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ABSTRACT

We report the discovery of J0624-6948, a low-surface brightness radio ring, lying between the Galactic Plane and the Large
Magellanic Cloud (LMC). It was first detected at 888 MHz with the Australian Square Kilometre Array Pathfinder (ASKAP),
and with a diameter of ~196 arcsec. This source has phenomenological similarities to Odd Radio Circles (ORCs). Significant
differences to the known ORCs — a flatter radio spectral index, the lack of a prominent central galaxy as a possible host, and
larger apparent size — suggest that J0624—-6948 may be a different type of object. We argue that the most plausible explanation
for J0624-6948 is an intergalactic supernova remnant due to a star that resided in the LMC outskirts that had undergone a
single-degenerate type la supernova, and we are seeing its remnant expand into a rarefied, intergalactic environment. We also
examine if a massive star or a white dwarf binary ejected from either galaxy could be the supernova progenitor. Finally, we
consider several other hypotheses for the nature of the object, including the jets of an active galactic nucleus (AGN) or the
remnant of a nearby stellar super-flare.
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1 INTRODUCTION

A new generation of radio telescopes is revealing new features of
the radio Universe, due to the combined effects of high-sensitivity,
good spatial sampling, and wide area coverage. Rare, low surface
brightness features are now more easily detected, as demonstrated
by the recent emergence of the class of ring-shaped radio sources
known as ORCs (Norris et al. 2021b; Koribalski et al. 2021). Radio
sources often have circular features that can represent nearly spherical
objects, including Supernova Remnants (SNRs), Planetary Nebulae
(PNe), (super)bubbles, H 11 regions, circumstellar shells or disk-like
objects, protoplanetary discs and star forming galaxies, or even ring-
shaped imaging artefacts.

While ORCs resemble SNRs in some respects, the two populations
seem to be distinct. Most known Galactic and Magellanic Clouds
(MCs) SNRs are radio emitters. However, detections in the optical
and X-ray frequencies have been increasingly noted in recent times
(Millar et al. 2012; Bozzetto et al. 2017). SNR outliers remind us that
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they are not a monolithic population. Supernova (SN) progenitors,
in different interstellar medium (ISM) and at different evolutionary
stages, produce unique shapes in individual objects. This includes
a population of so-called host-less (intergalactic) SNe, discovered
beyond our Local Group (LG) of galaxies, that cannot be associated
to any galaxy (Zinn et al. 2011). However, thus far no such SN, nor
their remnants, have been seen in our LG.

These host-less intergalactic SNe may come from hyper or high
velocity runaway stars (Zinn et al. 2011), producing a remnant whose
velocity will be modulated by a SN kick (Boubert et al. 2017; Evans
et al. 2020, 2021). This scenario could have some exotic conse-
quences, such as runaway pulsars and Supernovae (SNe) far from
star-forming regions, including the old/outer stellar disk of galaxies
such as the MCs or Milky Way (MW). At the same time, galaxy
halos and outer discs harbour stars that also explode, though mainly
as type Ia SNe (Hakobyan et al. 2017).

First detected at 888 MHz with the ASKAP, J0624-6948 is located
between the LMC and the plane of the MW (Figs. 1 and 2). We
present a multi-frequency study and analysis of J0624-6948. While
we argue for an intergalactic SNR scenario, we also consider several
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other hypotheses for the nature of the object, including jets of an
AGN or the remnant of a nearby stellar super-flare.

2 OBSERVATIONS AND DATA REDUCTION
2.1 Radio imaging
2.1.1 ASKAP data

J0624-6948 was originally detected in June 2019 as part of the
ASKAP Early Science Project (Pennock et al. 2021). The data were
processed using the ASKAPsoft pipeline, including multi-frequency
synthesis imaging, multi-scale clean and self-calibration (Norris et al.
2021b). The 888 MHz ASKAP image shown in Figs. 2 and 3 (top row
left) has a sensitivity of o-=58 uly beam™! and a synthesised beam of
13.87x12.11 arcsec at the beam parallactic angle of —84.4 degrees.

2.1.2 ATCA data

Follow-up observations were obtained with various ATCA arrays at
2232, 5500 and 9000 MHz (Table 1) and images are shown in Fig. 3.
We used the source PKS B1934-638 as primary calibrator (bandpass
and flux density) and the source PKS B0530-727 as phase calibrator
for all observing sessions (Table 1).

The mir1AD (Sault et al. 1995) and karRMa (Gooch 1995) software
packages were used to reduce, compare and analyse the data. We
combine observations of various interferometer arrays to a common
uv-plane for each of the three frequency bands. Given that our object
of interest is diffuse and of low surface brightness, we experimented
with the range of various values for weighting and tapering. To
maximise and enhance source diffuse emission, we found that a
Briggs weighting robust parameter of 1 (closer to natural weighting)
is the most optimal choice. Also, an additional 7 arcsec Gaussian
taper is included to further enhance the diffuse emission. This allows
us to achieve resolutions of full width at half-maximum (FWHM) of
15x15 arcsec, 10x10 arcsec, and 10x10 arcsec for the 2232, 5500,
and 9000 MHz images, respectively. All images were corrected for
the primary beam attenuation. The Root Mean Squared (rms) noise
(or 107) is 20 pJy beam™! for the 2232 MHz image, 5 uJy beam™! for
the 5500 MHz image and 7 uJy beam™! for the 9000 MHz image. The
rms numbers quoted in this paper represent noise level at the image
centre and because of the primary beam response correction the
noise increases towards the edges of the image. Given our observing
frequencies and arrays uv coverage, the maximum angular scale that
the image is sensitive to ranges from 49 arcmin (for ASKAP) to 6
and 3.5 arcmin for ATCA 5500 and 9000 MHz images.

In order to further enhance the signal-to-noise ratio, we averaged
the 2232, 5500 and 9000 MHz maps (Fig. 3) by extrapolating each
of them to 888 MHz using a spectral index (defined by S oc v,
where S is flux density, v is the frequency and « is the spectral index)
of @ = —0.4 as we determined for the spectral index (Section 3).
We convolved all these maps to 15 arcsec, as well as subtracting
four point sources from the south-west region (see Table 2). As a
result, the 888 MHz, the extrapolated 2232 MHz, and the extrapolated
5500 MHz maps have all the same noise of ~400 mK, while the
9000 MHz map has a much higher value ~2 K. Thus, we averaged
the three lower frequencies together; the combined map’s noise is a
factor of two lower than that of the ASKAP 888 MHz map alone.
Hereafter, we refer to this combined frequency image as the ‘effective
10-cm’ (at a weighted frequency of 3623 MHz) map. Finally, a map
emphasising the diffuse emission (Fig. 4; top left) was created by
adding the effective 10-cm map at 15 arcsec resolution to an image
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Table 1. ATCA observations centred on J0624-6948 used here to create
images at 2232, 5500 and 9000 MHz.

Date Array Project  Frequency  Int. Time

Config. Code (MHz) (minutes)
12-12-2019 1.5C CX450 2232 265
26-01-2020 6A C3296 2232 196
23-02-2020 367 C3292 2232 74
23-02-2020 367 C3292 5500, 9000 74
15-03-2020 6D C3295 2232 119
15-03-2020 6D C3295 5500, 9000 118
28-03-2020 H168 CX310 2232 87
28-03-2020 H168 CX310 5500, 9000 87
12-04-2020 6A C3330 5500, 9000 235
10-06-2020 1.5C CX454 5500, 9000 355
30-10-2020 6B CX310 2232 177
30-10-2020 6B CX310 5500, 9000 177
09-02-2021 750C C3383 2232 98
09-02-2021 750C C3383 5500, 9000 108

of the large-scale emission alone, at a resolution of 35 arcsec, in the
ratio of 0.3 to 0.7. The large-scale emission image was created by
filtering out all of the small-scale emission using the multi-resolution
filtering technique of Rudnick (2002), using a box size of 45 arcsec.
Note that since this image is at two different resolutions, it is useful
for visualisation only, and is not used quantitatively in the paper.

2.2 X-ray imaging

The sky region around J0624-6948 was observed serendipitously
by XMM-Newton on 14-15% March 2020. Data were reduced and
analysed using standard routines in the Science Analysis System
(SAS; version 19.0.0) and calibration files. We used only data from
the European Photon Imaging Camera (EPIC) instruments which are
equipped with charge-coupled devices (CCDs) based on Metal Oxide
Semi-conductor technology (MOS1 and MOS2, Turner et al. 2001),
as J0624-6948 was outside the field of view of EPIC-pn (Striider
et al. 2001), which was operated in small window read-out mode.
After filtering the data for high background contamination, the net
exposure times are ~85.62 ks and ~85.60 ks for MOS1 and MOS2,
respectively (see XMM-Newton image in Fig. 5).

2.3 Other images

We searched for a possible counterpart using Parkes GASS/HI4PI
data as well as SkyMapper (Onken et al. 2019), The Two Micron All-
Sky Survey (2MASS), Wide-Field Infrared Survey Explorer (WISE)
and Survey of the MAgellanic Stellar History (SMASH) data in op-
tical/IR wavebands. The WISE imaging was custom constructed to
preserve the native angular resolution (~6 arcsec in the W1 band;
Jarrett et al. 2012). Details about GASS/HI4PI observation can be
found in HI4PI Collaboration et al. (2016) and SMASH data in Nide-
ver et al. (2021) (see Fig. 5). We also searched other available cat-
alogues and surveys including Murchison Widefield Array (MWA)
images (For et al. 2018), the Planck free-free emission maps (Craw-
ford et al. 2016) and Fermi-LAT 4FGL and 3FHL GeV gamma-ray
source catalogues (Ajello et al. 2020).

3 PROPERTIES OF J0624-6948

The apparent location of J0624—-6948 is between the LMC and the
plane of the MW, about 3° (~2.6 kpc at the distance of the LMC
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Figure 1. Optical image of the sky around J0624-6948. The position of J0624—-6948 (small object at the centre of the purple ring indicated by *) is indicated
with respect to the MW galactic plane, the LMC and the SMC. Optical image credit: Axel Mellinger, Central Michigan University.

of 50 kpc; Pietrzynski et al. 2019) east of the LMC’s radio con-
tinuum eastern edges (RA(J2000) = 05750™00% and Dec(J2000) =
—70°00"00"’; Filipovi¢ et al. 2021) and in the direction towards
the MW (Figs. 1 and 2). The geometric centre of J0624-6948 (de-
termined as described in Kavanagh et al. (2016, 2021)) is located
at RA(J2000) = 06124™17.78% and Dec(J2000) = —69°48’37.8"
(ARA & ADec ~2 arcsec; Galactic coordinates: [=280.168° and
b=-27.662°). A red-green-blue (RGB) colour-composite image of
J0624-6948, consisting of optical (R), radio (G) and X-ray (B) ob-
servations is shown in Fig. 5.

3.1 Flux density and spectral index

For the J0624-6948 flux density measurements, we used the method
described in Hurley-Walker et al. (2019b, Section 2.4). After care-
ful region selection that excludes all obvious point sources, the to-
tal radio flux density measured for J0624-6948 is 11.7+5.8 mJy at
888 MHz, 9.1+3.5 mJy at 2232 MHz, 4.5+1.9 mJy at 5500 MHz
and 3.6+1.8 mlJy at 9000 MHz. This gives a spectral index of
a = —0.54 + 0.08 (Table 2). The large error in flux density mea-
surements is due to the low surface brightness of J0624—-6948. Flux
densities of four point sources, in each band, were estimated using the

AEGEAN Source Finding suite of tools (Hancock et al. 2018) with de-
fault parameters. They are excluded from the estimate of J0624—-6948
total flux.

We also produced a spectral index map for J0624-6948 using 888,
2232, 5500 and 9000 MHz images. First, the images were smoothed
to their lowest angular resolution (15 arcsec) using MIRIAD task CON-
voL, then they were re-gridded using MIR1AD task REGRID. The MIRIAD
task maTHs was used to create the spectral index map from these
data as shown in Fig. 6. We find that the observed « varies from
—-0.40 > @ > —0.75 with a typical uncertainty of A@=0.19. Thus,
there is no evidence for spectral index variations across J0624—6948.

We detect a weak (~40) point-like central radio source at
RA(J2000) = 06"24™18.75 and Dec(J2000)=—69°48'34.3"". The in-
tegrated flux density of this source is: Sggg = 210 + 20 uly,
S2232 = 125+15 pJy and Ss500 = 31+5 ply, leading to a spectral in-
dex of @ = —1.03 +0.25 (Table 2). Given such a steep spectral index,
this central radio source is unlikely a Pulsar Wind Nebula (PWN)
(Reynolds et al. 2012). It is consistent with being a pulsar or central
AGN engine of J0624-6948 (Fig. 5). However, it is located 10.8 arc-
sec away from the geometrical centre of J0624—6948. At the location
of the 5500 MHz radio source, we find in SMASH (optical) im-
ages a faint galaxy (r=22.38 mag), which makes this source very
unlikely to be a pulsar or PWN. Based on these optical images,

MNRAS 000, 1-20 (2022)
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Figure 2. ASKAP 888 MHz image with J0624-6948 in the lower left and the LMC in the upper right. The various coloured circles/ellipses represent the
positions of known LMC SNRs and SNR candidates (Bozzetto et al. 2017). The separation of ~2.6 kpc indicated here assumes that J0624—6948 is at the same
distance as the LMC (50 kpc). The inset in the upper left is zoomed in J0624-6948 at ASKAP native frequency of 888 MHz.

J0624-6948 could either be an edge-on late-type or lenticular (SO)
galaxy (Fig. 5, left inset). The optical faintness of this galaxy, to-
gether with an expected small Galactic extinction (A, ~0.17 mag;
Schlafly & Finkbeiner (2011)), leads us to estimate its redshift as
z 2 0.7. This redshift was estimated using the ANNz2 (Sadeh et al.
2016) algorithm and the k-Nearest Neighbours algorithm described
in Luken et al. (2022, in prep.) using the SMASH g, r, i, and z mag-
nitudes and AIIWISE W1-W4 magnitudes. Given the lack of similar
optical data to use as a training set for the models, we hesitate to put
a firm estimate on the redshift, and instead provide a cautious lower
limit.

Nearby point and point-like radio sources marked in Fig. 5 have
spectral indices typical for background objects, as can be seen from
a small group of four radio sources towards the south-west edges
of the J0624-6948 ring (Table 2 and Fig. 8). There is no obvious
connection or association of these sources with the extended ring-like
structure of J0624—-6948. We classify ASKAP J062352.3-694813.2
as a Gigahertz Peak Spectrum (GPS) source (Collier et al. 2018) with
aturnover frequency at ~4900 MHz. ASKAP J062357.3-694857.8 is
atypical background radio source with @ = —0.79+0.03. The spectral
indices of the other two sources (ASKAP J062402.6-694932.8 and
ASKAP J062355.8-695016.8) suggest a dominantly thermal nature
or possible variable radio sources.

We tried to confirm the spectral index of J0624-6948 by producing

MNRAS 000, 1-20 (2022)

TT-plots (Turtle et al. 1962) between the radial profiles of the source
at different frequencies. This proved to be very effective to properly
determine the spectral index of a steep spectrum source located on
top of a diffuse flat spectrum source (Kothes et al. 2020). TT-plots
should therefore give more reliable results for observations that may
suffer from missing short spacings, which in essence cause a diffuse
negative source. If the observations suffer from missing short spac-
ings it would then produce an offset from the origin of the diagram.
The most reliable results we expect to get from TT-plots are between
frequencies with the largest frequency gap: 888 and 5500 MHz (see
Fig. 7), 888 and 9000 MHz, and 2322 and 9000 MHz. We fitted the
TT-plots with a linear function of the form: a + b - Tp,, with a as a
free parameter (red in Fig. 7) and with a = 0 (green in Fig. 7). The
negative y-offset of the red fit is obvious and indicates missing short
spacings at the higher frequency. If we now imagine the missing
short spacings as a diffuse low surface brightness source that peaks
in the centre of J0624—6948 this would change the gradient of the
radial profile so that the resulting red fit would be steeper and green
fit would be flatter. But since we do not know the amplitude of the
missing short spacings, the real spectral index could be anywhere
in between. Averaging those fits for the three largest frequency gaps
result in a spectral index of @ = —0.4 +0.1. Since we do not know the
proper probability distribution for the spectral index between the two
fits, the uncertainty is just a crude estimate. This result is somewhat
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Figure 3. Radio continuum images of J0624-6948 obtained with (first row; left) ASKAP at 888 MHz (o = 60 uJy beam™), (second row; left) ATCA at
2232 MHz (o=20 uly beam™1), (third row; left) ATCA at 5500 MHz (o=10 uly beam™!) and (fourth row; left) ATCA at 9000 MHz (o-=7 uly beam™!). The
images in the left column are with a native synthesised beam (black circle, or in the case of the ASKAP image a black ellipse, in the bottom left corner) of
13.87"x12.117, 15”%x15”, 10”%x10” and 10”x10” for 888, 2232, 5500 and 9000 MHz, respectively. The intensity scale bars on top of each image are labelled
in mJybeam™'. For the images in the middle and right column we subtracted the four nearby point sources (see Table 2) and smoothed to 20 and 30 arcsec
resolution, respectively (white circle in the bottom left corner). The intensity scale bars on top of these images are in brightness temperature (Krp).
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Figure 4. Top left: Map emphasising diffuse emission from the J0624-6948, which was made by combining images at 15 arcsec and 35 arcsec as described
in the text. The dotted green line divides J0624-6948 into two halves. Top right: A radial profile plot of J0624-6948, from the effective 10-cm map is shown
for the SE (red), NW (blue) halves, and the total (black). Errors represent the error in the mean brightness of each total ring, based on the image rms and the
number of independent beam samples in each ring. The errors for the SE and NW halves are not shown, but are V2 higher than the corresponding total ring
errors. An approximate fit to the peak in the total ring brightness is shown as a (black) solid line; it represents a uniform emissivity shell with radius of 98 arcsec
and width of 10 arcsec, which is seen as 30 arcsec wide in projection. Formal fitting is not possible because the model fails to accurately represent the central
brightness. Bottom: The effective 10-cm map at 15 arcsec resolution, seen in polar projection (top left image). The angle on the horizontal axis is azimuth from
north (0 degrees) through east. The dashed horizontal cyan line, at 98 arcsec, is the best fit for the radius of the shell in space, prior to projection, for the total
ring (black points in the top right graph). The solid horizontal cyan line, at 115 arcsec, is where the diffuse emission cuts off. The best fit has a width (projected
width) of 10 arcsec (30 arcsec), so the inner radius of the shell is 93 arcsec.

flatter than the above spectral index estimate of @ = —0.54 £ 0.08 but

still overlapping.
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3.2 Morphology

The very high degree of circularity of J0624-6948 (compared to the
SNR sample of Ranasinghe & Leahy (2019); Lopez et al. (2011)) is
evident in the polar projection of the effective 10-cm map (Fig. 4;
bottom). The peak brightness of the ring occurs at an approximate
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Figure 5. J0624-6948 RGB image (R-SMASH (i-band), G-ATCA at 5500 MHz and B-XMM-Newton (0.3-10 keV) indicating the positions of all relevant
objects in the field. The inset RGB image at the bottom left is from SMASH where we used bands R (r-band), G (g-band) and B (i-band). The green ellipses
are contours from the ATCA 5500 MHz image at 15 and 25 uJy beam™!. At the centre of these ellipses lies a lenticular galaxy (r=22.38 mag) that is located
10.8 arcsec from the J0624—6948 centre. A possible remnant star (RS?) from a type Ia SD explosion is indicated by the pink arrow (see Section 4.1.2).

Table 2. Flux density and spectral index estimates for J0624-6948, central source (J062418.1-694834.3) and four bright sources near the south-west rim. These
four sources are possibly background objects that may not be related to J0624-6948. Source J062352.3-694813.2 is classified as a GPS and with no power law
spectrum as such, we did not estimate the spectral index as for the other sources.

Source Name RA (JZOOO) Dec. (JZOOO) Sggg MHz 52232 MHz S5500 MHz Sgooo MHz a+Aa
ASKAP (hms) ©’" (mlJy) (mJy) (mlJy) (mly)

J0624-6948 06241778 -694837.8 11.7+£5.8 9.1+3.5 45+1.9 3.6+1.8 —0.54+0.08
J062418.1-694834.3 0624 18.17 —-694834.3  0.21+0.02  0.125+0.015  0.031+0.005 — -1.03+£0.25
J062352.3-694813.2 06235232 6948132  4.06+0.06 10.51+0.05 15.49+0.03 12.41+0.04 GPS
J062357.3-694857.8 0623 57.35 —-694857.8  2.19+0.06 1.16+0.05 0.53+0.03 0.36+£0.04  -0.79+0.02
J062402.6-694932.8 06 24 02.61 -694932.8  0.83+0.09 0.47+0.06 0.33+0.03 0.46+£0.04  -0.30+0.12
J062355.8-695016.8 0623 55.83 —695016.8  0.95+0.07 0.69+0.05 0.67+0.03 0.67+£0.06  -0.14+0.05

a significant reduction of the diffuse emission coming from the shells
moving towards us and away from us so that the central region in

sky-projected radius of 90 arcsec. To explore the 2D geometry of
J0624-6948, we have created radial profile plots of the NW and SE

halves and the total ring. Attempts to model the total J0624-6948
ring profile as the projection of a spherical shell with uniform emis-
sivity over-predict the brightness towards the centre of J0624-6948.
This implies that the front and back of the shell have lower emissivi-
ties than the sides. Despite the use of a wide range of interferometer
arrays (where the shortest baseline is 46-m (array: EW367) at all
ATCA frequencies), the missing short spacing problem, already in-
dicated in the discussion about the TT-plots (Section 3.1), is causing

particular at the higher frequencies is nearly devoid of emission.

Because of the missing short spacing problem, our fitting of J0624—
6948 with a uniform emissivity shell is only illustrative, giving its
approximate radius and width. The radial profiles of the NW and SE
halves have slightly different shapes, while the best match for the total
ring is a shell of 2D radius 98 arcsec and a width of ~10 arcsec. A
sharp outer edge is visible when looking at the large-scale emission
alone; it cuts off at ~115 arcsec at all azimuths. The 98 arcsec and

MNRAS 000, 1-20 (2022)
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Figure 6. Spectral index map of the LMC ORC J0624-6948 made from
ASKAP (888 MHz) and ATCA (2232, 5500 and 9000 MHz) images. Overlaid
contours (black) are from ATCA at 2232 MHz and correspond to 0.06 (30°),
0.105, 0.165, 0.285, 0.525, 1.01, 1.97 and 3.89 mJybeam™!.
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Figure 7. Sample TT-plot between the ASKAP observation at 888 MHz and
the ATCA observation at 5500 MHz. The TT-plot is produced from ring-
averaged radial profiles that cover the visible shell between 51 arcsec and
123 arcsec radius with a 6 arcsec ring separation. The temperature fitted
spectrum (/3) is indicated in red (with free y-intercept) and green (forcing the
linear fit to go through the origin of the diagram) and the blue line indicates a
spectrum with a spectral index of —2.54 for comparison (note that 8 = a+2;
where « is previously defined flux density spectral index). The fitted red
spectrum shows an obvious negative offset from the origin of the diagram for
the higher frequency, indicating significant missing short spacings.

115 arcsec fiducial radii are shown in Fig. 4 (top right). For all
analyses in this paper, we adopt a diameter of 196 arcsec and a shell
thickness of 10 arcsec with error of 4 arcsec.
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3.3 Polarisation

‘We searched for polarisation from J0624—6948 using the good sen-
sitivity 2232 MHz and 5500 MHz ATCA maps by averaging the
total and bias-corrected polarised intensities in concentric rings. We
detected no significant polarisation at any radius, and determined
3¢ upper limits at the location of the peak flux of the ring of 7 and
9 per cent, respectively. There is a marginal (20-) hint of polarised flux
at one location on the 2232 MHz ring, which would need to be veri-
fied at higher sensitivity. The only high significance polarisation that
we detected is associated with the GPS source J062352.3—694813.2
(Fig. 8 and Table 2). While at 2232 MHz this source is depolarised,
at 5500 MHz and 9000 MHz we measure mean polarisation fractions
of 1.8+0.3 and 2.1+0.2 per cent, respectively.

3.4 X-rays

As there is no obvious X-ray emission that correlates with the ex-
tended radio emission from J0624-6948, we run the source detection
in the 0.3—10 keV data of MOS1 and MOS2 simultaneously (for the
details of the source detection procedure adopted here, see Ducci
etal. 2014). We detect five X-ray point sources within the outer circle
of J0624-6948, as shown in Table 3. The detection likelihoods for the
faintest and brightest sources are ~23.4 and ~718.2, respectively. The
brightest XMM-Newton source in the field, XMMU J062426.76—
694726.3 (0.3-10 keV rate, 1.46 + 0.08 x 1072 cts s™!, 1o
positional error: opos = 0.34 arcsec) is detected at various
infrared WISE and SMASH optical bands — indicating its
AGN nature (see Fig. 5). Source XMMU J062402.35-694811.1
(pos = 0.66 arcsec) can be associated with the star Gaia'! EDR3
(early data release 3) 5278760380137682816 (see Section 5.2).
Sources XMMU J062424.84-694853.3 (opos = 0.85 arcsec)
and XMMU J062410.68-694947.2 (opos = 1.10 arcsec) can be
associated with infrared unWISE (Schlafly et al. 2019) and CatWISE
(Marocco et al. 2021) sources, although the position offsets of the
counterparts associated to the XMM-Newton sources are large:
~2.2 arcsec and ~1.8 arcsec for XMMU J062424.84-694853.3
and XMMU J062410.68-694947.2 respectively.  Source
XMMU J062422.58-694756.1 (opos = 0.89 arcsec) can be
associated to the star Gaia-EDR3 5278760448849205888 source at
distance of 317 pc (see Fig. 5).

To determine the upper limit of the X-ray flux we extracted spectra
from the area covered by J0624-6948 and from nearby background
regions from both the MOS1 and MOS2 vignetting-corrected event
lists, produced using the SAS task evigweight. The J0624-6948 ex-
traction region was defined based on the centre and dimensions deter-
mined above. The J0624—6948 spectra comprise the non-X-ray back-
ground (NXB), the astrophysical X-ray background (AXB), and any
possible contribution from J0624-6948 itself. The method adopted
for constraining the NXB and AXB are described in detail in, e.g.
Maggi et al. (2016); Kavanagh et al. (2016), and references therein,
whereby the background spectra and filter-wheel closed data are
used to constrain the AXB and the NXB, respectively. We account
for possible emission from J0624-6948 using a simple collisional
ionisation equilibrium model. While this model is not formally re-
quired, including it in our fits allowed us to determine an upper
limit to its contribution. This derived upper limit depends on the

! The Global Astrometric Interferometer for Astrophysics (Gaia) is an Eu-
ropean Space Agency (ESA) mission designed to chart a 3D map of Galaxy,
providing key positional and radial velocity measurement data (Gaia Collab-
oration et al. 2021).
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Figure 8. Spectral index plots for J0624-6948 (top left), central source (top middle) and four bright sources near south-west from J0624-6948. See Table 2 for
more details. The plus (+) sign in the top right image indicates the turnover frequency at ~4900 MHz for the GPS source ASKAP J062352.3-694813.2.

shape of the spectrum adopted, i.e. the assumed spectral parameters.
Since J0624-6948 is likely an SNR in the ED or early Sedov phase,
(with age estimates in the range from 2200 to 7100 yrs, see Sec-
tion 4.5), we approximated its spectrum as a thermal plasma with
a temperature of 1 keV. We then fitted all spectra simultaneously
in XSPEC (Arnaud 1996) v12.11.1 using the abundance table of
Wilms et al. (2000), the photoelectric absorption cross-sections of
Balucinska-Church & McCammon (1992), and atomic data from
ATOMDB 3.0.9 (http://www.atomdb.org/index.php). We de-
termined the upper limit to the absorbed X-ray flux in the 0.3—-10 keV
range from the J0624-6948 model normalisation upper limit to be
1.2x107 % erg cm™2 s~!, corresponding to a surface brightness of
2.4x1071 erg cm™2 571 arcmin? over the area of J0624-6948. As-
suming the SNR J0624-6948 is more evolved with a temperature of
0.5 keV leads to a minor decrease in these upper limit estimates. If
it is less evolved with a temperature of 2 keV, the estimated limits
increase by a factor of ~2.

4 J0624-6948 AS A ROGUE SNR

The overall appearance and radio spectral properties of J0624-6948
suggest a possible SNR origin; if it were found at low galactic lati-
tudes, it would likely be included in existing SNR catalogues. How-
ever, its location far from the plane of the MW and from the LMC
create challenges for the SNR hypothesis. In this section, we exam-
ine the plausibility that J0624—-6948 is a rogue SNR associated with
either the MW or LMC. Because this rogue SNR hypothesis appears
quite speculative, we provide a comprehensive look at all the various
issues we considered in its evaluation.

J0624-6948 could have either be formed well outside the MW
or the LMC bar, or its location could be the result of an explosive
kick from an evolved star (post-main sequence) that began in either

galaxy and resulted as an SNR. We thus start with examining pos-
sible progenitors in Section 4.1, followed by a summary of what is
known about the presumed local environment in Section 4.2. We
then look at the radio properties (Section 4.3) and X-ray limits (Sec-
tion 4.4) to establish whether these are consistent with an SNR origin
(Section 4.5).

4.1 Possible progenitors

The uniqueness of the possible SN progenitor may indicate the nature
and evolutionary stage of J0624—6948. Here, we examine various
scenarios that are based on the object’s shape, size, location, radio
properties as well as the fact that we do not see an obvious counterpart
in any other waveband. In Section 3.1 we concluded that there is no
associated object such as a pulsar or a PWN in the centre as the
nearest pulsar/PWN J0540-69.3 (Brantseg et al. 2014) is more than
4 degrees away. Given the circular shape (Ranasinghe & Leahy 2019;
Lopez et al. 2011) and location well outside the MW bar (Hakobyan
etal. 2017), J0624-6948 would be more likely a type Ia SN explosion
from a star that was formed (and lived) in the outskirts of the LMC.
Somewhat less favourably, SN of either type Ia or core-collapse
progenitor that came from the LMC as a hypervelocity star (HVS)
which travelled across the LMC boundaries and exploded as an SN
could also be the origin for J0624-6948.

4.1.1 Hypervelocity runaway from the LMC or MW

Boubert et al. (2017, 2020) and Eldridge et al. (2011) suggest that
objects like J0624-6948 could result as the remnant of a SN hyper-
velocity runaway from the LMC or a MW. Evans et al. (2021) notes
that the LMC HVSs will outnumber MW ones by a factor ~2.5.
So-called hostless core-collapse SNe (CCSNe; beyond 10 kpc of

MNRAS 000, 1-20 (2022)
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Table 3. Details of five bright XMM-Newton X-ray sources (0.3—10 keV) near J0624-6948.

Source Name RA (J2000)  Dec. (J2000) Tpos Likelihood Count Rate
XMMU J (degree) (degree) (arcsec) (1072 cts s71)
062426.76-694726.3 96.11223 -69.79074 0.34 748.2 1.46+0.08
062402.35-694811.1 96.00978 -69.80310 0.66 295.3 0.72+0.06
062424.84-694853.3 96.10350 -69.81481 0.85 107.7 0.50+0.06
062422.58-694756.1 96.09409 -69.79893 0.89 46.6 0.28+0.04
062410.68-694947.2 96.04451 -69.82978 1.10 234 0.22+0.04

the galaxy outskirts) are most likely to come from HVS (Zinn et al.
2011). Direct evidence for the existence of HVS in the LG is shown in
Platais et al. (2018) who found 10 LMC runaways over a wide range
of masses that appear to have been ejected from the massive LMC
star cluster R136 in the tangential plane to distances of up to 98 pc
but at only v4x = 120 km s~L. Even more convincingly, Edelmann
et al. (2005), Przybilla et al. (2008), Irrgang et al. (2018) and Erkal
et al. (2019) detected the B-star HE 0437-5439 (a.k.a. HVS 3) as a
hypervelocity (v=723 km s~1) runaway with 9.1 M, which travelled
~18 kpc from the LMC centre in 20 Myrs. In fact, most observed
HVS escaping galaxies are O and B type stars (Brown 2015). All
these examples suggest that J0624-6948 (if an SNR of CCSNe type)
could have a HVS progenitor.

Another possibility is a type la progenitor. Such an explosion
would occur with a delay after binary formation of 744y = 300 X
t300 Myr, where t30 is the delay time (the interval between the
progenitor formation and the SN type la explosion, close to the
lifetime of a 3 M star) in units of 300 Myr (Maoz & Mannucci
2012; Freundlich & Maoz 2021). If the progenitor velocity is zero
before formation and constant after formation, the progenitor lifetime
is equal to the travel time. If the progenitor is from the LMC then
its velocity is ~7/t300 kms™!. If it from the Galaxy its velocity is
~160/t3009 kms™!. The lower velocities required for an LMC origin
are easier to obtain, thus arguing for that case. However, individual
cases could have quite different delay times depending predominantly
on the masses and separation of binary components at birth.

The typical SN type Ia would result from the merger of a white
dwarf (WD)s as a double-degenerate (DD) (Webbink 1984) or a WD
and main sequence/giant star as a single-degenerate (SD) (Whelan &
Iben 1973). For a DD scenario, it is unlikely to find any remnant star
because the thermonuclear explosion is believed to completely de-
stroy the white dwarf. An exception to this is the dynamically-driven,
double-detonation DD scenario, which leads to a surviving hyper-
velocity WD companion (Pakmor et al. 2013; Shen et al. 2018). On
the other hand, for the SD scenario we expect to find a main sequence
(MS), red-giant (RG) or subdwarf B (sdB) star that would produce a
surviving helium donor such as the star US708 (Hirsch et al. 2005;
Geier et al. 2015) which is the second fastest unbound MW HVS
at a current space velocity of 994 kms~! (Neunteufel 2020). Also,
nearby (<2 kpc) ‘zombie’ stars as WDs that survived the thermonu-
clear explosion as found by Raddi et al. (2019) are considered as
well as a subclass of the above two that are dynamically driven DD
double-detonation (D6) scenarios (Shen et al. 2018). While these
example progenitors are all of Galactic origin, we expect that similar
scenarios are quite possible to exist in the LMC as well as in the old
stellar disk region.

The above examples would certainly suggest that the progenitor
of SNR candidate J0624-6948 could come from a runaway HVS of
CCSNe origin or a normal velocity type Ia progenitor from either
galaxy, albeit, with roughly 20 times higher velocities required for
MW origin than for LMC origin. For a single star system (CCSNe),
massive star lifetimes (10 Mg and up) are 25 Myr down to ~5 Myr
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(vs. delay times for type Ia which are ~100 Myr to ~1 Gyr). Therefore,
the peculiar velocities for an origin in the LMC are v ~80 kms~!
to v ~400 kms~! for CCSNe and v ~2 kms~! to v ~20 kms~! for
type la. For an origin in the MW, the velocities are much higher:
v ~2000 kms™! to v ~10,000 kms™! for CCSNe and v ~50 kms™!
to v ~500 kms~! for type la. However, the location of J0624-6948
on the orbit path of the LMC (see e.g. fig. 6 of Boubert et al. 2017)
favour more the LMC scenario than a Galactic one.

In the Super Massive Black Hole (SMBH) slingshot ejection sce-
nario (Hills 1988), velocities as high as v=4000 km s™!are possible
for tidally disrupted close binaries (Brown 2015). In that scenario,
the star must originate from the centre of our Galaxy. In fact, an A-
type star (S5-HVS 1; Galactic coordinates: [=337.4361779510168°
b=-57.4004150381868°) at ~9 kpc distance from the Sun has been
found recently, travelling at a v ~1700 km s~ (Koposov et al. 2020;
Irrgang et al. 2021) and Gaia proper motions showed its origin near
the Galactic centre. Hence, there is a possibility that the origin of
J0624-6948 as an SNR may be a star that would come from the
centre of the MW. However, given that only one such star has been
found despite intensive searches (and that one is of relatively low
mass), we regard the MW origin scenario as very unlikely. More-
over, the direction of the ejection from the SMBH depends on the
orbital plane around the SMBH of the incoming stellar binary, which
is not random, because those stars are likely injected from disks of
stars or stellar clusters near the Galactic centre.

At much more moderate velocities of 70 to 350 kms~! a dynami-
cal ejection from a LMC stellar cluster is very plausible (Gualandris
& Portegies Zwart 2007). We note that HVS 3 is more than twice
as distant from the LMC centre as J0624-6948 and, accordingly the
ejection velocity would need to be as high as v=870 km s‘l(lrrgang
et al. 2018). This is very hard to achieve in dynamical ejection sce-
narios unless an intermediate mass stellar black hole is involved
(Fragione & Gualandris 2019). The lower ejection velocities that we
derived can be explained without invoking exotic mechanisms.

In summary, a variety of hypervelocity stars are known in both the
LMC and MW, and their properties make them plausible candidates
for the progenitor of J0624-6948.

4.1.2 Evolved star from the old LMC stellar disk

We also examine the scenario that the progenitor of SNR candidate
J0624-6948 is a star that has always lived in the old (outer) stellar
disk of the LMC, but formed more recently. Despite the sparsity of
matter in this region, there could be localised new star formation
triggered by disequilibrium due to the interactions between the LMC
and the stellar and dark matter halos of the MW.

There is clear observational evidence of local outflows emanating
from supergiant shells in the LMC and a trailing filament of HI
gas mainly originating from the 30-Doradus region as well as the
Leading Arm connection. Indeed, looking in the Parkes Galactic
All-Sky Survey (GASS/HI4PI; angular resolution is ~16.2 arcmin;
HI4PI Collaboration et al. (2016)) HI image (Fig. 9), we can see that
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the LMC HI envelope covers a much larger area than the optical (and
radio-continuum) emission, including the location of this new object
that is within the HI envelope of the LMC.

Evidence and modelling for the presence of such interaction waves
and star formation has been presented by Besla et al. (2016) and
Conroy et al. (2021). SMASH (Nidever et al. 2021), SkyMaPPER and
the WISE all-sky Mollweide projection images do show an increased
density of K giant stars 60 — 100 kpc from the Galactic centre,
especially in the NE and SW regions (in equatorial sense) of the
Galactic Halo (Conroy et al. 2021). The latter may be due to the
local wake of the passage of the LMC. The model of Conroy et al.
(2021, their fig. 1) predicts some local increased stellar density in
our region of interest between the LMC and MW, albeit relatively
small. Nevertheless, several recent studies confirm a large envelope
of stars around the LMC (and MW) (Cullinane et al. 2020). This
strongly argues that a range of stellar variety would already exist
in these regions for at least the past tens-to-hundreds of million
years. We also note that the location of J0624-6948, some 3 degrees
from the edge of the LMC bar, is just within the outer shell of stars
that surround the LMC, clearly apparent in a large-area WISE W1
(3.4 um) panoramic mosaic of the LMC region (Jarrett et al. 2019),
which suggests J0624—-6948 is still within the outer confines of the
LMC dwarf galaxy.

The situation with respect to the MW is a little more complicated.
J0624-6948 is located at a Galactic longitude of about 280° at 28°
from the Galactic plane. For the evolutionary models discussed be-
low, we adopt a somewhat arbitrary 5 kpc distance for a MW origin.
Adopting this distance does cause some problems; at 5 kpc distance
it would be about 2.5 kpc below the Galactic plane, away from any
potential formation site within the MW for its progenitor star. How-
ever, if J0624-6948 were much closer, it would be very small in
linear size and very young, so the SN should have appeared in the
historical record (see APPENDIX A). Further away than 5 kpc would
increase the distance from the plane and make a relation to the MW
even less likely. We could, of course, find the location of the spiral
arms in the plane of the Galaxy and optimise the potential distance to
J0624-6948 within the MW, but that is not constrained by our data
so we adopt an optimal distance of 5 kpc if J0624-6948 is related to
our Galaxy.

We queried the SMASH public data release 2 (Nidever et al. 2021),
which covers the region surrounding J0624-6948, and in Fig. 10
display a colour-magnitude diagram (CMD) showing all stars with
robust photometry within 12 arcmin of its geometric centre to sample
the local stellar population. LMC members are clearly the dominant
population at this location, providing weak statistical evidence that
J0624-6948 is indeed associated with the LMC under the assumption
that it has a stellar origin. Isochrones from the MIST library (Dotter
2016; Choi et al. 2016) suggest that most stars in the vicinity of
J0624-6948 have ages older than ~1 Gyr, but there are also low-
density younger populations present with ages down to ~200 Myr.
However, when considering stars projected within the ring itself (i.e.,
within a radius of 100 arcsec of its geometric centre) there are no
objects obviously younger than ~1 Gyr. Overall, this indicates that
the type of stellar populations expected to host a type Ia SN are
abundant at this location, while the young massive stars required for
a SN core-collapse (CC) are exceedingly rare.

There are four stars within 20 arcsec of the centre of J0624-6948
that have evolved off the main sequence. These are marked with
yellow points in Fig. 10. The most interesting of these is a star on
the lower red giant branch, which sits just < 4 arcsec from the centre
of J0624-6948 (see Fig. 5 left inset) and, according to the stellar
tracks, must be at least ~4 Gyr old. This is a plausible candidate for a

surviving companion (remnant star) from a SN type Ia SD scenario,
but is too faint for Gaia EDR3 to provide any astrometric data.

There are recent discoveries of another two similar objects located
in the outskirts of the LMC. Only ~11 arcmin (or 160 pc at the
distance of the LMC) east from J0624-6948 is the LMC classical
nova AT 2018bej (Chomiuk et al. 2018; Ducci et al. 2020). While
also possible, we have no evidence that AT 2018be;j resulted from a
runaway star. This nearby location of a similar type of object further
strengthens an LMC SNR scenario. A second possible runaway (or
isolated) SNR candidate (LMC SNR J0509-6402) is detected in a
recent optical study by Yew et al. (2021) and is positioned some 2°
(1.75 kpc) north from the outermost (radio-continuum) boundaries
of the LMC but well inside of the LMC HI envelope. While this
LMC SNR candidate is a bit larger (D=107 pc), the most distinctive
difference to J0624-6948 is the lack of radio detection.

Several Galactic SNRs are detected at high Galactic latitudes but
none is seen at distances further than a few kpc (Vukoti¢ et al.
2019). Another two high-latitude Galactic SNRs are detected in new
eROSITA X-ray images (Becker et al. 2021; Churazov etal. 2021) and
are associated with the MW but at distances of up to ~3 kpc. These
two are older (40 kyr) Galactic SNRs and tentatively classified as
Type Ia SN explosions. However, none of these sources have a strong
radio-continuum signature, which is different from J0624-6948 and
further challenges our understanding of the physical processes that
would occur in such objects.

4.2 The local environment: MW & LMC alternatives

If J0624-6948 is associated with the LMC, then, with a nominal
distance of 50 kpc, it would be 2.5-3 kpc away from any potential
progenitor formation site. Similarly, we argued in Section 4.1.2 that
the most plausible distance from the Galactic Plane is 5 kpc. We have
shown above that this is plausible in both the hypervelocity and old,
outer disk scenarios. The LMC 50 kpc distance is well-constrained,
since even a distance of 45 or 55 kpc, e.g., would place J0624-6948
at an implausibly large 5-6 kpc away from the LMC. Therefore, in
the absence of good constraining data, we adopt a distance of 50 kpc
for J0624-6948 assuming it is related to the LMC.

The only direct information on the local environment comes
from HI observations, but only when averaged over large scales
which may or not reflect the immediate environment of the pre-
sumed SNR. The integrated intensity of HI in the vicinity of J0624—
6948 is ~25 K kms~! (over the velocity range v ~190 kms~!
to v ~320 kms™!, corresponding to the LMC component; see
inset, Fig. 9). This corresponds to a column density Ny of
~4.5 x10' ecm™2. At the location of the J0624-6948, this cloud
is ~1 degree wide, which would translate to ~0.9 kpc at the assumed
LMC distance of 50 kpc. If we assume that the HI is distributed
evenly along a 0.9 kpc line of sight we can get an approximation of
the average ambient density of the SNR. Dickey & Lockman (1990)
determined that HI column densities derived assuming optically thin
emission should be multiplied by 1.1 to 1.3 to account for HI self-
absorption. Using 1.2 as a medium value we get an integrated HI
column density of 5.4x10'° cm™2. Another factor of 1.1 gives an
atomic column density of 6x10'° ¢cm=2, taking the Helium into ac-
count. With the line of sight of 0.9 kpc, we find an average density
of 0.017 cm™3.

4.3 Properties of J0624-6948 as an SNR candidate

In this section, we assume that there is a plausible SN progenitor,
as discussed above. We then provide a comprehensive examination

MNRAS 000, 1-20 (2022)
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Figure 9. The Parkes GASS and HI4PI (insets) HI images indicating the position of J0624—-6948 with respect to the LMC, SMC and MW. The image beam
size is 16.2 arcmin. In the leftmost inset the integrated velocity range is from v=189.5 to ¥=319.6 kms~!. The contour levels are 100, 150, 250, 400, 600, 850,

1150, 1500, 1900, 2350 and 2800 K kms~!.

of the observed radio properties and X-ray limits of J0624-6948 to
evaluate the plausibility that it is an SNR.

4.3.1 Size, structure and radio spectrum

The circular appearance of J0624-6948 and the prominence of its
radio emission compared to other wavelengths are consistent with
the SNR hypothesis. With the above determined potential distances,
J0624-6948 would have a radius of about Ry pjc = 23.8 pc if it is
related to the LMC and a maximum of Ryiw = 2.4 pc if related to the
MW. Both of these are plausible. In addition, J0624—6948’s bilateral
symmetry along the NW-SE axis (Fig. 4; top left)? makes it similar
to nearly 45 per cent of shell-type Galactic SNRs (West et al. 2016).

We note that the J0624-6948 extreme circularity (see Section 3.2)
is unusual for a SNR; we can find only a handful of similar examples,
such as the young (under 2000 yr old) MCs SNRs such as SN1987A
(Cendes et al. 2018), MC SNR J0509-6731 (Bozzetto et al. 2014,
Roper et al. 2018) and N 103B (Alsaberi et al. 2019). This high level
of circularity in J0624-6948 might be the result of an explosion in a
uniform and low density environment.

The spectral index of @ = —0.4+0.1 (see Section 3.1) is somewhat
flatter than that of the average shell type SNR but within the observed
range of —0.55+0.20. (Reynolds et al. 2012; Galvin & Filipovic 2014;
Bozzetto et al. 2017; Maggi et al. 2019; Filipovi¢ & Tothill 2021a).
For example, we note another relatively young shell-type SNR at high
latitude is the SNR G182.4+4.3 discovered by Kothes et al. (1998)
with a similar radio spectral index of & = —0.42.

2 A shell-type SNR with two lobes of emission, separated by a symmetry
axis (West et al. 2017); also called ‘barrel shape’.
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SNRs are also characterised by their position in the brightness—to—
diameter (Z-D) parameter space. With S| gu,=11.3 mJy, assuming
that the ASKAP observations at 888 MHz include all required angular
scales and @ = —0.4, we estimate a radio surface brightness at 1 GHz
of £ = 1.6 x 10722 W m~2 Hz~!' sr~! (assuming the emission
to be spread smoothly over a circle of 196 arcsec diameter). This
value would place J0624-6948 in the bottom area of the SNR 2-D
diagram (UroSevi¢ 2020; Pavlovi¢ et al. 2018, their fig. 3). If it is
located in the MW, J0624-6948 would be positioned in the lower
left corner of the ¥-D diagram in Pavlovi¢ et al. (2018, their fig. 3)
and UroSevi¢ (2020), indicating free expansion and an unrealistic
low ambient density. For a LMC location it would be positioned in
the lower right corner, indicating a Sedov phase SNR with still very
low ambient density. While the low radio surface brightness clearly
points to an LMC location we note that the transitional phase may
last even longer than the well defined free expansion or Sedov phases
(Petruk et al. 2021). Finally, as pointed by Pavlovi¢ et al. (2018)
the radio brightness in free expansion phase is expected to rise with
time as we can also observe in the youngest Galactic SNR G1.9+0.3
(Luken et al. 2020). But if SNR is in transition or Sedov phase its
brightness first plateau and then starts decreasing. This might be a
good future indicator for the J0624-6948 evolutionary stage where
the next generation of radio observations might help solving this
question.

We looked for further clues to the nature of J0624-6948 from its
bilateral appearance (Fig. 4). The bilateral morphology of J0624—
6948 resembles a number of well-known high-latitude MW SNRs,
such as SN 1006 (Reynoso et al. 2013), G296.5+10.0 (Harvey-Smith
et al. 2010), G119.5+10.2 (Sun et al. 2011) and G93.3+6.9 (Kothes
et al. 2006) as well as young ones like G1.9+0.3 (De Horta et al.
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Figure 10. Colour-magnitude diagrams for stars in the vicinity of J0624—-6948 from SMASH DR2. Left: Stars within 12 arcmin of the geometric centre of
J0624-6948 indicate the typical local populations and are plotted in grey as a smoothed Hess diagram (projected density distribution). Stars projected inside
the ring itself (i.e., located within 100 arcsec of its centre) are marked by green points, and the four evolved stars within 20 arcsec by yellow points. The star on
the lower part of the RGB discussed in the text (also see left inset in Fig. 5) is marked with a star symbol. The arrow to the upper right indicates the location of
the Gaia M-dwarf discussed in the text, which has colour (g — i)g = 3.24. Right: Isochrones from the MIST library (Dotter 2016; Choi et al. 2016) over-plotted
on the same Hess diagram as shown in the left-hand panel. These are appropriate for the observed age-metallicity relationship in the LMC field (e.g. Piatti &
Geisler 2013). For clarity, evolution after the helium flash is shown only for the 200 Myr, 400 Myr, and 2 Gyr isochrones; the loci for the 1 Gyr, 4 Gyr and

10 Gyr tracks are very similar to that of the 2 Gyr isochrone.

2014; Luken et al. 2020). A number of studies have looked at the
difference angle between the symmetry axis, e.g., and the position
angle of the plane of the MW. At low latitudes, the symmetry axis is
broadly parallel to the MW plane (Gaensler 1998; West et al. 2016),
with exceptions occurring at high Galactic latitudes, where they tend
to be perpendicular (West et al. 2016). J0624-6948’s symmetry axis
is at position angle of 60(240) degrees (measured in equatorial co-
ordinates), while lines of constant Galactic latitude have position
angles of —4(176) degrees, so no special relationship is seen. On the
other hand, the orientation of the LMC bar is 66(246) degrees which
is quite close to the J0624-6948 value.

Large-scale magnetic fields in galaxies have geometries that typ-
ically follow their spiral arm pattern, and the LMC has a geometry
that is closer to face-on than edge-on, with an inclination angle of
~35 degrees (Nikolaev et al. 2004). We expect that the large-scale
magnetic field of the LMC would be weak at the distance of J0624—
6948; given this, and the expectation that the magnetic field would
follow the spiral pattern, there is no particular reason to expect a
relationship between the symmetry axis of J0624—6948 and the ori-
entation of the LMC bar (Filipovic et al. 1998). At the present time,
there are no studies of the large-scale magnetic field of the LMC
that go out that far to verify whether there is a clearer relationship
between the orientation of J0624-6948 and the large-scale magnetic
field of the LMC. We also note that a number of MCs SNRs —
1E0102-72.3 (Alsaberi et al., in prep.), SXP 1062 (Haberl et al.
2012), and MC SNR J0509-6731 (Bozzetto et al. 2014; Roper et al.

2018) — show bilateral symmetry, but without the clear connection
with large-scale galaxy structure.

To some extent, J0624—-6948 could be similar (on a smaller scale)
to Galactic Radio Loops identified in the MW (Dickinson 2018; West
et al. 2021) but at larger distances. One would expect a handful of
such SNRs (or (super)bubbles) around the LMC/SMC and several
around the MW (Norris et al. 2021b).

4.3.2 Polarisation of J0624-6948 as SNR

As shown in Section 3.3, only an upper limit of 7-9 per cent can
be placed on the polarisation fraction of J0624-6948. Although a
detection of polarisation on the ring of J0624—6948 would help sup-
port an SNR origin, our upper limits mentioned above are still very
much consistent with the SNR scenario. Most young SNRs typically
are not strongly polarised because of the highly turbulent magnetic
field (Anderson et al. 1995; Luken et al. 2020; Bozzetto et al. 2014).
For example, the MW SNR Cassiopeia A at 5 GHz shows a mean
degree of polarisation in the diffuse plateau region of ~8—10 per cent
while the ring fractional polarisation drops to ~5 per cent (Anderson
et al. 1995). Another striking example is the historical SNR G11.2—
0.3 from A.D. 386. This SNR has only about 2 per cent integrated
polarisation at 32 GHz, but shows both radial and tangential mag-
netic fields in its shell, indicating it is transitioning between the free
expansion phase and the Sedov-Taylor phase (Kothes & Reich 2001).

MNRAS 000, 1-20 (2022)
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The low polarisation is also true for old SNRs in the radiative phase
where the thermal electron population causes depolarisation and thus
there is very little polarised emission, at lower frequencies (Filipovi¢
& Tothill 2021b). Galactic SNR S147 is a good example of this (Xiao
et al. 2008). These older remnants, however, are not a good compar-
ison for J0624-6948, because for these very depolarised cases (like
S147) we would also see an optical counterpart, which here we do
not detect. And in this case, one would expect to see higher polarised
fractions at high frequencies.

At the other extreme, Reynoso et al. (2013) found in the case of the
young SNR SN1006 or G327.6+14.6 (radius~10 pc and expanding in
adenser environment (~0.05 cm™>; (Acero et al. 2007)) than the ISM
around J0624-6948), a mean fractional polarisation of 17 per cent.
The recently discovered MW SNR G181.1+49.5 serves as a nice ex-
ample of what can happen in a low density environment, as it shows
70 to 80 per cent polarisation at 5 GHz, and is in the late Sedov or
early radiative phase (Kothes et al. 2017).

From the lack of polarisation and lack of depolarising optical
emission, we suggest that J0624-6948 is most likely a young SNR
that is still expanding freely or at least in the early Sedov phase, in a
low density environment.

4.4 X-ray and local environment constraints

J0624-6948, as an SNR at the distance of the LMC (50 kpc), would
have an X-ray luminosity upper limit of ~5 x1033 erg s! for a
temperature of 1 keV and ~9 x1033 erg s~! for a temperature of
2 keV. The lowest luminosity of SNRs in the LMC (from Maggi
et al. (2016, 2019), Haberl et al. (2012) and Maitra et al. (2021))
are ~7 x1033 erg s™! so J0624-6948 would be among the faintest
LMC SNRs, assuming it is indeed an SNR and at the distance of
the LMC. In addition, these upper limits to the X-ray luminosity
are significantly lower than ordinary SNRs of similar radius in the
Sedov phase, evolving into densities ~0.1-1 cm™3, typical of the
LMC, which have X-ray luminosities of 1034 to 103¢ erg s7! (Maggi
et al. 2016).

Given its large degree of circularity, the local density at the location
of J0624-6948 at ~3 kpc from the LMC and ~50 kpc (Section 4.2)
from the Sun is expected to be as low as 10°1 = 10™* ecm™3 (Hurley-
Walker et al. 2019a,b). As for the MW origin, we expect a similar
range of environmental densities.

There are 6 SNRs in Pavlovic et al. (2014) that have radio surface
brightness similar to or lower than the estimated surface brightness
of J0624-6948 (1.6x10722 W m~2 Hz~! sr~! and similarly large di-
ameters. Those are: G65.1+0.6 (1.8/176), G96.0+2.0 (0.67/30.3),
G114.3+0.3 (1.7/14.3), G152.4-2.1 (0.56/31.1), G156.2+5.7
(0.62/32), G190.9-2.2 (0.4/18.8) where surface brightness/diameter
in parentheses are given in units of 10722 W m~2 Hz ™! sr~! and
pc, respectively. The ambient densities are only known for those with
X-ray spectra (Leahy et al. 2020), which includes only G156.2+5.7,
which has ISM density of 0.20 cm™3. Thus G156.2+5.7 has compa-
rable radio properties to J0624-6948, but is much brighter in X-rays.
For G156.2+5.7 to have similar X-ray luminosity to the upper limit
of J0624-6948, it would have to have a factor of ~30 lower ISM
density, i.e. 0.007 cm™3.

‘We do not expect to find strong SNR shock tracers in such a rarefied
intergalactic environment as in the future optical ([S II] and/or [O III]
emission lines) or in deeper X-ray observations. The intensity of the
thermal X-ray emission of a hot gas scales as the square of the
environmental density. An expansion in a very rarefied environment
would be faster. Therefore, the reason for faintness in X-rays is the
low density in the shock. And similarly, we do not necessarily expect
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to detect optical emission because of the low ISM density. As shown
in Yew et al. (2021), optical emission from SNRs generally comes
from high density clouds and filaments overrun by the SN shock.

Finally, an SNR originating from a type la explosion would be quite
circular despite a peculiar (with respect to the local ISM) progenitor
velocity of v ~10-100 km s~1; the small ratio of peculiar velocity to
the shock velocity, which is expected to be in the 1000’s of kms~! and
the unperturbed ISM ensures this. In contrast, any remnant following
from a CCSN of a star moving with v ~70-350 km s~ would
expand into a strongly elongated stellar wind-bubble created by the
progenitor’s wind. The resulting SNR would be highly non-spherical
as shown for instance by Meyer et al. (2015) and Meyer et al. (2021).
We note that the stellar progenitor type is unknown, however, any
massive star undergoing significant mass-loss would create a sizeable
bubble and give rise to a similar non-spherical structure. This renders
a type la progenitor scenario more likely than a CCSNR scenario.

4.5 Evolutionary State

The low percentage polarisation of the radio continuum emission,
which indicates a lot of turbulence and therefore still strong interac-
tion between the SN ejecta and the swept up material, points to an
SNR that is either still expanding freely or at least in the early Sedov
phase. In addition, we find a shell width that is about 10 per cent
of the SNR’s radius, pointing to adiabatic expansion and therefore
again to the Sedov phase. We therefore assume from now on that our
potential SNR J0624—-6948 is adiabatically expanding and thus in the
early Sedov phase.

We apply the models of McKee & Truelove (1995) to study the
possible evolutionary state of J0624—6948 at the two potential lo-
cations. As J0624-6948 most likely is in the early Sedov phase, we
use the time fg;, the age that marks the transition between free ex-
pansion and Sedov phase, as a reference time. According to McKee
& Truelove (1995) the well-known young SNRs Cas A, Kepler, and
Tycho would all likely be younger than z5; and SN 1006 a little older.
The radius Ry; at fg; depends only on the ambient density and the
ejectamass M, j of the supernova explosion. We assume for a type Ia
explosion M,; = 1.4 Mg and for a core-collapse (CCSNe) explo-
sion M,; = 10 M. This would result in ambient densities ng of
>12cm™3 (type Ia) and > 8.0 cm™3 (CCSNe) for a MW location
and ng = 0.001 cm ™3 (type Ia) and ng = 0.008 cm™3 (CCSNe) for a
LMC location. The low radio surface brightness, the missing thermal
X-ray emission, and the location far away from any star forming en-
vironment pretty much negate an environment as dense as required
for the MW location.

Using the equation by McKee & Truelove (1995) we determine
the age 75, of J0624-6948 for the different locations and supernova
explosions to be 215 yr (type Ia) and 712 yr (CCSNe) for a MW
location and 2200 yr (type Ia) and 7100 yr (CCSNe) for a LMC
location for an explosion energy of 1.5 x 107! erg for the type Ia
explosions (Khokhlov et al. 1993) and the canonical explosion energy
of 10! erg for the CCSNe explosions. Further characteristics of these
cases are listed in Table 4.

We used the equations for the hydrodynamic evolution of a young
SNR by McKee & Truelove (1995) to estimate SNR characteristics
and list them in Table 4. In addition to SNRs that are evolutionary
at the transition between ED and Sedov phase, which we already
discussed above for the MW and the LMC location, we added cases
for type Ia and CCSNe explosions expanding into constant ambient
densities estimated above from the upper limit of the X-ray emission
(ng = 0.007 cm™3) and from the HI observations (ng =0.017 cm™).
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Table 4. J0624-6948 as an SNR at LMC and MW distances and with various ISM densities. Calculation of characteristics are based on McKee & Truelove
(1995). We show the distance d, radius r, ejecta mass M, explosion energy Ep, ambient density ng, age ¢, velocity v, and temperature Tp, at the blast wave
location, and the swept up mass M., . We used the average explosion energy of 1.5x 103! erg observed for extragalactic type Ia supernova explosions (Khokhlov
et al. 1993). SNII CCSNe typically have explosion energies between 10°0 erg and 107! erg (Pejcha & Prieto 2015). We used those lower and upper limits for
CCSNe together with a representative ejecta mass of 10 Mg.

1 2 3) 0] (5) (6) @ ®) 9 (10) 1D (12)
Location d r SN type My Ey no t Vb Tp My, Comments
(MW/LMC)  (kpe)  (pc) (Mo) (10 er9)  (em™) @ (kms™H) 107K (M)
MW 5 2.4 SNIa 1.4 1.5 1.2 215 6780 63.8 23 t = ts; ED/Sedov
MW 5 24 CCSNe 10 0.1 8.0 2250 655 0.6 16 t = ts; ED/Sedov
MW 5 24 CCSNe 10 1.0 8.0 712 2070 6.0 16 t = ts; ED/Sedov
LMC 50 23.8 SNIa 14 1.5 0.001 2200 6780 63.8 2.3 t = ts; ED/Sedov
LMC 50 23.8  CCSNe 10 0.1 0.008 22500 655 0.6 16 t = ts; ED/Sedov
LMC 50 23.8  CCSNe 10 1.0 0.008 7100 2070 6.0 16 t = ts; ED/Sedov
LMC 50 23.8 SNIa 1.4 1.5 0.007 4000 2600 9.3 12.4 Sedov
LMC 50 23.8 SNIa 14 1.5 0.017 5500 1800 44 30 Sedov
LMC 50 23.8 SNIa 14 0.5 0.007 6510 1600 3.6 12.4 Sedov
LMC 50 23.8 SNIa 1.4 0.5 0.017 9550 1032 1.5 30 Sedov
LMC 50 23.8  CCSNe 10 0.1 0.007 21300 712 0.7 12.4 late ED
LMC 50 23.8  CCSNe 10 1.0 0.007 6740 2250 7.0 12.4 late ED
LMC 50 23.8  CCSNe 10 0.1 0.017 26400 460 0.3 30 early Sedov
LMC 50 23.8 CCSNe 10 1.0 0.017 8350 1450 29 30 early Sedov

Also, we explore the ‘unified SNR evolutionary models’ but only for
type Ia SN in Appendix A. All of the results we calculate for the
LMC location look quite reasonable for our observations.

The low percentage polarisation rules out that the swept up mate-
rial is dominating the expansion. In that case, we would expect quite
homogeneous magnetic fields and therefore high percentage polari-
sation, at least at the higher frequencies. From this we can certainly
rule out the somewhat higher ambient density we get from the HI ob-
servations and assume an upper ambient density of about 0.005 cm ™3
for a type la explosion. We can get another limit from the low radio
surface brightness and the width of the shell which makes up about
10 per cent of the source’s radius. This rules out a very early evolu-
tionary phase and gives us a lower limit of about 0.008 cm™3 for a
type I CCSN. Therefore, based on this we are not able to definitively
say if J0624-6948 was a type Ia or a CCSN explosion.

5 ALTERNATIVE SCENARIOS FOR J0624-6948 ORIGIN

Given the unusual nature of the rogue supernova origin presented
above, we also explore a variety of alternative explanations for the
origin of J0624-6948.

5.1 Odd Radio Circle

0Odd Radio Circles (ORCs) are circles of faint diffuse radio emission
found in large-area surveys, (Norris et al. 2021b; Koribalski et al.
2021) which are undetected at other wavelengths. Three of the five
known ORC:s are single, and each of these has an elliptical galaxy at
its centre at a redshift of z ~ 0.2-0.5. Each of these host galaxies is
located in an overdensity or is interacting with a companion (Norris
etal. 2021a). These single ORCs probably represent a spherical shell
of emission caused by a shock wave from the central host galaxy
(Norris et al., 2022, in prep.). The remaining two ORCs form a pair,
separated by less than one arcmin, which may be associated with a
nearby double-lobed radio AGN (Macgregor et al., 2022, in prep.).
In the Evolutionary Map of the Universe (EMU) Pilot Survey (PS;
area of ~270 sq. deg.; Norris et al. 2021c), we discovered three ORCs
by chance, giving a surface density of ORCs which is consistent with

finding one in the 120 sq deg ASKAP image of the LMC (Pennock
et al. 2021). However, J0624-6948 differs from the known single
ORGC:s in three respects: (i) the ORCs have a steeper spectral index
than J0624-6948, (ii) J0624-6948’s angular size of 196 arcsec is
significantly larger than the typical 80 arcsec size of ORCs, (iii)
all single ORCs have a central elliptical galaxy, whereas the nearest
galaxy to the centre of J0624—-6948 is the lenticular galaxy 10.8 arcsec
from the centre, discussed in Section 3.1.

Because of these differences, we consider it unlikely (but not im-
possible) that J0624-6948 is an ORC. Below, we consider several
possibilities for its ORC-like formation.

5.1.1 Precessing jets

Horton et al. (2020) have shown that precessing jets in an AGN
can display a number of morphologies. In particular, if the jets are
seen end-on, they might be observed as one or two circular discs
of emission. These might form rings if the precession timescale is
significantly shorter than the source age and the radiative timescale
of the hotspot. However, such exact rings remain hypothetical, as
they have not yet been observationally confirmed.

Although, an interesting example of possible precessing jets is seen
in the nearby (350 Mpc) ultraluminous infrared galaxy (ULIRG)
WISEA J060253.98-710310.0 (Doi et al. 2019), which is a merg-
ing pair of spiral galaxies (Filipovi¢ et al., in prep.). These authors
show that merging spiral galaxies SMBH are most likely respon-
sible for producing spirals of circular (precessing) jets spanning
over 600 kpc in length. In this case, one of the two SMBHs is
‘disturbing’ the jet emission on a regular basis, and switching it
off at the same time, creating rings and jet spirals. If observed
directly along the line of sight, one would expect to see nearly-
circular rings. We note a number of other examples that would fit
into the category of ‘AGN sprinklers’ were found by visual inspec-
tion of various deep radio survey images, e.g. the Quasi-Stellar Ob-
ject (QSO) candidate DES J061909.04-555843.7 in the ASKAP
image of the merging galaxy cluster system Abell 3391 — Abell 3395
(Briiggen et al. 2021), the QSO SDSS J134545.36+533252.3
as seen in the VLA Sky Survey (VLASS) Sky Survey (Lacy
et al. 2020), LEDA 783409 (a.k.a. DES J004506.98-250146.8 and
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WISEA J004506.98-250147.0) in a deep ASKAP image of the
NGC 253 region (Koribalski et al., in prep.) and the BL Lac ob-
ject 2MASX J08120189+0237325 (Paiano et al. 2020) as seen in
VLASS (Lacy et al. 2020).

If J0624-6948 is caused by a precessing AGN, it should have a
radio-loud AGN in the centre. The nearest candidate is the lenticular
galaxy discussed above, 10.8 arcsec from the centre (Section 3.1).
The lack of a bright central radio source might be explained if the jet
were currently switched off, although that requires that it has only just
switched off, but was previously switched on for at least a precession
period to illuminate the ring. However, lenticular galaxies do not
often host radio AGN. Furthermore, the galaxy appears edge-on, so
is unlikely to be hosting an end-on radio AGN. Furthermore, the
redshift of this galaxy is z > 0.7 (Section 3.1), implying a diameter
of the ring of > 1.4 Mpc. If the precessing jets subtend an angle of
10 degrees at the AGN, then this implies a distance between the front
and back hotspots of > 8 Mpc, making this one of the largest radio
AGNs ever observed.

We therefore consider it unlikely that J0624—6948 is caused by
precessing jets from an AGN.

5.1.2 Buoyant toroidal structures

Dynamical evolution of buoyantly rising remnant lobes can produce
toroidal structures (Churazov et al. 2001), which will be seen as rings
when viewed end-on. However, the timescale to evacuate a central
cavity is comparable to the sound crossing time, which is of order
200 Myr if the central galaxy is at z 2 0.7. This is much longer than
the typical remnant fading timescale (Shabala et al. 2020). While re-
acceleration of remnant plasma is possible, the relatively flat radio
spectral index of the J0624-6948 would imply a very strong shock.
Therefore, we consider this interpretation less plausible.

5.1.3 Bent-tailed galaxy

Another possibility for an AGN origin is that it might be caused by a
bent-tailed galaxy. For example, the bent-jets from the Narrow-Angle
Tail (NAT) galaxy NGC 1265 (O’Dea & Owen 1986) initially form
a semi-circle, but then broaden and merge downstream, creating the
large tails characteristic of a narrow-angle tailed galaxy. However,
this model suffers from two problems: (a) no tailed galaxy has been
observed to form a full circle, (b) no bright radio AGN host is found
along the J0624—-6948 ring. We examined all compact sources along
the J0624-6948 ring feature and found no evidence that they could be
associated with a host galaxy that would be the source of a twin bent-
jet structure. There is a bright X-ray source XMMU J062426.76—
694726.3 (Fig. 5) on the north-east rim of the J0624-6948, which
is presumably an AGN, but although visible at infrared and optical
wavelengths, it does not correspond to a radio source, and so appears
to be radio-quiet.

5.2 Nearby remnant of a stellar super-flare

What if J0624-6948 is the result of a nearby stellar super-
flare(s)? At the NW side of the J0624-6948 ring (Fig. 5), we
found the star Gaia EDR3 5278760380137682816 (also known
as 2MASS J06240216-6948116; RA(J2000) = 06124™2.151% and
Dec(J2000) = -69°48"11.64"").

This object has a very red colour in SMASH DR2 with (g — i) =
3.24, which indicates that this star is a foreground M-dwarf (Fig. 3
in Wan et al. 2020). In addition, this star is much brighter at longer
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wavelengths. 2MASS photometry shows that the K band brightness is
11.9 mag, which is much brighter than the SMASH i-band brightness
(~15.5 mag). From Gaia EDR3, this star has a proper motion in
declination of ~46.08620.050 mas yr™!, plus a small proper motion
in RA of ~-0.142+0.048 mas yr‘l; it has a G-band magnitude of
16.271, and a parallax of 17.078+0.039 mas, putting it at a distance
of 58.5 pc. At this distance, the 196 arcsec circular shell could be a
giant Coronal Mass Ejection (CME) that would have a linear diameter
of ~0.186 ly (0.057 pc), and with an assumed expansion velocity
of v=50-500 km s~! (Argiroffi et al. 2019; Namekata et al. 2021)
would give an age of ~56-560 years. Our modelling suggests this
could represent a mass ejection of ~2x10%2 g and an CME energy of
> 2% 10% erg M/ (2x 1021 g) (vemge/ (450 km/s))?. These estimates
could be associated with super-flares from young rapidly-rotating
stars (Notsu et al. 2019). But would the radio continuum emission
we see be expected from such a CME? Presently, there is no example
of a radio ring around a flare star (or any modelling that suggests
there should be).

However, flare stars are known X-ray and radio emitters (Crosley
& Osten 2018). For example, a stellar flare on HR 9024 (Argiroffi
et al. 2019) has been observed using the High Energy Transmission
Grating Spectrometer on Chandra. Doppler shifts of hot plasmas (up
to 25 x 109 K) from Sxvi> Sxiv and Mg,;; lines indicate motions with
velocities of 50-500 km s~ Additionally, a blueshift in the O;;; line
indicates an upward motion of relatively cool plasma with a velocity
of v = 90 + 30 km s~ L. This is thought to be a CME with a mass of
~102" g and 5 x 1034 ergs as detailed in Argiroffi et al. (2019). This
represents a major loss of stellar mass but still an order of magnitude
smaller than our above estimates.

The fact that the Gaia star is clearly detected in the XMM-Newton
image as a point source (see Table 3) and its position on the rim of
J0624-6948 (see Fig. 5) as well as its large proper motion makes this
scenario feasible to explore. This may represent quasi-simultaneous
flare/burst eruptions (temporally close together). There are several
known coherent radio bursts from M-dwarfs (Villadsen & Hallinan
2019). As aradio object, M-dwarfs could have a diverse morphology
and the duration of these flare/bursts could range from seconds to
hours. They all share strong (40 —100 per cent) circular polarisation
(Villadsen & Hallinan 2019) which we do not see in any of our radio
images nor is there a distinctive radio point source at the Gaia and/or
XMM-Newton star position. Villadsen & Hallinan (2019) also showed
that no such events resemble solar Type II bursts (often associated
with CMEs), but they also could not rule out the occurrence of
radio-quiet stellar CMEs.

If this is indeed a nearby remnant of a stellar super-flare (or burst)
then one would expect to see detectable proper motions due to the
expansion of the ring. We estimate that over a 2-year period, assuming
an expansion velocity of v=50-500 kms~!, the distance of 58.5 pc
and a shell diameter size of 0.057 pc the shell would expand between
0.4 arcsec to 5.6 arcsec which is well within the capabilities of the
present generation of radio telescopes. However, it would be strange
for the ring not to be concentric around that star as conservation of
momentum would require it to move in the same way unless it moves
through a dense medium. Finally, if the circular shell material seen
in radio is from a CME, which has high density, we would expect to
detect it in various optical lines.

5.3 Planetary Nebula

We rule out a Planetary Nebula (PN) scenario as an explanation
for J0624-6948. If it is at the LMC distance, it would be an order
of magnitude larger than any known PN (Filipovi¢ et al. 2009; Bo-
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ji¢i¢ et al. 2011; Leverenz et al. 2016, 2017). If of Galactic origin,
then prominent IR and optical emission would be seen in any (even
shallow) image, which we do not see.

6 WHAT IS J0624-6948?

Multi-frequency radio analysis reveals an almost perfectly circular
ring radio source J0624—-6948 in an unexpected location, in the di-
rection between the LMC and the plane of the MW. At the distance
of the LMC, the source size of 47.2+1.0 pc is consistent with an
intergalactic SNR interpretation. Various other intrinsic properties
including the spectral index (¢ = —0.4 + 0.1) and morphology are
also consistent with an identification as a bilateral SNR. However,
the lack of detectable radio polarisation is not consistent with such
a scenario but also not totally unexpected. The progenitor of SNR
J0624-6948 is more likely to be from the outer disk of the LMC, but
we cannot rule out a HVS as an origin. At the same time, we favour
a type Ia SN over a CCSN because of the location and stellar content
of the area around the J0624-6948, as well as a very low (uniform)
ambient density and the lack of morphological features expected for a
CCSN of a fast-moving star. If J0624-6948 is an SNR, its most likely
distance is 50 kpc and with the upper limit for its X-ray flux we obtain
ng <0.008 cm™3, thus the SNR would be younger than ~7100 yr,
implying it is in a late ED or early Sedov phase (Table 4). This would
make J0624-6948 an ideal laboratory to study this evolutionary stage
of SNRs in a low-density intergalactic environment.

While J0624-6948 has the morphology of an ORC, it is of larger
angular size, has a flatter spectrum, and does not have a prominent
central elliptical galaxy.

Another scenario for J0624-6948 would include a precessing AGN
jet, but the near-perfect symmetry with a complete ring structure,
and the lack of a bright radio/optical central source, argue against it,
although this could be a result of the AGN being in a ‘switched-off’
mode.

A weak central radio source located 10.8 arcsec from the geometric
centre is unlikely to be a central AGN engine and even less likely a
PWN, as it coincides with a faint edge-on late-type or lenticular (S0)
galaxy seen on SMASH optical images. We also note four nearby
bright radio sources towards the south-west edges of the J0624-6948
ring — all, most likely, unrelated background objects.

We review other possible ORC etiologies and discuss rel-
evant models. These include its identity as a remnant of
a stellar super-flare or ejected bubble shell from the nearby
Gaia EDR3 5278760380137682816 M-dwarf star, although an un-
favourable direction of proper motion as well as an explanation for
asymmetries to the parent star would be required. Finally, we rule
out a PN scenario.

In conclusion, our preferred interpretation for the nature of J0624—
6948 is an intergalactic SNR that comes from a single-degenerate
type Ia SN located in the far eastern outskirts of the LMC which
expands into a rarefied, intergalactic environment.
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Table Al. J0624—-6948 as an SNR of type Ia at various distances (radius) and various ISM densities (ny = 107! —=107* cm™3). Based on the model of Leahy &
Ranasinghe (2018), we assume an SN explosion energy of 0.5 x 107! erg and type Ia SN ejecta mass of 1.4 M. Column 6 lists the emission-measure-weighted
shocked gas electron temperature, Column 7 the emission measure (EM), Column 8 the X-ray luminosity (Lx ) and Column 9 the swept-up mass (Mg, ). For
nyg = 0.008 cm™3 the reverse shock reaches the centre at 10800 years for all cases.

(€8] 2) (3) “) ) (6) @) ®) ()] 10)
Distance  Radius ny Age Shock v Shock T, EM Lx Mgy Comment
(kpc) (pc)  (em™)  (years) (kms~!) X) (em™)  (ergs™)  (Mo)

50 23.8 0.1 25000 400 45x106  4.4x10°%  22x10® 175 Sedov phase,
reverse shock reaches centre at 4630 yr

50 23.8 0.01 8600 1250 1.0x107  45%x10°  4.9x10¥ 175 Late transition from ED phase,
reverse shock reaches centre at 9980 yr

50 23.8 0.001 4100 3400 1.7x107  4.8x10%*  8.8x103! 175 Early transition from ED phase,
reverse shock reaches centre at 21500 yr

50 238  0.0001 2300 6050 34x107  1.0x103  24x10%°  0.175 ED phase,
reverse shock reaches centre at 46300 yr

5 2.4 0.008 113 11780 12x108  5.6x10°  1.8x10°T  0.014 ED phase

10 47 0.008 378 7019 5.0x107  45x10%*  1.3x10%2  0.114 ED phase

20 9.5 0.008 1390 4010 3.6x107  27x10%  8.1x10%% 0915 ED phase

30 14.3 0.008 2830 2960 2.5x107  6.8x10%  1.2x10%3  3.12 Early transition from ED phase

40 19.0 0.008 4900 1950 1.7x107  1.5x10°  2.0x103 732 Mid transition from ED phase

50 23.8 0.008 7900 1390 1.3x107  2.9x10°  32x103  14.0 Late transition from ED phase

60 28.5 0.008 11900 1060 1.1x107  4.9x10%  4.8x10%% 247 Sedov phase

70 333 0.008 17200 840 9.8x10°  7.8x10%°  6.8x10%* 394 Sedov phase

APPENDIX A: J0624-6948 AND THE UNIFIED SNR
EVOLUTION MODEL

In addition to McKee & Truelove (1995), we also explore the ‘unified
SNR evolution models’ (Leahy & Ranasinghe 2018; Truelove &
McKee 1999), using the software SNRpy from Leahy et al. (2019),
a SN explosion energy of 0.5 x 103! erg (Leahy 2017; Leahy et al.
2020) and type Ia SN ejecta mass of 1.4 M. For ejecta with a power-
law envelope with index 7 and depending on the above range of the
local density ( 1071 = 107 cm™3), the SNR would reach a radius
of 23.8 pc at an age of 2300 to 25000 yrs and shock velocities of
6050 kms~! to 400 kms™! (see Table A1). If as old as 25000 yrs, it
would still be in the Sedov phase. However, a more likely scenario
has an ambient density of ~0.001 to 0.01 cm™> which would argue
for an SNR of age 4000 to 9000 yrs that is still in early (4000 yr)
to late (9000 yr) transition from the ejecta-dominated (ED) phase to
the Sedov phase.

As additional test, we placed J0624-6948 at various distances
from 5 kpc to 70 kpc, which changed the radius from 2.4 to 33.3 pc
(Table A1). For those distances, we initially set the ISM density
to 0.01 em™ which is not extreme for an SNR. From the 47
Galactic SNRs modelled by Leahy et al. (2020), four have den-
sity < 0.01 cm™3. The models for a density of 0.01 em™3 predict
somewhat brighter SNRs than the limit given by the X-ray flux up-
per limits. By adjusting the ISM density to range from 0.0094 cm™3
(for 20 kpc distance) to 0.0083 em™3 (for 70 kpc distance), the uni-
fied SNR evolution model (Leahy et al. 2019; Truelove & McKee
1999) fluxes are equal to the upper limits. Thus, we set the density
to 0.008 cm™3 to be below the X-ray upper limits which produces
estimated ages from 113 years to 17200 years (see Table Al). These
are faint in X-rays, consistent with the X-ray limits (see next para-
graph). However, for the nearest and youngest of these (ages 113
and 378 yr), the SNe would have been almost certainly observed
historically because they are bright type Ia at high Galactic latitude
where there is no significant extinction. For distances >20 kpc, the
age is large enough that they could have escaped the historical record.
This, together with paucity of progenitors in the 2040 kpc distance
range (see Section 4.1), would also suggest that the positioning of
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J0624-6948 as an SNR is more likely to be at the LMC distance of
~50 kpe.

This paper has been typeset from a TEX/IXTEX file prepared by the author.
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