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SUMMARY: We present new radio-continuum observations of the Large Magellanic Cloud (LMC)
supernova remnant (SNR) N206, which we give the name “Goat’s Eye”. Goat’s Eye contains an interior
radio structure that is likely a pulsar wind nebula (PWN), which we analyse in further detail. We use
new radio observations from the Australia Telescope Compact Array (ATCA) telescope, as well as
several archival radio observations, to calculate spectral indices, and find a steep spectral index for the
whole SNR (o = —0.6010.02), and a flatter spectral index for the PWN (a0 = —0.16+0.03). We also
measure the polarisation and magnetic field properties of the PWN. Previously reported as a linear
structure, the new observations show an unusual “zig-zag”-like structure, visible in radio-continuum
total intensity, linear polarisation, and magnetic field orientations. The origin of this zig-zag structure
is unclear, but we propose some origin scenarios that will require further observations to differentiate
between.
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1. INTRODUCTION

The Large Magellanic Cloud (LMC) is an irregular
dwarf galaxy at a distance of 50 kpc from the Milky
Way (MW)(Pietrzyniski et al. 2019). The proximity
and the low Galactic foreground absorption make the
LMC an ideal laboratory for multi-frequency studies
of supernova remnant (SNR) populations in great de-
tail. Supernova (SN) explosions are important drivers
of stellar and galaxy evolution, and SNRs are able to
trace the interaction between the SN ejected material
and the surrounding interstellar medium (ISM), re-
vealing the relationship between SNR and galaxy evo-
lution. SNRs in the LMC span a wide range of evo-
lutionary phases, from young ejecta-dominated rem-
nants, through middle-aged adiabatic remnants, to
old remnants in the radiative phase.

Several surveys of the LMC SNR population have
been conducted at multiple frequencies to study their
overall physical properties (Filipovic et al. 1996, Fil-
ipovi¢ et al. 1998, Payne et al. 2007, 2008, Bozzetto
et al. 2015, Maggi et al. 2016, Bozzetto et al. 2017,
Leahy 2017, Filipovi¢ et al. 2021, Yew et al. 2021,
Bozzetto et al. 2023, Filipovi¢ et al. 2021, Zangrandi
et al. 2024). In particular, radio observations are par-
ticularly useful for studying individual SNRs, advanc-
ing our understanding of the underlying physics.

To further analyse the SNR population of the
LMC, we present the study of the known SNR
B0532—71.0 (Mathewson and Clarke 1973). This
SNR is also known as SNR N206 (Klinger et al. 2002)
and is located in the high-mass star-forming com-
plex with the same name (also known as Henize 206,
LHA 120-N 206, and DEM L221 Henize 1956), on
the southern outskirts of the LMC. The region
surrounds the star-forming cluster NGC 2018, also
known as LHA 120-N 206A, and contains the HII re-
gion LHa 120-N206, with the SNR N206 located on
the north-eastern edge (Gorjian et al. 2004). N206
has been examined across multiple wavelengths by
various researchers (Mathewson and Clarke 1973,
Lasker 1977, Milne et al. 1980, Mills et al. 1984,
Williams et al. 1999, Klinger et al. 2002, Williams
et al. 2005, Kavanagh et al. 2012).

The SNR N206 was initially discovered at radio
frequencies (Mathewson and Clarke 1973), and has
been analysed in several subsequent radio surveys,
which show a bright source with a relatively flat spec-
trum (Milne et al. 1980, Mills et al. 1984); the most
recent value showing o = —0.2040.07 (Klinger et al.
2002). The SNR has also been analysed in opti-
cal, which shows a circular edge-brightened filamen-
tary shell (Lasker 1977, Long et al. 1981, Williams
et al. 2005), and at X-ray frequencies which shows
thermal X-ray emission filling the centre of the rem-
nant (Williams et al. 1999, Williams et al. 2005, Ka-
vanagh et al. 2012). This results in N206 being clas-
sified as a mixed-morphology (MM) SNR (Klinger
et al. 2002, Williams et al. 2005) using the criteria
of Rho and Petre (1998), and Williams et al. (2005)
gives it an age of ~25,000 years old, while Klinger
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et al. (2002) estimates an older age of ~29,000 years,
and Leahy (2017) gives an age of 13,000 years.

Australia Telescope Compact Array (ATCA) ra-
dio observations of Klinger et al. (2002) discovered
a previously unseen linear radio feature on the east
side of the remnant (Klinger et al. 2002). This fea-
ture was later detected in X-ray data from Chandra
and XMM-Newton, showing associated X-ray emis-
sion with a small X-ray knot detected at the outer
tip (Williams et al. 2005). This feature was classified
as a pulsar wind nebula (PWN) (Klinger et al. 2002,
Williams et al. 2005), but the associated pulsar was
not detected in following dedicated Parkes observa-
tions (Williams et al. 2005).

The presence of this PWN classifies N206 as
a composite SNR, a relatively rare class of SNRs
within the Magellanic Clouds (MCs) with only
a handful of such objects known. We know of
three other confirmed composite SNRs within the
LMC, 0453—6829 (Haberl et al. 2012, McEntaffer
et al. 2012), 0540-69 (Brantseg et al. 2014),
and 30DorB (Lazendic et al. 2000), as well as
N49 (Ghavam et al. 2024), N59B (Bozzetto et al.
2012), and DEM L316B (Williams and Chu 2005)
which are possible composite SNRs. We know of
only two within the Small Magellanic Cloud (SMC),
DEM S5 (Alsaberi et al. 2019) and IKT 16 (Owen
et al. 2011, Maitra et al. 2015, 2021).

The modern generation of radio telescopes, such
as MeerKAT and ASKAP, have allowed the discov-
ery of several new SNRs and SNR candidates, both in
our Galaxy (Kothes et al. 2017, Filipovié et al. 2023,
Burger-Scheidlin et al. 2024, Lazarevi¢ et al. 2024b,
Smeaton et al. 2024b,a, Filipovic et al. 2025b) and
in the MCs (Bozzetto et al. 2023, Cotton et al. 2024,
Yew et al. 2021), as well as analyses which allow us to
better understand the physical properties of already
known SNRs (Filipovié¢ et al. 2024, Smeaton et al.
2025). The improved sensitivity and angular resolu-
tion also allow better analysis of a number of different
astrophysical objects (Velovié et al. 2022, 2023, Bor-
diu et al. 2024, Lazarevi¢ et al. 2024a, Asher et al.
2025, Bradley et al. 2025, Filipovi¢ et al. 2025a).

In this paper, we add to these analyses by present-
ing radio-continuum observations of the SNR N206,
which we now give the nickname “Goat’s Eye”!. The
newly presented radio data come from the ATCA,
MeerKAT, and Australian Square Kilometre Array
Pathfinder (ASKAP) telescopes at frequencies rang-
ing from 944 MHz to 9 GHz. The new high-resolution
radio data shows more detail in the PWN, reveal-
ing a previously unseen “zig-zag” structure which we
investigate further. We also present archival radio-
continuum measurements from Murchison Widefield
Array (MWA), Molonglo Observatory Synthesis Tele-
scope (MOST), and combined ATCA and Parkes mo-

IThe name “Goat’s Eye” comes from the radio-continuum
morphology which shows a circular shell with the bright linear
PWN, which resembles a spherical eye with a large and unique
horizontal /rectangular pupil as seen in goats.
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Fig. 1: Multi-frequency composite colour image of Goat’s Eye. Red is radio-continuum MeerKAT data (1.3 GHz),
green is optical DeMCELS [SII] data, blue is soft X-ray XMM-Newton data (0.2—1.0keV), yellow is optical MCELS
[O111] data, and cyan is hard X-ray XMM-Newton data (2.0—4.5keV). All images are linearly scaled.

saics, as well as previous optical and X-ray data to
provide an overall multi-frequency view. We specifi-
cally analyse the properties of the linear PWN struc-
ture. In Section 2, we present the data used and
observation details. In Section 3, we present the re-
sults and discussion, while in Section 4, we present
our conclusions.

2. OBSERVATIONS AND DATA
REDUCTION

2.1. Radio

2.1.1. ATCA data and processing

Here, we present details from our new ATCA ob-
servations at 5.5 and 9 GHz, which were acquired on
4t December 2019 as part of project CX403. The ob-
servations were carried out using a 1.5C array config-
uration, with one hour of integration over a minimum
12-hour period. The observations used the Compact
Array Broadband Backend (CABB) (with 2048 MHz

bandwidth) at wavelengths of 3 and 6cm (v=4.5—
6.5 and 8-10GHz; centred at 5500 and 9000 MHz).
We employed the standard southern-sky calibrator
PKS B1934-638 for the primary (flux density) cal-
ibration, and source QSO J0047-7530 for the sec-
ondary (phase) calibration. Details of these calibra-
tors can be found in the ATCA calibrator database?.
The data contain both total power Stokes I observa-
tions and linear polarisation data, which are used in
Section 3.5.

The data were reduced and analysed using
MIRIAD (Sault et al. 1995) and KARMA (Gooch
1995) software packages. We produced and decon-
volved images by setting the robust weighting pa-
rameter to 0.5 (for all 5.5 and 9 GHz images) and
deconvolving via a primary beam correction. Both
final Stokes I images achieve a resolution of 5”x5"
and a local Root Mean Squared (RMS) noise level

2https://www.narrabri.atnf.csiro.au/calibrators/
calibrator_database.html
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Fig. 2: 4-panel image of Goat’s Eye. All images have linear scaling and display a relevant scale bar in the bottom
right corner. Top left: MeerKAT radio-continuum image at 1.3 GHz. The left inset shows a zoomed-in ATCA
5.5 GHz view of the PWN. The described “zig-zag” structure is annotated with the black line and the position of the
X-ray point source possible pulsar is shown in the blue circle. The beam size of 5" x5 is shown in the bottom left
corner. The top right image shows the same PWN view using an X-ray RGB made with Chandra data. Red is soft
band (0.5—1.2keV), green is medium band (1.2—2.0keV), and blue is hard band (2.0—7.0keV). Contours are from
the left-hand ATCA image at levels of 0.4 and 0.8 mJy beam™!. Top right: Multi-frequency RGB where red is
MeerKAT radio at 1.3 GHz, green is DeMCELS Ha, and blue is XMM-Newton soft X-ray (0.2-1.0keV). Bottom
left: Optical RGB where red is DeMCELS Ha, green is DeMCELS [SII] and blue is MCELS [O111]. Bottom right:
XMM-Newton X-ray RGB where red is soft X-ray (0.2-1.0keV), green is medium X-ray (1.0-2.0kev), and blue is
hard X-ray (2.0-4.5keV).
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of ~14 pJybeam ™! for 5.5 GHz and ~10 puJy beam ™!
for 9 GHz.

We also used previous ATCA data in the form
of archival mosaic images generated from combin-
ing ATCA and Parkes radio-continuum data for some
flux density measurements (see Table 1). The proper-
ties and generation of these mosaics are described in
further detail in Filipovié et al. (1995, 1998), Dickel
et al. (2005), Hughes et al. (2007), Filipovié¢ et al.
(2021).

2.1.2. Other radio data

The MeerKAT data is obtained from the most
recent LMC MeerKAT survey (project code SSV-
20180505-FC-02). We make use of the broadband im-
age from this dataset, centred at 1295 MHz over the
bandwidth 856—1712 MHz (see Fig. 2, top left panel).
Further image details, including calibration, data re-
duction, and the final survey information, will be pre-
sented in Cotton et al. (in prep) and Rajabpour et
al. (in prep).

The ASKAP radio-continuum data primarily
comes from the LMC survey conducted as part of
the ASKAP commissioning and early science (ACES,
project code AS033) (Pennock et al. 2021, Bozzetto
et al. 2023). This observation was conducted us-
ing the entire 36-antenna array at 888 MHz with
a 288 MHz bandwidth. The data has a restoring
beam of 1379x12”1 (position angle PA=-84.4°) and
was reduced using the standard ASKAPSoft pipeline
including multi-scale cleaning, self-calibration, and
multi-frequency synthesis imaging (Guzman et al.
2019). We also use a 944 MHz flux density mea-
surement from Smeaton et al. (in prep.), which was
measured from the ASKAP Evolutionary Map of the
Universe (EMU) survey data of the LMC (Hopkins
et al. 2025).

We use radio-continuum data from the
MWA (Tingay et al. 2013) GaLactic and Ex-
tragalactic All-Sky MWA (GLEAM) survey (Wayth
et al. 2015, Hurley-Walker et al. 2017) of the LMC.
We use the images at 118, 155, and 200 MHz as
described in For et al. (2018) to measure the SNR
flux densities.

We also use radio-continuum images from the Syd-
ney University Molonglo Sky Survey (SUMSS) con-
ducted with the MOST telescope to measure the flux
density at 843 MHz. Details of this data and survey
can be found in Mauch et al. (2003).

Archival Hr data (Kim et al. 2003) were obtained
using the ATCA and Parkes 64-m telescope. The
angular resolution of the data is 60", corresponding
to a spatial resolution of ~15 pc at the distance of the
LMC (Pietrzynski et al. 2019). The typical noise level
is ~2.4K at a velocity resolution of 1.689 kms~!.

2.2. Optical

The optical data shown is from the Magel-
lanic Cloud Emission Line Survey (MCELS) and
DeMCELS optical surveys (Smith and MCELS Team

1999, Points et al. 2024), which imaged the LMC us-
ing the UM/CTIO Curtis Schmidt telescope. The
DeMCELS survey achieves a higher resolution, but
does not include images using the [O111] filter. There-
fore, the images used are the Ha and [S11] images from
the DeMCELS survey, and the [O111] image from the
MCELS survey (see Fig. 2, bottom left panel).

2.3. X-Ray

The X-ray data shown are from the XMM-Newton
telescope survey of the MCs (Haberl 2014, Maggi
et al. 2016, 2019), and from the Chandra telescope.
The XMM survey used a bandwidth 0.2—10.0keV
and achieved a sensitivity of Fx (0.3—8keV) ~ 10714
ergcm™2s7!. We show all three X-ray bands, soft,
medium, and hard (see Fig. 2, bottom right panel).
The Chandra data achieves a higher resolution but a
lower sensitivity than XMM-Newton, and is there-
fore less sensitive to the more diffuse shell struc-
ture. While the shell is visible in the soft Chan-
dra band, this diffuse emission is better seen in the
XMM-Newton data, and the Chandra data is pri-
marily used to analyse the PWN with higher reso-
lution and specifically show the X-ray point source
(see Fig. 2, top right inset). We use all three Chan-
dra bands, soft (0.5—1.2keV), medium (1.2—2.0keV),
and hard (2.0-7.0keV), and the images were gener-
ated by merging together two separate Chandra ob-
servations at each band.

3. RESULTS AND DISCUSSIONS

3.1. Morphology

8.1.1. Goat’s Eye Shell

The radio-continuum images show a circular,
edge-brightened, shell-type morphology (see Fig. 2,
top left panel) with the bright linear radio feature
identified by Klinger et al. (2002) in the eastern side.
There are also two areas, on the east and south-west
of the SNR, which deviate slightly from this circu-
lar shape. These areas are potentially small blowout
structures, sometimes referred to as “ears” (Chiotel-
lis et al. 2021), as seen in some other SNRs (e.g.
G1.940.3 (Luken et al. 2020), SNR S147 (Xiao et al.
2008), SNR J0455—6838 (Crawford et al. 2008)). The
edge-brightened shell is fairly symmetrical, with the
exception of the brighter south-west rim.

From the MeerKAT data, we measure the SNR, by
eye, and find a geometric centre to be at RA(J2000)
= 05:31:56.6, Dec(J2000) = —71:00:17, with an an-
gular size of 3/0x3!1, corresponding to a physi-
cal size of 44pcx45pc at the LMC distance of
50kpe (Pietrzyniski et al. 2019). This is slightly
smaller than that reported in Klinger et al. (2002)
from their ATCA data (44 pcx47 pc), however this is
likely due to fitting the region by eye as exact region
parameters were not previously reported. This phys-
ical size is slightly larger than the average diameter
for the LMC population (mean diameter of 41 pc for
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Fig. 3: [SII]/Ha ratio map of Goat’s Eye from optical DeMCELS data. The contours are from the MeerKAT

radio-continuum image at levels of 0.3, 0.8, and 2.0 mJy beam™ .

the LMC; Bozzetto et al. 2017), but still well within
the population distribution for an SNR.

Goat’s Eye also has an observed optical shell, with
an inner filamentary structure seen in He and [S11],
and an outer [O11] rim. We detect bright interior
thermal X-ray emission in the soft X-ray band, but do
not detect the outer shell. The spatial structure of the
[St]/Ha shell closely matches the radio-continuum
shell in the MeerKAT image, with the [O111] extend-
ing slightly beyond this emission. This [S11] emis-
sion extends across the entire SNR and matches the
radio-continuum extent, indicating that the shock-
wave is composed of predominantly radiative shocks.
The two potential blowout regions seen in the radio-
continuum images are also seen in Ha and [S11], in-
dicating that they are components of the expanding
shell structure. The Ha and [SII] emission shows a
filamentary web-like structure over the SNR, which
may be indicative of expansion into a porous ISM (Di-
maratos et al. 2015).

Such filamentary optical structures are not un-
usual in SNRs, such as 0450—7050 (Smeaton et al.
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2025). The point that makes Goat’s Eye’s morphol-
ogy so unusual is the [O111] emission being located
outside of the [S11]/Ha shell, as it is typically located
closer to the interior where the temperature is often
higher, or at areas of faster shock velocities where sig-
nificant interaction may be occurring. The fact that
we see an [O111] shell around the entire SNR leading
the slower, radiative shell seen in [S11] and Ha indi-
cates there may be a complex velocity structure in
the shell. If the SN occurred in a cavity which was
cleared by the progenitor wind, then this may help to
explain the observed properties. The [O111] may in-
dicate the point where the shock is just reaching the
end of the cavity and is hitting the cavity walls with
sufficient velocity to emit [O111] emission. This may
also help to explain the extremely filamentary struc-
ture visible in [S11] and He, since the pre-excavated
cavity could have created a complex, porous den-
sity structure resulting in the filamentary structure as
the shock waves preferentially expand into the lowest
density paths.
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ble HI cavity. Panel (b): HI p—v diagram, integrated over Goat’s Eye’s Dec location (—71°02— —70°99). The dashed
white horizontal lines correspond with panel (a) showing the location of the cavity relative to Goat’s Eye. The black
dashed arc traces the possible HI cavity, and the labelled arrows display the PWN and SNR physical extents.

There is also a thick shell observed in radio, ap-
proximately 30" inward for the thickest shell. There
are multiple possible reasons for this thicker shell.
Potentially, as the expanding shock wave is encoun-
tering the cavity wall, it begins to bounce back and
slow down, travelling back toward the SNR interior.
However, with lower shock velocities as demonstrated
by the [Si1]/Ha correlation. This material would
then be compressed on both sides, and thus could
be stacked up and form a thick inner shell. Addi-
tionally, as it expands inwards, it will encounter the
SN ejecta, which may result in enhanced mixing and
cause a turbulent zone inside the outer shell.

In Fig. 3, we display the [S11]/Ha ratio map gener-
ated from the optical DeMCELS data. We measure
an average of ~1.1+0.4 over the entire shell, with
higher values of ~1.2—1.3 in the northern half. This
suggests that the northern shock may have slowed
down and is becoming radiative, or has enhanced
cooling in this region (see also Reid et al. 2015,
Bozzetto and Filipovié 2014). The southern shock,
oriented toward the Hil region, shows radio edge
brightening, indicating potential interaction.

We also checked the available Infrared (IR) Her-
schel and Spitzer images of the LMC (Meixner et al.
2013), and do not see Goat’s Eye’s shell visible. This
is expected from the results of Lakicevié¢ et al. (2015),
who found no significant dust heating or interaction
in their IR analysis. Therefore, if there is interaction
between the SNR shell and the nearby HII region, it
may be just beginning, or if the shocks are partic-
ularly slow, then they may not be energetic enough

to cause significant dust heating. Alternatively, the
SNR and the HII region may be separated by an off-
set along the line of sight, which would explain the
lack of observed interaction.

8.1.2.  Shell Symmetry

To quantify the Goat’s Eye’s shell symme-
try, we measure the multipole values from the
MeerKAT radio-continuum images and compare
with the results of Ranasinghe and Leahy (2019)
and Leahy et al. (2025). Using the method of
Ranasinghe and Leahy (2019) we measure val-
ues of Py/Py = 280.23+0.51x107¢ and P3/Py =
16.596+0.063x107°, which place Goat’s Eye in the
centre of the SNR population studied in Ranasinghe
and Leahy (2019). Therefore, this comparison is not
definitive in classifying Goat’s Eye’s morphology.

Following the newer method of Leahy et al.
(2025), we calculate the radial and angular dipoles,
quadrupoles, and octopoles separately. We find that
Goat’s Eye’s radial component has a low dipole mo-
ment and is dominated by the quadrupole moment,
and the angular component is dominated by the
dipole moment. This matches the radio morphology
displayed in Fig. 2, where the main deviation in radial
asymmetry is caused by the two small blowout struc-
tures seen in the south-west and north-east. These
structures are resulting in two directions of asym-
metry, and thus a larger quadrupole moment. The
higher angular dipole moment is likely being caused
by the bright PWN in the east, and thus this indi-
cates that this is the dominant cause of angular asym-
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metry in Goat’s Eye. Leahy et al. (2025) primarily
used X-ray morphologies, and we note that the radio
multipoles are significantly different from the X-ray
multipoles reported for Goat’s Eye, indicating that
there are significant differences in the radio and X-ray
morphology, as observed in our images (see Fig. 2).

This low radial dipole moment, and the observed
radio morphology, show a remarkably circular struc-
ture, similar to some of the most circular SNRs,
such as the Galactic SNR Teleios (Filipovic et al.
2025b) and the circumgalactic SNR, J0624—6948 (Fil-
ipovi¢ et al. 2022, Sasaki et al. 2025). For such an
evolved (Klinger et al. 2002, Williams et al. 2005,
~25,000—29,000 years) core-collapse (CC) SNR, this
remarkable circularity is unusual. Goat’s Eye un-
doubtedly originates from a CC SN due to the pres-
ence of the PWN. CC SNs are expected to have
asymmetrical explosions (Lopez et al. 2009, 2011),
and thus asymmetrical remnants, as opposed to their
more symmetrical Type Ia counterparts. However,
this possible correlation is debated in the litera-
ture (Ranasinghe and Leahy 2019, Leahy et al. 2025).
Additionally, SNRs are expected to remain more cir-
cular when they expand into more rarefied and ho-
mogeneous environments, for example, in the cases
of Teleios and J0624—6948. The nearby HII star-
forming region to the south-west makes this scenario
less likely for Goat’s Eye, however it is possible that
there is an offset between Goat’s Eye and the HiI re-
gion which would account for the lack of interaction
signatures. If Goat’s Eye is in close physical proxim-
ity to the neighbouring region, then it is unusual that
Goat’s Eye was able to retain such a circular shape
throughout its evolution, and this would require de-
tailed modelling that accounts for the complex envi-
ronment and explosion subtype.

3.1.3. Goat’s Eye’s PWN

The finer structure of the PWN feature is shown
in the higher-resolution ATCA data (see Fig. 2, in-
set), with a measured length of 50", corresponding
to a physical length of ~12pc for the LMC. Origi-
nally described as a linear feature in Klinger et al.
(2002), the new ATCA observations show a more
“zig-zag”-like structure. This proposed structure is
highlighted in the inset image by the annotated black
line. There is also a bright, non-thermal, X-ray point
source located at the east side of the PWN, reported
in Williams et al. (2005). This source is visible in the
Chandra X-ray images (see Fig. 2, top right inset),
and is clearly located within the bounds of the PWN
as shown by the radio contour levels. There is no
corresponding radio point source visible.

This structure was suggested to be a run-away,
or bow-shock, PWN (Klinger et al. 2002), wherein
a pulsar is given a high kick velocity during the ini-
tial SN explosion. This runaway pulsar then trav-
els supersonically, generating a tail trailing behind
which can emit strongly at X-ray and radio frequen-
cies. This scenario was explored in more detail in
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Klinger et al. (2002). The morphology of Goat’s Eye’s
PWN supports this scenario as it shows similarities
to other known bow-shock PWN, such as DEM S5 in
the SMC (Alsaberi et al. 2019), the Galactic Light-
house PWN (IGR J11014-6103 Pavan et al. 2014b,a,
2016), the Galactic Potoroo PWN (Lazarevié¢ et al.
2024a), and the Galactic Mouse PWN (Yusef-Zadeh
and Bally 1987, Camilo et al. 2002). Goat’s Eye ap-
pears to be particularly similar to the Galactic Mouse
PWN, which also appears to be moving away from
the centre of a nearby SNR G359.1—0.5. Recent re-
sults however, argue that the Mouse PWN is not
physically associated with G359.1—0.5 as the pulsar
is moving too slowly and thus is too old to have orig-
inated from the SNR (Hales et al. 2009).

In the case of Goat’s Eye’s bow-shock PWN;, the
head of the bow-shock structure would contain the
high-velocity pulsar, on the eastern side travelling
out of the SNR, and the tail pointing back toward
the geometric centre of the PWN; the origin point
of the pulsar. An X-ray point source is detected on
the eastern side of the PWN (Williams et al. 2005),
which may represent the pulsar. This is unconfirmed
however, as previous timing searches did not detect
the presence of a pulsar (Williams et al. 2005). We
do not detect any radio counterpart to this source, or
detect any compact radio sources within the PWN. It
is possible that the pulsar is present, but radio quiet,
or that the presence of the pulsar is hidden within
the PWN emission. Klinger et al. (2002) estimated a
tangential velocity of ~800 kms™!, which is a reason-
able velocity value for a bow-shock PWN, and thus
the Goat’s Eye pulsar may have been born at the time
of the SN explosion and be physically associated.

8.1.4. Distribution of Hi clouds

The spatial distribution of HI emission toward
Goat’s Eye is presented in Fig. 4 (panel a). An Hi
cloud is identified in the south-western part of the
remnant, coinciding with a region of enhanced ra-
dio continuum emission. Another HI structure is ob-
served along the eastern shell. In contrast, there is
less H1 emission visible in the north-western region.
This lower emission corresponds with a more circular
shell structure with lower radio-continuum emission.
This supports the scenario that the enhanced radio-
continuum emission and slight asymmetries are due
to interaction with neighbouring HI regions which is
not present in this area.

Fig. 4 (Panel b) shows the position—velocity (p—v)
diagram of HI emission toward Goat’s Eye. There is
a possible arc-like feature which appears to trace the
peaks of HI in the p—v diagram. This possible feature
spans a spatial diameter of 44 pc and has a velocity
width of ~10kms™'. While the extent of the ra-
dio shell does not fully coincide with this possible H1
structure, it appears that the geometric centre of the
expanding HI shell potentially aligns with the spatial
position of the PWN.
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Fig. 5: Radio-continuum spectrum of Goat’s Eye using radio-continuum data from (Table 1). The black solid line
gives the total spectral index, the black dashed line gives the PWN spectral index, and the black dotted line gives

the shell spectral index, as shown in the legend. The points in red are the non-fitted data in Table 1.

Given the low angular resolution of the HI data
(60") it is difficult to determine if this is a true align-
ment. The angular size of the shell is ~3’, approx-
imately 3 times the HI angular resolution, and the
PWN is ~ 1’. Therefore, the large-scale H1 distribu-
tion is likely reliable, but the smaller-scale features re-
lated to the PWN are less definitive as they are at the
same spatial scale as the HI resolution. It is possible
that the larger-scale structure was formed by stellar
winds from a massive progenitor. If this is the case,
then it is supported by the measured velocity width
of ~10kms~!, which is reasonable for these kinds of
structures (Sano et al. 2021, 2022, Fukui et al. 2024).

3.2. Flux density

We measure the flux density of both the entire
SNR from all available radio frequencies, and of
the PWN for data with sufficiently good resolution.
We also subtracted the nearby background emission
when measuring flux density, as explained in Hurley-
Walker et al. (2019). This process was done by fitting
a circular region around the entire shell and an ellip-
tical region around the PWN using the astronomy
imaging software Cube Analysis and Rendering Tool
for Astronomy (CARTA) (Comrie et al. 2018). These
same regions are used for all the flux density mea-
surements shown in Table 1. The errors are taken
as 10% following a similar process to that used in

Filipovié et al. (2022, 2023, 2024), Smeaton et al.
(2024a), Bradley et al. (2025), and Alsaberi et al.
(2025). We also calculate the flux density of the shell
by taking it as the difference between the total and
PWN flux densities.

3.3. Spectral Index

We use the flux density measurements shown in
Table 1 to calculate the spectral index of Goat’s Eye,
where the spectral index is defined as S o« v* (Fil-
ipovi¢ and Tothill 2021). We calculate the spec-
tral index separately for both the total SNR and
for the PWN (see Fig. 5). The fitting is done using
the LINREGRESS® function from the scipy Python li-
brary (Virtanen et al. 2020).

Initially, all radio-continuum data points were
used for the fitting, and there were some points that
were significant outliers to the fit. To quantify this,
we measured the reduced x? value as the sum of
(residuals/rms)?, where residuals = measured value
— model value. We calculate a reduced x? value of
60.37 for the fit. The main outliers were the ATCA
data points; the 4798 and 8638 MHz data points from
Klinger et al. (2002) were much higher than the fit,
and the 5500 and 9000 MHz data measured in this

3https://docs.scipy.org/doc/scipy/reference/
generated/scipy.stats.linregress.html
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Table 1: Flux density measurements of Goat’s Eye at multiple radio frequencies. * indicates that a quoted uncertainty
was not given. t indicates flux density measurements which are included in the table, but which were not used in the

spectral index estimate, see text for details.

v STotal SPWN SShell Telescope Reference

(MHZ) (Jy) (Jy) (y)

118 1.56£0.2 — — MWA This work (from For et al. (2018) image)

155 1.09£0.1 — — MWA This work (from For et al. (2018) image)

200 1.00£0.10 - - MWA This work (from For et al. (2018) image)

408 0.7£—* — — MOST Mathewson and Clarke (1973)

843 0.38+0.04 - — MOST This work (from Mauch et al. (2003) image)
888 0.39+0.04 0.034+£0.003 0.36+£0.04 ASKAP This work (from Pennock et al. (2021) image)
944 0.39+0.04 0.032+0.003 0.36+£0.04 ASKAP Smeaton et al. (in prep)

1298 0.29+0.03 0.028+0.003 0.26+0.03 MeerKAT This work (from Cotton et al. (in prep) image
1377 0.28+0.03 — — ATCA + Parkes  This work (from Hughes et al. (2007) image)
4798 0.5240.07t - - ATCA Klinger et al. (2002)

4800 0.1540.02 0.026+0.003 0.1240.02 ATCA + Parkes  This work (from Dickel et al. (2005) image)
5500 0.030£0.003f  0.01040.0011  0.020+0.004 ATCA This work

8638 0.49+£0.127 - - ATCA Klinger et al. (2002)

8640 0.1240.01 0.022+0.002 0.10+0.01 ATCA + Parkes  This work (from Dickel et al. (2005) image)
9000 0.007£0.0011  0.005£0.0011  0.002=£0.002 ATCA This work

14700 0.27+ —* 1 — — Parkes Milne et al. (1980)

QTotal APWN QShell
—0.60 = 0.02 —0.16 £ 0.03 -0.58+0.04

research (project CX403) were much lower. We in-
vestigated our ATCA data and found that there were
significant missing short spaces, which are likely re-
sulting in a flux density underestimation. To miti-
gate this, we searched the mosaic images of Dickel
et al. (2005), which combines the ATCA interferom-
etry data with single-dish Parkes data to fill in the
missing short spacings. We found merged images at
4800 and 8640 MHz, which are similar frequencies to
the outlying points. These new points fit the line
much better and thus are used instead of the ATCA
outlying points. We also exclude the 14700 MHz data
point from Milne et al. (1980), as it is also an outlier,
likely due to lower sensitivity and resolution from the
older survey. After excluding these points, we achieve
a reduced x? value of 0.88, indicating a much better
fit for the data.

We also fit a separate spectral index for just the
PWN. This fit has many fewer data points, as the
PWN can only be resolved in the highest-resolution
radio images (see Table 1). For this fit, we also ex-
clude the 5500 and 9000 MHz data points, as these
are outliers to the fit and disagree with the combined
ATCA and Parkes data at similar frequencies, sim-
ilar to the argument above. This is also shown by
the reduced x? values which is 20.97 when these two
points are included, and is 0.40 when they are ex-
cluded, indicating that their exclusion results in a
much better fit for the data. The shell spectral index
is calculated in a similar way, with the shell flux den-
sities being calculated as the difference between the
total and PWN flux densities. Similarly, the 5500
and 9000 MHz data points are excluded from the fit
as they are outliers to the fit, with the reduced 2
value being 71.94 when they are included, and 0.55
when they are excluded.
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These results are shown in Fig 5, where the fit-
ted points are shown in blue (for the total), green
(for the PWN), and purple (for the shell), and all
the non-fitted points are shown in red. We calcu-
late spectral index values of —0.60 &+ 0.02 for the to-
tal, —0.16 £ 0.03 for the PWN, and —0.58 £ 0.04 for
the shell. The total and shell spectral index values
fall within the standard range for SNRs within the
MC (Bozzetto et al. 2017, Cotton et al. 2024) and
are as expected for an SNR predominantly composed
of a synchrotron emitting shell. The PWN spectral
index value is flat, as expected for a PWN (Reynolds
et al. 2017). These values differ from previous spec-
tral index values calculated (Klinger et al. 2002), and
this is likely due to the inclusion of more data points
than previous estimates, which were obtained from
archival radio observations of the LMC. Addition-
ally, as we found that the ATCA points significantly
disagreed with the combined ATCA and Parkes data,
the inclusion of these outlying points likely impacted
the previously calculated values.

3.4. Surface Brightness

We calculate the radio surface brightness as ¥ =
S1GHz/Q where ¥ = Sjgn, is the flux density at
1 GHz (for the shell component), calculated using the
measured shell spectral index, and 2 is the angular
area of the source, as defined in Section 3.1. We use
the shell flux density and spectral index measure-
ments so as to exclude any potential PWN contri-
bution and allow a more consistent comparison with
other SNRs. We calculate a surface brightness of
1.3x1072' Wm~2Hz"!. We compare these values
with the X-D distribution of Pavlovié¢ et al. (2018,
their Fig. 3, our Fig. 6) and find that Goat’s Eye
falls within the typical distribution for SNRs.
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Fig. 6: Radio surface brightness to diameter diagram for SNRs at frequency v =1GHz, adopted from Pavlovié¢

et al. (2018, their fig. 3), shown as black triangles. Different line colours represent different ambient densities, while
different line types represent different explosion energies. The open circle is young Galactic SNR G1.940.3 (Luken
et al. 2020), and the open triangle represents Cassiopeia A. The numbers represent SNRs (1): CTB 37A, (2):
Kes 97, (3): CTB 37B, and (4): G65.140.6. The red star represents Goat’s Eye at estimated surface brightness
of 1.3x1072' Wm ™' Hz 2sr~! and diameter of 45pc (the diameter is taken as the major axis). The image shows
evolutionary tracks for representative cases with injection parameter £ = 3.4 and nonlinear magnetic field damping
parameter ¢ =0.5.

3.5. Polarisation PWN. Due to the lower surface brightness of the SNR

The ATCA observations consisted of Stokes Q and shell, we were unable to accurately measure the shell’s
U observations, allowing us to measure the linear po- polarisation properties; however, we obtained polar-

larisation, rotation measure, and magnetic field of the isation measurements for the brighter PWN feature.
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Fig. 7: Fractional polarisation images of Goat’s Eye PWN overlaid with total intensity contours. Top:

5500 MHz

fractional polarisation ATCA image with 5500 MHz Stokes I contours at levels of 0.2, 0.4, and 0.6 mJy beam ™.

Bottom:
0.5mJy beam™!.

All images were convolved to a common beam size of
5" x5" to minimise noise, and then the MIRIAD task
IMPOL was used to generate the polarised intensity,
fractional polarisation, and rotation measure images
(see Figs. 7 and 8). The measured rotation measure
was then used to de-rotate the polarisation vectors
to map the electric field vectors, and these were then
rotated by 90° to show the intrinsic magnetic field
(see Fig. 8).

The linear PWN feature is visible in both po-
larisation maps with two areas of higher fractional
polarisation in the centre and fading towards the
edges. We measure an average fractional polarisation
of 3.0 + 1.0% with a peak of 9.0 + 1.0% at 5.5 GHz
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9000 MHz fractional polarisation ATCA image with 9000 MHz Stokes I contours at levels of 0.2, 0.4, and

and an average of 3.5+ 2.0% with a peak of 26 + 6%
at 9 GHz. The rotation measure shows positive val-
ues ranging from ~200—800 rad m~2, with the high-
est value observed on the eastern tip. This corre-
sponds approximately with the location of the X-ray
source (Williams et al. 2005). This may represent
the area of a hidden pulsar; however, if this is the
case, we would also expect to see a higher fractional
polarisation in this area.

3.6. Magnetic Field

We observe a highly ordered magnetic field ori-
ented along the linear axis, similar to the results of
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Klinger et al. (2002). The “zig-zag”-like structure
observed in the radio-continuum (see Sec. 3.1) is also
present in the magnetic field structure, with the mag-
netic field following this pattern. This is expected if
this emission represents the tail of a bow-shock PWN.

We use an available equipartition model* (Ar-
butina et al. 2012, 2013, UroSevi¢ et al. 2018) to
estimate Goat’s Eye’s magnetic field. We use mea-
sured values of a = —0.60, angular radius § = 1/5,
S1Gaz = 0.34Jy (interpolated from the EMU and
MeerKAT flux density measurements, see Sec. 3.4),
and assume a value of f = 0.25. We find an av-
erage magnetic field of B=28.6 4G and a minimum
energy of Epnin =2.3x10% ergs when assuming elec-
tron equipartition, and values of B=66.3uG and
Ein = 1.3x10%° ergs for ion equipartition.

3.7. 7Zig-zag” pulsar-wind nebula

The radio-continuum data presented here are con-
sistent with a bow-shock PWN scenario. The region
exhibits bright radio-continuum emission, accompa-
nied by a flatter radio spectral index, which is con-
sistent with enhanced particle acceleration at this lo-
cation due to the constant energy input from an en-
ergetic pulsar. Similarly, the measured polarisation
and ordered magnetic field traces the pulsar’s path
as it travels supersonically through the SNR interior
and generates a bow-shock PWN behind it. In this
scenario, the pulsar would likely be located at the
eastern tip of the PWN with the tail leading back to
the geometric centre of the SNR.

“http://poincare.matf.bg.ac.rs/~arbo/eqp

We observe a ”zig-zag”-like structure in the PWN
which was unseen in previous observations, and has
not been observed in other known PWN structures.
This structure is present in both radio-continuum
(see Fig. 2, top inset) and in the magnetic field vec-
tor map (see Fig. 8). The fact that it is seen in the
radio-continuum images, polarisation images, and the
magnetic field indicates that it is an intrinsic physi-
cal structure. The zig-zag structure observed corre-
sponds with the brighter areas of polarised emission,
which appear almost as polarisation hotspots.

There are several physical mechanisms which can
cause asymmetries or “knot-like” structures within
highly magnetised plasma structures such as PWN.
Some of these scenarios could include the formation
of kinks, which can appear in some magnetised jets
as unstable knots driven by areas of different com-
pression or magnetic instabilities (Porth et al. 2013,
Bromberg et al. 2019). Additionally, such a structure
may be the result of the PWN travelling through the
inner SN ejecta. Density inhomogeneities within the
ejecta may deflect the PWN at different points, gen-
erating enhanced emission or general asymmetries.
Additionally, the pulsar’s proper motion may play
a part in the structure, for example, if there is sig-
nificant orbital motion or precession in its motion,
then this may generate a “corkscrew”-like structure.
These scenarios are possibilities, and the parameters
cannot be constrained until the host pulsar is discov-
ered.

Another interesting property of the PWN is that
its direction appears to be aligned with one of the
”ear “-like structures on the eastern side. This is po-
tentially further supported by the HI analysis, where
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the p — v diagram shows a smaller cavity coincident
with the PWN structure. We emphasise that this is
not a definitive detection however, as the PWN size
is at the same spatial scale as the Hi data resolution,
but there is an indication of a possible expanding
structure. Therefore, the pulsar may be pushing out
of the SNR shell, contributing to the observed “ear”
blowout structure. Additionally, there are some re-
cent theoretical models (Chiotellis et al. 2021), which
suggest that SNR ears may be formed when the SNR
forward shock interacts with a bipolar circumstellar
medium.

Without further data, all these scenarios are spec-
ulative and future observations would be required.
What can be seen from the observations is that this
zig-zag structure is present, and the most likely cause
is some form of asymmetry, interaction, or PWN dy-
namics. Our future high-sensitivity and resolution
studies will focus further on this structure to deter-
mine its physical origin.

4. CONCLUSIONS

We have conducted radio-continuum observations
and analysis of the LMC SNR N206, which we have
nicknamed “Goat’s Eye” due to the peculiar morphol-
ogy of its PWN. We have focused on the bright PWN
structure in the east. Specifically, we have calculated
a spectral index for the total SNR and for the PWN,
finding a steep (« = —0.60) for the total and flat
(a = —0.16) for the PWN. These differ from previ-
ous spectral index values, likely due to our inclusion
of several more data points from archival radio im-
ages. This greatly supports the scenario of a typical
synchrotron SNR shell, with an interior PWN with
more efficient particle acceleration.

The PWN was previously reported as a linear fea-
ture; the new observations reveal an unusual ”zig-
zag’ structure, visible in both radio-continuum total
intensity images, radio polarisation images, and in
the magnetic field structure. The current data do
not provide a sufficient explanation for the origin of
this structure, but future observations will enable us
to better constrain its nature and further our under-
standing of PWN dynamic structures.
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YK 524.354.4
Opuzunasty HayuHL pao

IIpencraBmaMo HOBa PAIMO-KOHTUHYYM ITOC-
marpama ocratka cynepaose (OCH) N206 y Be-
aukom Marenanosom obaaxy (BMO) rome cmo
nanu HamuMmak “Kosje Oko”. Kosje Oko camp:xu
VHYTpAaIlhy paaruo CTPYKTYPY KOja je BEepOBaTHO
Marauaa nyiacapckor Berpa (MIIB), kojy merass-
HO aHAJM3UpamMo. KOopucTruMo HOBa paquo-KOHTH-
HyyM TocMaTpama ca Aycrpamujckor Tesecko-
na Kommaxraor Husa (ATKH), ka0 1 HEKOIMKO
APXUBCKUX PAANO IOCMATPAA 33 U3PAUYHABAHE
CIEKTPAJIHOT MHIEKCA. Halim ¢MO CTpMU CIIEK-
rpasuu nagekc 3a neo OCH (a = —0.60+0.02), u

paBaH crnekrpasiau ungekc 3a MIIB (o = —0.16 £
0.03). Tarkobe mepumo monapusanmjy u CBOjCTBA
maruetHor noma MIIB. Panuje nmpennoxkeno kao
JrHeapHa CTPYKTypa, HOBa IOCMaTparma MOKa-
3yjy HeoOMUHYy “UMK-TaK’ CTPYKTYPY, BUIJBUBY
€KCKJIY3UBHO y DPaOUO-KOHTUHYYMY YKBY4yjyhu
U JUHEAPHY MOJapUu3alujy, U OPUjeHTAIn]y Mar-
HETHOT ToJba. llopekao oBe “muk-mak”’ CTPYKTY-
pe je u majbe HejaCHO, aju IpeIaKeMO jeqaH O
Moryhmux crmeHapuja KOju 3aXTeBa HOBa IIOCMAT-
pama.
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