 £0.12) 3.01 £0.07 (409 +14.2) 11.97
4 (147.0 £24.7) (0.30£0.18) 2.69+0.12 (31.0+£259) 9.97 1102 +3.7 030+0.04 0.50+£0.02 679 £ 84 245
5 544 +6.1 0.32+007 046£0.03 626+124 1.54 54.1+4.6 032+0.05 035+002 629+11.7 0.96
6 (118.0 £ 16.8) (0.18 £0.08) 1.36 £0.04 (21.3+23.1) 5.84 224435 0.18+0.02 030+£0.01 (743+16.2) 0.69
7 83.0+ 1.6 0.22 + 0.01 0.30 £ 0.01 58.0+5.8 1.15 63.6 1.5 0.22 £ 0.01 0.30 £ 0.01 38.6 5.8 2.10
8 85.1£2.0 0.21 £ 0.01 0.39 £ 0.01 103 £5.1 3.63 64.0 &+ 2.1 0.21 £ 0.01 0.41 £ 0.01 10.8 £ 5.1 1.98
9 84.6 +1.8 049 +0.02 0.62 £0.01 156 +29 3.06 76.1+19 049+0.03 0.74+0.01 7.1+£3.0 4.15
10 136.8 £33 0.26+0.03 0.72+£0.01 55+£5.7 3.50 669 + 1.2 0.26 + 0.01 0.27 £ 0.01 754 +49 1.23
11 169.0 £ 3.5 0.86 +£0.10  2.17 £0.05 129+ 39 14.10 37.1 £2.7 0.86 + 0.07 1.61 +0.04 61.1 £3.1 5.76
12 1084 +£8.2 0.36 £0.09 1.36 £0.05 50.6 +10.8 12.68 (70.7 £ 14.3) (0.36 £0.14) 2.20+£0.08 (88.3+16.0) 18.93
13 445+26 0.14+0.02 0.16 £0.01 (85.6+235) 1.23 106.7+£45 0.144+0.02 024+£001 (3224238 1.0l
14 493+ 3.6 0.03 £0.00 0.04+0.00 (43.1£442) 033 (169+17.0)0 (0.03£0.01) 0.18+0.01 (754+47.2) 0.61
15 48.0+2.6 0.54+0.05 0.57£0.02 85.6 5.7 377  (99.0£30.4) (0.54+0.40) 6.00+£0.41 (43.4+30.8) 2443
16 61.6 +5.8 0.194+£0.04 035+0.02 (60.0£25.1) 833 (61.3+182) (0.19£0.09) 091+0.06 (60.3+30.5 12.81
17 67.2+34 0.07 £ 0.01 0.09 £0.00 (14.8+37.2) 047 88.2 £ 8.1 0.07 £ 0.01 0.20 £ 0.01 (35.7+38.0) 231
18 922425 0.21 £0.02 0.23+0.01 (1.8+16.4) 1.74 143 +52 021 £0.04 045+£0.02 (79.7+17.1) 5.05
19 99.2 +4.7 0.10+0.02 0.11 £0.01 (3.2+£41.0) 1.65 (127.4+£10.3) (0.10+0.04) 0.224+0.02 (25.0+42.00 3.56
20 97.0+7.2 0.38 £0.06 0.61 £0.05 244+12.7 6.51 (155.5+24.6) (0.38 £0.24) 2.06+0.16 (82.9+26.7) 102.14
Full-velocity range (vo = 40.91 km s Full-velocity range (vo = 256.85 km s7h

Field 9_H1 PHi O pHi1 Ad C 9_1-11 PHI O pHI AD C
No. (deg) (per cent) (per cent) (deg) (1073) (deg) (per cent) (per cent) (deg) (1073)
1 702+ 1.3 0454+0.02 043 +0.01 503 +29 1.30 70.1 £ 1.3 0.45+0.02 042 +£0.01 50.4+29 1.28
2 409+ 32 0.20+0.02 0.51 £0.01 11.7+52 1.94 40.5 + 3.1 0.20+£0.02 0.49 +£0.01 12.1 £ 5.1 1.84
3 98.8 = 1.7 0.34 +£0.02 0.45+0.01 72+48 1.46 99.0+ 1.9 0.34+0.03 0.51+£0.01 6.9 +4.8 1.67
4 116.7£5.7 030£0.06 0.78 £0.03 61.4+9.5 2.43 1158 £55 030£0.06 0.75+0.03 62.3+9.3 241
5 539+42 0.324+0.03 026+0.02 63.1£11.6 0.65 54.1 +4.1 032+0.03 026£0.02 629+11.5 0.62
6 21.7+49 0.18+0.03 046+£0.01 (75.0+16.6) 0.88 213146 0.18+0.03 043+0.01 (754+164) 0.79
7 770+ 1.3 0.22 +£0.01 0.24 +0.01 52.0+5.7 0.81 757+ 1.2 0.22 +0.01 0.24 + 0.01 50.7 £5.7 0.83
8 715+ 1.8 0.21 £+ 0.01 0.35 £ 0.01 334+5.0 1.42 707+ 1.8 0.21 £ 0.01 0.36 £ 0.01 41+50 1.43
9 81.0£1.3 049 +£0.02 0.50+0.01 11.9+26 1.83 809+1.3 0.49 +£0.02 0.50 £ 0.01 11.8 2.6 1.86
10 764 +22 0.26 £0.02 0.49 £0.01 659 +5.2 1.78 745+2.0 0.26 £0.02 043 +0.01 67.8 5.1 1.57
11 247 + 3.1 0.86 £ 0.09 1.97 £ 0.04 48.7 £ 3.5 5.80 274+ 3.1 0.86 + 0.09 1.96 £+ 0.04 514436 5.76
12 93.8 +9.1 0.36 = 0.10 1.52+0.06 652+11.5 9.87 924+94 0.36 £ 0.10 1.56 £0.06 66.7 £ 11.7 10.12
13 79.4 + 6.5 0.14+£0.03 034+0.02 (59.5+£242) 1.23 83.8 £6.7 0.14+0.03 035+£0.02 (55.1+243) 124
14 389153 0.03 + 0.01 0.08 £0.00 (53.5+444) 0.25 38.3+6.0 0.03 £ 0.01 0.08 £0.00 (54.1 £445) 0.27
15 522 +4.7 0.54 4+ 0.09 1.06 £ 0.06 89.8 £ 6.9 3.76 53.24+5.1 0.54 + 0.10 1.16 £ 0.06 89.2+72 4.08
16 61.5+74 0.19+0.04 043+£0.03 (60.1 +£256) 5.14 61.9+75 0.19+£0.05 0444+0.03 (59.7+£256) 5.17
17 702 +34 0.07 £ 0.01 0.09 +£0.00 (17.8£37.2) 041 70.8 34 0.07 £ 0.01 0.09 +£0.00 (184 +372) 042
18 86.5+4.9 021+004 042+0.02 (7.5+£16.9) 247 86.1 5.2 0.21+£0.04 0454+0.02 (7.9+17.0) 2.60
19 1076 £4.6 0.10+0.02 0.10£0.01 (5.2+41.0) 1.27 108.0+4.7 0.10+£0.02 0.10£0.01 (5.6 +41.0) 1.29
20 984+74 0.38+0.06 0.62 £ 0.05 25.8+12.8 6.71 98.7+74 0.38+£0.06 0.624+0.05 26.0+£12.8 6.81

Notes. Parameters that are deemed uncertain are placed in parentheses. Units for the conversion factor C is percent K~! km™!s.

within [0°, 90°). This is done by drawing 10 sets of 12 A6
values from such uniform distribution, and counting how many sets
have at least six A@ values of <20°. We find that the likelihood
of such chance alignment occurring is only 3.2 per cent (i.e. p-
value of 0.032). The case of fields 1-11, which corresponds to the
north-eastern Bar and the Bar—Wing transition region, is similarly
investigated to evaluate the likelihood for six out of nine fields
to show an apparent magnetic alignment. We find that this arises
in only 0.5 percent of the cases (i.e. p-value of 0.005). These
all again suggest that the agreement in orientation between HI
filaments and magnetic fields is astrophysical instead of randomly
by chance.
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4.1.2 Coherence of AB between starlight fields

Next, we maintain our focus on the starlight fields where we find
magnetic alignment of HI filaments, looking into their spatial
distribution and relationship with the magnetic field orientation.
Such information on the spatial coherence can reflect the underlying
astrophysics shaping both the magnetic fields and HI structures, as
well as affecting the statistical significance above (since, the analyses
in Section 4.1.1 have implicitly assumed that there are no spatial
correlations between different fields).

We plot the Af against the observed starlight 8, in Fig. 5, with the
six fields demonstrating magnetic alignment of H1 filaments (A <
20°) being fields 2, 3, 8, 9, 10, and 11. These fields cover a broad
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Figure 4. Starlight polarization angle difference (A@) between the Lobo
Gomes et al. (2015) observations and our ray-tracing experiment through the
GASKAP-HI cube, with the four panels showing different velocity ranges
adopted for the ray tracing. The translucent data points represent fields
without a coherent starlight polarization angle from either ray tracing or
the actual starlight observations, while the two horizontal dash lines at 20°
and 70° represent the cutoff value adopted for alignment and anti-alignment,
respectively (Sections 4.1.1).
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Figure 5. Starlight polarization angle difference (Af) between the Lobo
Gomes et al. (2015) observations and our ray-tracing experiment through the
GASKAP-HT cube, plotted against the magnetic field orientation as traced
by the observed starlight polarization. Only starlight fields 1-11 with reliably
determined p, and py, (see Tables 1 and 2) are shown here. The two horizontal
dash lines at 20° and 70° represent the cutoff value adopted for alignment
and anti-alignment, respectively (Sections 4.1.1).

range in the observed @, that traces the magnetic field orientation,
from 52.6° to 156.0°. In particular, we note rapid angle changes
between nearby fields — from 52.6° + 4.1° to 106.0° £ 4.5° from
field 2 to 3, and from 69.0° £ 2.3° to 142.3° + 4.7° from field 9
to 10, both across 15 arcmin = 270 pc. Overall, despite the strongly
fluctuating magnetic field orientation amongst these fields, the H1
filament orientations seem to remain preferentially aligned with their
respective local magnetic field.

4.1.3 Correlation with other diagnostics

Finally, we wrap up our investigation in A6 by looking into the
potential physical properties of the fields that may have led to the
alignment or misalignment of the H1 filaments with the magnetic
field. Diagnostics are derived from the new GASKAP-H1 data
(Pingel et al. 2022), the starlight polarization data (Lobo Gomes et al.
2015), and the data from the Wisconsin H«o Mapper survey (Smart
et al. 2019). For H1 and H &, we compare the A6 values against the
moment 0 (velocity-integrated intensity), moment 1 (mean velocity),
and moment 2 (velocity dispersion), as well as visually inspecting the
velocity profiles for each field. Meanwhile for starlight polarization,
we compare Af against P, and o, (Section 2.2). We do not find any
notable trends with any of these parameters.

4.2 The preferred orientation of H1 filaments in the SMC

‘We use the results from applying the RHT algorithm to the GASKAP-
H1 data to further obtain the preferred orientation of HI filaments
across the SMC. This can allow us to identify the astrophysical
processes shaping the HT1 structures of this galaxy, and can also be
used to compare against future observations of the SMC magnetic
fields to further test the magnetic alignment of HI filaments, as
elaborated in Sections 5.3 and 5.5.

First, we produce the preferred orientation map of H1 filaments by
combining the full radial velocity range of the SMC. Specifically, we
follow the ray-tracing analysis procedures as described in Section 3,
but performed for each pixel of the GASKAP-H I map instead of on
a per-star basis. Furthermore, we have turned off the dust extinction
effect (i.e. Ay(v;) = O for all v; in equation 12). The resulting Stokes
Q and U maps are smoothed to 8 arcmin to extract the underlying
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Figure 6. The preferred orientation of H I filaments, obtained by applying the
ray-tracing algorithm through the full velocity range of the H 1 cube (Section 3;
but with the extinction term turned off), shown as the flow-line pattern
generated by the line integral convolution (LIC) algorithm (Cabral & Leedom
1993). The colour map shows the corresponding ‘polarized intensity’ from
ray tracing. This map can be compared with future polarized dust emission
observations of the SMC, with the flow-line pattern here representing the
predicted polarization B-vector (=E-vector +90°) if HI filaments are indeed
tracing the plane-of-sky magnetic field orientation.

~150 pc-scale pattern. The resulting ‘polarized intensity’ map is
shown in Fig. 6, with the corresponding position angle tracing the
preferred orientation of H1 filamentary structures shown as the flow-
line pattern produced by the LIC algorithm (Cabral & Leedom
1993). The operations here are similar to that of Clark & Hensley
(2019), which studied the case of the Milky Way by comparing
the H14PI cube (HI4PI Collaboration et al. 2016) with Planck
polarized dust emission (Planck Collaboration XIX 2015; see also
Section 3).

Next, we produce preferred orientation maps separately for the
low-velocity (v < Umean; presumably near-side) and the high-velocity
(V > Upmean; presumably far-side) portions of the HIcube. This is again
done by a per-pixel ray tracing through the H1 cube without dust
extinction (Ay(v;) = 0), but restricted in velocity space accordingly
separated by vpyean. The 2D spatial domain is then divided into
independent boxes of 70 x 70 px ~ 8 x 8 arcmin, within which the
Stokes Q and U values are summed and subsequently converted
to 6. This operation is only performed for boxes with a hydrogen
column density above 10*' cm™? in order to focus on the main
gaseous body of the SMC. The 6 maps for the two portions
of the SMC are plotted in Fig. 7, the angle difference map is
plotted in Fig. 8, and the histogram of angle difference is shown
in Fig. 9.

Finally, we generate a preferred orientation map of the HI
filaments for the low-velocity portion (presumably near-side) of
the SMC only, with the attenuation of starlight flux density due to
dust extinction taken into account (equations 10-12). The resulting
Stokes Q and U maps are again smoothed to ~8 arcmin, and the
corresponding position angle map is shown in Fig. 10 as the flow-
line pattern from LIC over the DSS2 (Lasker et al. 1996) optical
image of the SMC. This map can be compared with future starlight
polarization observations.
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Figure 7. The preferred orientation of HI filaments in the low-velocity
(presumably near-side; upper panel) and the high-velocity (presumably far-
side; lower panel) portions of the SMC, outlined by the green tick marks.
Only sightlines with SMC H1 column densities of higher than 10?! cm~2 are
considered here. The background grey-scale maps are the peak H1I intensity
maps from GASKAP-H1 (Pingel et al. 2022).

4.3 Relationship between ray-traced and observed o, /p

As pointed out in Section 2.2, the ratio between o, and p, of the
observed starlight can be indicative of the relative strength between
the small-scale (< 100 pc) and large-scale (> 100 pc) magnetic field.
Itis therefore of interest to explore whether the H 1 data have sufficient
angular resolution to enable similar measurements. This can be
evaluated by seeing whether the o,u;/py, parameter from the ray-
traced starlight polarization corresponds well with the observed o,
and p,. We plot the ray-traced against observed o, /p of fields 1-11
through the low-velocity portion of the GASKAP-H I cube in Fig. 11,
and we do not find good agreement between the two sets of o,/p
values. We further note that for all of the fields except 2 and 11, the
ray-traced o,/ Py, values are lower than the observed counterparts.

G20z Arenuer go uo Jasn (IAILOVNI) Ateiqi] Asisaun [euonen ueliensny Aq L089€0./09/L/12S/oIMe/Seluw/woo dno-ojwapese//:sdny woly papeojumoq



Declination (J2000)

Right Ascension (J2000)

0 10 20 30 4 50 60 70 80 90
Angle Difference (°)

Figure 8. Map of the angle difference of the preferred H1 filament orienta-
tions between the low-velocity and high-velocity portions of the SMC (see
Fig. 7), shown as the colour dots. The background grey-scale map shows the
peak HI intensity map.
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Figure 9. Histogram of the angle difference of the preferred HT filament
orientations between the low-velocity and high-velocity portions of the SMC
(see Figs 7 and 8).

The mismatch between the two is likely due to the limited spatial
resolution of the GASKAP-H 1 data (see Section 5.2.2).

5. DISCUSSION

5.1 The physical nature of the HI filaments

5.1.1 Physical scales of the H 1 filaments

We first consider the physical scales of the SMC HI filaments that
we study here, and attempt to identify analogues in the Milky Way.
Given the spatial resolution of 30 arcsec = 9 pc of the GASKAP-H1
observations (Pingel et al. 2022) and our chosen RHT parameters
(specifically, Dw = 83 px = 175 pc and threshold =0.7), the H1
filamentary structures that we uncover have widths of ~9pc and
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lengths of 2 120pc. This is clearly in a vastly different physical
scale range compared with the individual H1 filaments on the local
bubble wall with widths <0.1pc and lengths approximately few
parsecs (Clark et al. 2014). However, as pointed out in their work,
the Clark et al. (2014) filaments are highly spatially correlated in
orientation, together forming coherent bundles of filaments across
10s of parsecs. Meanwhile, high-spatial resolution studies of discrete
elongated H1 clouds in the Milky Way have found that they can
be further composed of fine strands of HT filaments. For example,
the Riegel-Crutcher cloud exhibits as an elongated HI cloud with
a width of ~5pc and a length of ~20pc, and is constituted by
countless H1 filaments with widths of <0.1pc (McClure-Griffiths
et al. 2006). Similarly, the local velocity cloud towards the Ursa
Major cirrus (Skalidis et al. 2022) has a width of ~5 pc and a length
of ~15pc, and is formed by groups of <1 pc-wide HI filaments.
Combining all the examples aforementioned, we hypothesize that the
H1 filamentary structures in the SMC uncovered by our GASKAP-
H1 observations may actually be bundles of fine HI filaments
with coherent orientations across 2 120 pc. Alternatively, we can
be tracing the general anisotropic features of the HI gas as seen in
the Galactic plane (e.g. Soler et al. 2022).

Finally, we note the existence of several gigantic filamentary H1
structures in the Milky Way. These can be seen in, for example, the
Canadian Galactic Plane Survey data (= few degrees in length; see
Gibson 2010) as well as the GALFA-H1 data (= 10deg in length;
Peek et al. 2018). In addition, there is a recent discovery of an
enormous Galactic HI filament with width ~50pc and length ~
1200 pc (the ‘Maggie’ filament; Soler et al. 2020; Syed et al. 2022).
Similar HI filaments can account for a small fraction of our SMC H1
filaments, but given the apparent rarity of such class of HI filaments
in the Milky Way we deem it improbable as the primary explanation
for most of the SMC filaments.

5.1.2 The alignment with magnetic fields

We report and statistically assess the alignment of HT filaments in
the SMC with magnetic fields in Section 4.1, with the trend seen
in the north-eastern Bar and the beginning of the Wing region
(approximately fields 1-11). The rest of the SMC volume lacks
starlight polarization data of sufficient quality to draw conclusions.
This is the first time that such a relation of magnetically aligned
HT filaments has been identified beyond the Milky Way, enabled by
the unprecedented combination of the angular resolution, velocity
resolution, and surface brightness sensitivity of the new GASKAP-
HT data. The results suggest that magnetically aligned HT filaments
may also be seen beyond the Milky Way, which is a key piece
of information for future numerical studies of the astrophysics
governing the formation of these filamentary H1 structures.

The ability of the GASKAP-H 1 data to see magnetic alignment of
filaments at all is, in fact, somewhat surprising. Clark et al. (2014)
has explored the effects of the spatial resolution of the H1 data on the
alignment of the subsequently identified filamentary structures with
magnetic fields. Upon comparing the results using GALFA-H I data
at a resolution of 4 arcmin = 0.1 pc (Peek et al. 2011) with those
from GASS data at a resolution of 16 arcmin = 0.5 pc (McClure-
Griffiths et al. 2009), they have found that the degree of alignment
can worsen from within ~16° from the former to within ~36° from
the latter. Meanwhile, our spatial resolution of the SMC in HI is
30arcsec = 9 pc, significantly worse than even the GASS data. We
suspect that the key here is to have matching spatial scales traced
by both the HT and the starlight polarization data. In particular, we
opt for an analysis on a per-field basis, with both data sets tracing
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Figure 10. Result of ray tracing through the low-velocity portion (presumably the near-side of the SMC) of the GASKAP-H I data cube, with the effect of
starlight attenuation due to dust extinction taken into account. The position angle is shown as the flow-line pattern generated by the LIC algorithm (Cabral &
Leedom 1993). This can be compared with future starlight polarization observations to test whether H1 filaments are aligned with the magnetic field throughout
the entirety of the SMC. The colour optical map is from the Digitized Sky Surveys 2 (DSS2; Lasker et al. 1996).
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diagonal grey line marks where the ray-traced and observed values agree.
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~ 150 pc scales. Meanwhile, the Clark et al. (2014) analyses studied
much smaller scales (<0.1 pc) in both data sets.

Finally, as pointed out in Section 4.1.2, the starlight fields in
the SMC Bar region exhibit a range of plane-of-sky magnetic
field orientation across ~ 100 pc scale (see Section 5.2 for more
discussions). Despite such a rapidly varying magnetic structure, the
HT filament orientation remains following the magnetic fields. This
strongly suggests that we are not looking at a chance alignment of
the two across multiple spatially correlated starlight fields, and the
statistical evaluation of the magnetic alignment in Section 4.1.1 is
valid.

5.2 The magnetic field structure of the SMC

5.2.1 Information from starlight polarization

In the Bar region of the SMC (defined here as fields 1-9), we do
not find any consistent trends in the observed starlight polarization
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amongst the starlight fields. This shows that the large-scale magnetic
fields in the Bar are not ordered on scales much larger than that
corresponding to the field-of-view of the starlight observations
(8 arcsec &~ 150 pc). Meanwhile, within each of the starlight fields
we find consistent coherent starlight polarization signals (p, and 6,)
indicative of an ordered magnetic field on ~ 150 pc scale. Finally,
the large scatter of the per-field starlight polarization (o ,,) is a
manifestation of the strong turbulent magnetic field on < 150 pc
scale. All these can be explained by the perturbation of the magnetic
field by some 2> 150 pc structures (e.g. supershells that are known
to be ubiquitous in the SMC; Staveley-Smith et al. 1997, and tidal
forces), as well as the injection of turbulent energy at < 10 pc scale
by stellar feedback processes (e.g. MacLow 2004).

The above interpretation is in an apparent conflict with the
conclusion from studies of RM of extragalactic sources behind the
SMC that found a coherent magnetic field pointed away from the
observer consistently across the entire SMC Bar (Mao et al. 2008;
Livingston et al. 2022), which would not have been observed if
there is no coherent magnetic field on > 150 pc scale. However,
we point out that the lack of an ordered’ plane-of-sky magnetic
field does not necessarily imply a lack of a coherent line-of-sight
magnetic field. For example, imagine an initial perfectly coherent
magnetic field along the line of sight only, with the magnetic field
strength component in the plane-of-sky being zero. If this frozen-in
magnetic field is then perturbed by turbulence, the resulting magnetic
field configuration can have a significant unordered plane-of-sky
component, while still preserving some degree of coherence along
the line of sight.

We next move onto the SMC Wing region (defined here as fields
10-20), which is believed to have formed due to tidal interactions
with the LMC. Four (namely, 10, 11, 12, and 15) of the five fields
that individually show coherent starlight polarization signals exhibit
a consistent magnetic field orientation with 6 ~ 150° across ~ 1 kpc,
with the remaining field (20) situated far from the SMC Bar (about
3° & 3.2kpc in projected distance) having a distinct & ~ 70°. The
trend of & &~ 150° has also been pointed out by Lobo Gomes et al.
(2015) using their analysis methods (trend III in their section 5).
The magnetic fields are oriented along the general elongation of the
SMC Wing itself but with a slight offset of ~20°. Combined with
the recent results of a general negative RM of extragalactic sources
behind the SMC Wing (Livingston et al. 2022), we obtain a picture
of a coherent magnetic field on scales = 1 kpc along the Wing’s
elongation. This resembles the ~20-kpc tidal tail of the Antennae
galaxies, which was found through studying its synchrotron emission
to host a regular magnetic field along its entirety, believed to have
come from tidal stretching of the original disc magnetic fields (Basu
et al. 2017). Apart from the concerned physical scales, one key
difference between the two cases is the strength ratio between the
large-scale regular and the small-scale turbulent magnetic fields: The
former is believed to be stronger for the case of the Antennae galaxies
tidal tail (Basu et al. 2017), while the latter likely dominates in the
SMC Wing on < 150 pc scale as reflected by the consistently high
o p» compared with p, for all of the starlight fields.

Finally, we point out again and further discuss a common charac-
teristic in both the Bar and Wing regions of the SMC — the < 150 pc
turbulent magnetic field strength is much higher than the ordered

"The distinction between a coherent and an ordered magnetic field being
that, the former has a constant magnetic field direction (without any flips),
while the latter only need to have a constant orientation (flips in direction are
permitted; e.g. Jaffe et al. 2010; Beck 2016).
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magnetic field strength, as inferred from the consistently high o, /P,
ratio in all observed starlight fields. This is in agreement with the
conclusions of numerous previous studies of the SMC magnetic fields
(e.g. Mao et al. 2008; Lobo Gomes et al. 2015; Livingston et al. 2022),
in line with our knowledge of the highly complex neutral and ionized
gas dynamics in the SMC (e.g. Le Coarer et al. 1993; Staveley-
Smith et al. 1997; Smart et al. 2019), and in contrast with most
spiral galaxies that have comparable strengths between the turbulent
and ordered components (see e.g. Beck & Wielebinski 2013; Beck
2016). Given that the o, values are larger than the corresponding
D, values, we argue that the traditional Davis—Chandrasekhar—Fermi
method (Davis 1951; Chandrasekhar & Fermi 1953), which uses the
spread of starlight polarization angle as a measure of the turbulent-
to-ordered magnetic field strength, cannot be directly applied to the
SMC. This is because the starlight polarization angles span the full
180°, meaning that the angle spread loses physical meaning.

5.2.2 H1filaments as a tracer of the small-scale magnetic field

We explore using our ray-tracing analysis method on the GASKAP-
H1 cube to obtain information on the small-scale magnetic field in
Section 4.3, and do not find a good match between the ray-traced and
observed o, /p values, with the former underestimating the latter in
most of the starlight fields. We discuss the possible reasons behind
this mismatch next.

The most probable reason behind the low ray-traced o,mi/py,
values is the limited spatial resolution of the GASKAP-H I data. The
30arcsec = 9 pc resolution of the data sets the absolute minimum
scale that our study is sensitive to, while our RHT parameter choice
of Ry, = 12 px = 25 pc may further coarsen the effective resolution.
If the spatial resolution of our data is comparable to or poorer than
the outer scale of turbulence in the SMC, the map of filaments
identified by the RHT algorithm and thus our ray-tracing analysis
may not be able to capture the corresponding intricate features that
actual starlight polarization data can. Recent spatial power spectrum
and structure function analyses of the SMC in H1 have concluded
that the turbulence is being driven on a very large (galactic) scale
(Szotkowski et al. 2019), suggesting that our HI data at ~9-pc
resolution should well resolve the turbulent structures in the SMC
spatially. Meanwhile, the RM structure function using extragalactic
sources behind the SMC suggested an upper limit to the outer scale of
turbulence in the SMC of 250 pc (Livingston et al. 2022), and similar
studies through the Milky Way disc have indicated outer scales of
turbulence of ~ 10 pc in the spiral arms and ~ 100 pc in the interarm
regions (Haverkorn et al. 2008). All these could be reconciled if
the magnetic outer scale of turbulence that can be resolved by the
starlight polarization data but not our ray-tracing analysis are much
smaller than that of the gas density. This would mean that the physical
conditions portrayed by the HI filaments may be less turbulent and
more coherent than the actual reality traced by observed starlight po-
larization, leading to the lower o,/ py; values from our ray-tracing
analysis.

We further consider whether the polarized dust extinction in the
Milky Way can be a reasonable explanation to the mismatch in
0,/P. The procedure of Galactic foreground removal by the Lobo
Gomes et al. (2015) starlight polarization catalogue concerns the
large-scale coherent component only, while the contributions by the
turbulent magnetic fields in the Milky Way (if present) cannot be
removed on a per-star basis due to the stochastic nature. The Galactic
foreground can therefore introduce extra scatter in the observed
starlight polarization (i.e. higher o,, and therefore o,,./p,), but
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not to the ray-traced starlight since we did not take the Galactic
contributions into account. Along the line of sight towards the
SMC (Galactic latitude: b = —44.3°), the approximate path-lengths
through the Galactic HI thin and thick discs (with half-widths of
~100 and ~ 400 pc, respectively; Dickey 2013) are 140 and 570 pc,
respectively. At these distances, the 8-arcmin field-of-view of the
starlight polarization observations convert to about 0.3 and 1.3 pc,
respectively. These values are much smaller than the ~10-100 pc
outer scale of turbulence in the Milky Way (Haverkorn et al. 2008).
As the large-scale and small-scale magnetic fields are of comparable
strengths in the Milky Way (e.g. Beck 2016), the turbulent magnetic
field must be significantly weaker than the large-scale counterpart at
scales much smaller than the outer scale of turbulence. Therefore,
we deem this unlikely as the primary explanation of the mismatch in

0,/P.

5.3 The preferred orientation of HI filaments

Moving along the Bar from the north-eastern end (RA ~ 1" 10™;
Dec &~ —71.5°) to the south-western end (RA ~ 0"45™; Dec =
—73.5°), we identify three distinct regions. First, the HI filaments
are preferentially oriented along the elongation of the Bar, seen in
both the low-velocity and high-velocity ranges (Fig. 7). Noting that
the HI velocity gradient is also oriented north-east to south-west
along the elongation of the SMC Bar (Di Teodoro et al. 2019), the
orientation of the HI filaments here can be controlled by the gas
dynamics in the galaxy, similar to the case of the disc-parallel HI
filaments in the Milky Way (Soler et al. 2022). However, we point
out that the internal gas dynamics of the SMC may be much more
complex than that revealed by HI data alone (see Murray et al.
2019). Second, at RA ~ 0" 55™, Dec ~ —72.3°, the H1 filaments
switch in the preferred orientation abruptly to be along north-west
to south-east. This is seen in the low-velocity portion only, and is
lined up with the SMC Wing to the south-east. These H1 structures
here are likely shaped by the tidal stretching from interactions with
the LMC that have also formed the SMC Wing and the Magellanic
bridge (Besla et al. 2012; Wang, Hammer & Yang 2022). We further
note that in this same sky area within the SMC, the stellar proper
motion (Niederhofer et al. 2021) that is believed to be tracing the
effect of tidal stretching exhibits a consistent direction as our H1
filament orientation. Third and finally, starting from RA = 0 55m,
Dec &~ —72.5° to the south-west, the filaments are preferentially
oriented east-west, with a significant perpendicular component to
the Bar elongation, seen most clearly in the low velocity and also
in the high velocity. This can be shaped by feedback processes
from star formation that transport gas away from the galaxy into the
circumgalactic medium. To summarize, the preferred orientation of
H 1 filaments across the SMC Bar shows highly complex geometries,
possibly shaped by multiple astrophysical processes that the SMC is
subjected to.

Meanwhile, we note that the preferred H1 filament orientation in
the SMC Wing also exhibits highly complex structures. Overall, it
appears as though the H 1 filaments are wrapping around the elongated
structure of the SMC Wing.

5.4 The 3D structure of the SMC

In Section 4.1, we find moderate evidence for alignment between
the orientation of starlight polarization and that of the H1 filaments
in the low-velocity portion of the north-eastern Bar and the start of
the Wing regions. In comparison, the match with other H1 velocity
ranges (high-velocity portion, as well as the full velocity range in both
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ray-tracing directions) are considerably poorer. This information can
be used to help decipher the complex 3D structure of the SMC
(see e.g. Panopoulou et al. 2021, and references therein for similar
cases in the Milky Way). In particular, since starlight polarization
is induced by the foreground dusty ISM, our results suggest that
the aforementioned (i.e. lower velocity) SMC regions are physically
closer to us than the higher velocity portion. This is in agreement with
the result of Mathewson et al. (1986), which found that the radial
velocities of the sample of 26 SMC stars are consistently higher than
that of the associated Ca 11 absorption from the SMC ISM. Assuming
that their stellar radial velocities correspond to the ambient gas radial
velocities, this would mean that the lower velocity gas component
of the SMC is physically closer to us. The same conclusion has
also been reached from the many newer optical and/or ultraviolet
absorption line studies (e.g. Danforth et al. 2002; Welty et al. 2012).

‘We note that the remaining areas of the SMC, namely the south-
western end of the Bar and the majority of the Wing, remain relatively
unexplored. Future, deep starlight polarization surveys covering the
entirety of the SMC will be key to unravelling the overall 3D structure
of the gaseous component of this galaxy.

Finally, we identify from Figs 8 and 9 that filamentary HI
orientations in the low-velocity and high-velocity portions of the
SMC are similar across large areas in both the Bar and the Wing
regions. The mean and median 6 differences are about 35° and
30°, respectively, with 35 per cent of the evaluated areas having
0 differences of <20°. We further perform a one-sample KS test
against a uniform distribution (similar to Section 4.1.1) and obtain a
p-value of 2 x 10723, This suggests that the two velocity components
of the SMC are physically linked.

5.5 Future prospects

5.5.1 Ray-tracing analysis

To enable a detailed comparison between the new GASKAP-HI
data of the SMC (Pingel et al. 2022) and starlight polarization data
(Lobo Gomes et al. 2015), we develop the new ray-tracing analysis
method (Section 3), with which we establish the alignment of HI
filaments with the &~ 150 pc-scale magnetic field in the SMC Bar
region (Section 4.1). The same analysis method can be applied to
similar future Galactic and Magellanic studies using recent and future
data such as:

() Starlight polarization: SOUTH-POL (Magalhaes et al. 2012),
Polar-Areas Stellar-Imaging in Polarization High-Accuracy Experi-
ment (PASIPHAE; Tassis et al. 2018), and the Galactic Plane Infrared
Polarization Survey (GPIPS; Clemens et al. 2020);

(i1) H1emission: GALFA-H1 (Peek et al. 2011, 2018), GASKAP-
H1 (Dickey et al. 2013), The H1/OH/Recombination line survey of
the Milky Way (THOR; Beuther et al. 2016), and the Dominion
Radio Astrophysical Observatory (DRAO) H1 Intermediate Galactic
Latitude Survey (DHIGLS; Blagrave et al. 2017);

(iii) Diffuse synchrotron emission: the Global Magneto-Ionic
Medium Survey (GMIMS; Wolleben et al. 2009), the Polariza-
tion Sky Survey of the Universe’s Magnetism survey (POSSUM;
Gaensler et al. 2010), the LOFAR Two-metre Sky Survey (LoTSS;
Shimwell et al. 2017), the C-Band All Sky Survey (C-BASS; Jones
et al. 2018), and the S-band Polarization All Sky Survey (S-PASS;
Carretti et al. 2019).

In particular, our work here concludes that the o,/ py, parameter
from GASKAP-H1 observations cannot be used to trace the small-
scale magnetic field of the SMC, because of the lack of spatial
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resolution. We plan to apply the same analysis to future GASKAP-
H 1data of the Milky Way. The much higher (< 1 pc) spatial resolution
will allow us to test whether the HT data can be used as a good tracer
of the turbulent magnetic field in the ISM.

5.5.2 Polarized starlight and dust emission of the SMC

We identify the preferential alignment of HI filaments with the
magnetic fields traced by starlight polarization in the north-eastern
end of the Bar region and the Bar—Wing transition region of the SMC.
Subsequently, we use the GASKAP-H 1 data to produce maps of the
preferred orientation of H1 filaments across the SMC (Figs 6-10).
These maps can be compared with future starlight polarization and
polarized dust emission data for further direct confirmation of the
alignment of these H I structures with the magnetic field.

In particular, the starlight data can be compared with the H1
emission on the near side of the SMC (Fig. 10). This is especially
intriguing in the SMC Wing, as this can shed light on both its 3D
(Section 5.4) and magnetic (Section 5.3) structures that are still not
fully explored.

New, high-spatial resolution observations of the polarized dust
emission that probe the entire line of sight through the SMC,
using forthcoming instruments such as the Prime-cam (CCAT-Prime
Collaboration et al. 2023) and the Simons Observatory (Hensley et al.
2022), similar to the few other nearby galaxies observed with the
Stratospheric Observatory for Infrared Astronomy High-resolution
Airborne Wideband Camera Plus (SOFIA/HAWCS+; Jones et al.
2020; Lopez-Rodriguez et al. 2022), can be compared with our H1
filament orientation map (Fig. 6). This will test whether the magnetic
alignment of HT1 filaments persists through the full SMC volume. If
this will be confirmed, we will have higher confidence in using the
GASKAP-H 1data for a tomographic view of the SMC’s plane-of-sky
magnetic field structure. Our Stokes Q(v) and U(v) cubes prior to the
ray-tracing steps aforementioned retain the information of magnetic
fields along the line of sight decomposed by radial velocity (see e.g.
Clark 2018; Clark & Hensley 2019). These can be compared with the
POSSUM data (Gaensler et al. 2010) also from ASKA P that measures
the polarized synchrotron emission. Applications of continuum
polarimetric techniques such as RM synthesis (Brentjens & de
Bruyn 2005) to broad-band spectropolarimetric data can similarly
decompose the polarized synchrotron emission by Faraday depth
(see e.g. Van Eck et al. 2019). These two ASKAP data sets can
enable 3D-3D comparisons that can lead to crucial knowledge in
how magnetic fields link the diffuse ISM probed by the polarized
continuum emission and the neutral ISM probed by the H1 filaments.
This will be a major step forward compared with the recent work on
M 51 in the 2D-2D domain (Fletcher et al. 2011; Kierdorf et al.
2020; Borlaff et al. 2021).

6. CONCLUSIONS

We investigate whether the HT1 filaments in the SMC are aligned
with the magnetic fields, as is the case in the solar neighbourhood
in the Milky Way (e.g. McClure-Griffiths et al. 2006; Clark et al.
2014; Clark & Hensley 2019). Our work has been enabled by the
new, sensitive, high-resolution HI observations using the ASKAP
telescope (Hotan et al. 2021) by the GASKAP-H1 survey (Dickey
et al. 2013; Pingel et al. 2022), in addition to the recently released
starlight polarization catalogue of the SMC (Lobo Gomes et al. 2015).
The RHT algorithm (Clark et al. 2014; BICEP/Keck Collaboration
et al. 2022) is applied to the GASKAP-HI cube to automatically
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identify filamentary structures, and the Lobo Gomes et al. (2015)
data are re-analysed with a vector approach to extract the large-scale
and small-scale magnetic field information.

We devise a new ray-tracing analysis to perform a careful compari-
son between the H1 filament orientation and the starlight polarization
data, and find a preferential alignment of the low-radial velocity H1
filaments with the large-scale magnetic fields traced by starlight
polarization in two regions of the SMC: the north-eastern end of
the Bar region, and the Bar—Wing transition region. The remainder
of the Bar region, as well as the Wing region, do not yet have
sufficient coverage by starlight polarization observations for such
detailed comparisons with HT data. This is the first time that the
alignment of HI filaments with the ambient magnetic field is seen
across large spatial volume (2 1 kpc) and outside of the Milky Way.
The results further suggest that the lower velocity HI component
in the SMC Bar and Bar—Wing transition area is physically closer
to us than the higher velocity component, consistent with previous
findings (Mathewson et al. 1986; Danforth et al. 2002; Welty et al.
2012).

We produce maps tracing the preferred orientation of H 1 filaments
across the SMC, revealing the highly complex structures likely
shaped by a combination of the intrinsic internal gas motion of the
SMC, tidal forces from the LMC, and stellar feedback mechanisms.
These maps can further be compared with future measurements
of the magnetic field structure of the SMC from starlight and
dust polarization, as well as with the diffuse polarized synchrotron
emission from POSSUM (Gaensler et al. 2010). We also find that
the orientation of the HI structures between the low-velocity and
high-velocity portions of the SMC are similar, suggesting that the
two velocity components are physically linked.
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DATA AVAILABILITY

The GASKAP-HT Pilot Survey data are available on the CSIRO
ASKAP Science Data Archive® (CASDA). The auxiliary data prod-
ucts from this article will be shared on reasonable request to the
corresponding author.
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APPENDIX A: TESTS OF RHT PARAMETER
CHOICE

As mentioned in Section 2.1, we repeat our analysis by adopting
an array of RHT parameter choice to test its effects on our results
of magnetically aligned HTI filaments in the SMC. The parameters
chosen for our analysis in the main text were Ry, = 12px, Dy =
83 px, and threshold = 0.7. We adjust each of these parameters
slightly in turn: Ry, = [8, 12, 16]px, Dw = [71, 83, 95] px, and
threshold = [0.6,0.7,0.8]. This amounts to 27 runs of our
analysis, including the initial run described in the main text.

For each of the analysis runs, we repeat our two statistical tests
(ray tracing through the lower velocity portion of the GASKAP-
H1 cube, for fields 1-11 only; see Section 4.1.1) and list the
p-values in Table Al. In all cases, a lower p-value favours the
alternative hypothesis (i.e. HI filaments are preferentially aligned
with the magnetic field traced by starlight polarization), and we set
a cutoff of 0.05 below which we deem the results as statistically
significant. We further list the number of stars (out of the total of
4494 in the concerned starlight fields) that are rejected from our ray-
tracing analysis. These stars are not intercepted by any identified H1
filaments in our ray-tracing analysis, and therefore have Stokes g =
u=0.

Out of the total of 27 analysis runs, we find that a significant
fraction of them reach the same conclusion of magnetic alighment of
H1 filaments with the SMC (with a p-value of <0.05). Specifically,
18/8 of the parameter combinations (66.7 per cent/33.3 per cent)
give p-values of <0.05 in at least one/both of the two statistical
tests, respectively. In particular, we find that setting the threshold
parameter to 0.7 or 0.8, which imposes a tighter restrain to the
RHT filament finder by requiring the identified filaments to be more
spatially coherent than when set to 0.6, do report more consistently
p-values of <0.05. This means that when the RHT is configured to
identify more coherent and therefore most probably more genuine
ISM structures, the effect of magnetic alignment of H1 filaments
appear to be more pronounced.

Table Al. Results from re-running our analysis (fields 1-11; v < vean) using various choices of RHT parameters.

threshold = 0.6

threshold = 0.7

threshold =0.8

Rin =8px Rum =12px Ryn =16px Ry =8px Ry =12px Rm=16px Rg =8px Rgm =12px Ry = 16px
p-Values (Test 1/Test 2)
Dw =71px 0.124/0.628 0.338/0.118  0.525/0.628  0.060/0.118  0.010/0.005  0.034/0.118  0.015/0.005  0.085/0.030  0.129/0.118
Dw =83px 0.209/0.322 0.171/0.118  0.085/0.030  0.146/0.118  0.008/0.005  0.034/0.030  0.077/0.030  0.194/0.118  0.067/0.030
Dw =95px  0.005/0.030 0.076/0.030  0.005/0.005 0.108/0.030  0.007/0.005  0.065/0.030  0.025/0.118  0.033/0.030  0.040/0.030
Rejected star count

Dw =71 px 0 0 0 0 0 0 1330 684 415
Dw = 83px 0 0 0 0 0 1 2166 1148 738
Dw = 95 px 0 0 0 12 4 4 2809 1744 1128

Notes. Test 1: One-sample KS test; Test 2: Matching within 20° test (see Section 4.1.1). Parameter choice of our main analysis also listed here (Rym = 12 pXx,
Dw = 83 px, and threshold = 0.7). p-Values of <0.05 are deemed as statistically significant here, and are marked in boldface.
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Figure B1. Gaia DR3 (Gaia Collaboration 2022) G-band magnitude against
Lobo Gomes et al. (2015) V-band magnitude for the 106 stars found by a
positional cross-match within an angular separation of 5 arcsec between the
two lists of stars. The 57 stars that further show good photometric matches
(in the magenta box) are used for our per-star ray-tracing analysis using the
Gaia radial-velocity measurements.

APPENDIX B: RAY TRACING USING GAIA DR3
RADIAL VELOCITIES

For our ray-tracing analysis (Section 3), we place the 5999 Lobo
Gomes et al. (2015) stars within the GASKAP-HI cube (Pingel
et al. 2022) at the HI-intensity-weighted mean velocities (Vmean)-
This is because most of these polarized SMC stars do not have
radial-velocity measurements in the literature.

In the recently released Gaia DR3 (Gaia Collaboration 2022), we
find that 57 of the Lobo Gomes et al. (2015) stars have reported
radial velocities. This prompts us to attempt a dedicated ray-tracing
experiment for these 57 stars using their radial-velocity values as the
locations to place them at within the H1I cube, described as follows.

We first perform a cross-match between the Lobo Gomes et al.
(2015) and the Gaia DR3 catalogues by finding closest positional
matches within 5 arcsec amongst the two lists of stars, followed by
plotting the Gaia G-band magnitude against the Lobo Gomes et al.
(2015) V-band magnitude (Fig. B1). This allows us to identify the 57
stars that further show good photometric matches between the two
catalogues that we use for our per-star ray-tracing analysis.

Next, we perform the ray-tracing analysis as described in Section 3,
but for the 57 stars aforementioned only. Furthermore, the stars
are placed along the velocity axis at the reported Gaia DR3 radial
velocities® instead of at vyean, the starlight is sent through the lower
velocity portion of the H1cube only as per our findings in Section 4.1,
and each of the stars is studied individually instead of on a per-field

9We have converted the radial velocities from the barycentric frame of Gaia
to our local standard of rest frame.
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Figure B2. Angle difference between the ray-traced and the observed
starlight polarization for the 57 stars cross-matched between the Gaia DR3
(Gaia Collaboration 2022) and the Lobo Gomes et al. (2015) catalogues.

basis. The resulting angle difference of these 57 stars between the
ray-traced and the observed starlight polarization is shown in Fig. B2.

Evidently, we do not find a good match between the observed
starlight polarization angle and the H1 filament orientation here.
This is likely because, as pointed out in Section 5.2.2, that the ray-
tracing analysis through the GASKAP-H 1 cube may not capture the
contributions of the turbulent magnetic field, which dominates in the
SMC (e.g. Mao et al. 2008; Lobo Gomes et al. 2015; Livingston et al.
2022). Therefore, the per-star analysis here does not result in a good
match in orientations between the magnetic field and HT1 filaments.
In the future, when radial-velocity measurements become available
for most, if not all, of the Lobo Gomes et al. (2015) polarized SMC
stars, one can return to our ray-tracing analysis as presented in the
main text to re-assess the use of the stellar radial velocities.

APPENDIX C: 2D HISTOGRAMS OF OBSERVED
AND RAY-TRACED STARLIGHT
POLARIZATION

We include the 2D histograms of the polarized stars in the SMC
on the Stokes gu plane, separated by the Lobo Gomes et al. (2015)
fields of observations (Fig. 1). Fig. C1 shows the actual observed
polarized SMC stars reported by Lobo Gomes et al. (2015), while
the results from ray tracing through the GASKAP-H 1 cube are shown
in Figs C2, C3, C4, and CS5 for the case of the lower velocity portion,
higher velocity portion, full-velocity range in ascending velocity, and
full-velocity range in descending velocity, respectively. As described
in Section 2.2, the parameters p and @ represent the contribution of
the large-scale (2150 pc) ordered magnetic field, while o, reflects
the small-scale (< 150 pc) turbulent magnetic field.
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Figure C2. Similar to Fig. C1, but from ray tracing through the GASKAP-H cube for the lower velocity portion only.
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Figure C3. Similar to Fig. C1, but from ray tracing through the GASKAP-H I cube for the higher velocity portion only.
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Figure C4. Similar to Fig. C1, but from ray tracing through the GASKAP-H I cube for the full-velocity range. The starlight traverses through the H1 cube in
ascending velocity, starting at v = 40.91kms™!.
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Figure C5. Similar to Fig. C1, but from ray tracing through the GASKAP-H I cube for the full-velocity range. The starlight traverses through the HI cube in
descending velocity, starting at v = 256.85kms™!.
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