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ABSTRACT

When a star dies, it can explode in a supernova, causing a strong shock wave and forming an interstellar object called a supernova
remnant (SNR). Observational studies of SNRs allow us to learn about the different types of progenitors, the explosion mechanisms,
the physics of interstellar shocks, and the matter cycle in galaxies. We report on the first detection of SNRs located on the outskirts
of a galaxy; namely, the Large Magellanic Cloud (LMC), the largest satellite galaxy of our Galaxy. The sources were discovered ∼3◦
outside the main stellar and gas distribution of the LMC in the recent surveys in radio with the Australian Square Kilometre Array
Pathfinder (ASKAP) and in X-rays with the extended Roentgen Survey with an Imaging Telescope Array (eROSITA). We studied
them in follow-up observations with the X-ray Multi-Mirror Mission-Newton telescope and MeerKAT and confirmed them to be
SNRs. Their progenitors are most likely stars that had left the LMC due to tidal interaction between the Magellanic Clouds and the
Milky Way. SNR J0614-7251 is located in an environment with a similar density to those of the other known SNRs in the LMC, and
has similar X-ray properties. SNR J0624-6948, on the other hand, is located in a region with a lower density, n0 < 0.01 cm−3. Its radio
shell shows a spectral index and polarisation typical of an SNR.

Key words. ISM: supernova remnants – Magellanic Clouds – X-rays: ISM – X-rays: individuals: SNR J0614-7251 –
X-rays: individuals: SNR J0624-6948

1. Introduction
Supernovae are stellar explosions, which are caused either by
the collapse of the core of a massive star, forming a neutron star
or a black hole (core-collapse supernova), or by the thermonu-
clear disruption of a white dwarf in a binary system, leaving no
compact remnant behind (thermonuclear or type Ia supernova).
Supernovae are important for the matter cycle in galaxies and the
formation of the next generations of stars, as the shock waves
create supernova remnants (SNRs), which heat and ionise the

? Corresponding author; manami.sasaki@fau.de

circumstellar medium or the interstellar medium (ISM), sweep
up and compress matter, and enrich their environment with
chemical elements. The evolution of SNRs is best studied in soft
X-ray and radio-continuum emission, since the shocked interior
mainly consists of very hot plasma (106−107 K), while electrons
accelerated in the shocks radiate synchrotron emission. How-
ever, due to absorption by matter in the Galactic plane, it is dif-
ficult to study these extended sources in our own Galaxy.

The Large Magellanic Cloud (LMC) and the Small Magel-
lanic Cloud (SMC) are the largest satellite galaxies of the Milky
Way, and among the closest. The Magellanic Clouds (MCs)
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Fig. 1. Neutral hydrogen (H i) column density NH map of the
LMC obtained with the 64-m Parkes telescope in the HI4PI survey
(HI4PI Collaboration 2016) with the positions of known SNRs in the
LMC (magenta crosses, Zangrandi et al. 2024) and those of SNR J0614-
7251 (orange dot) and SNR J0624-6948 (green dot) (see Sect. 4).

are also the only satellite galaxies of the Milky Way with cur-
rent active star formation. The LMC with its small distance
(49.6 ± 0.6 kpc, Pietrzyński et al. 2019), its morphology, which
is a disc seen nearly face on, and its low foreground absorp-
tion offers the ideal laboratory for the study of a large sample
of SNRs in great detail. The proximity enables spatially resolved
spectroscopic studies of the SNRs, and the accurately known dis-
tance allows for analysis of the energetics of each SNR. In addi-
tion, the wealth of wide-field multi-wavelength data available
now provides information about the environments in which these
SNRs evolve (e.g., Maggi et al. 2014, 2016; Kavanagh et al.
2016, 2022; Bozzetto et al. 2017; Yew et al. 2021).

In the Early Science Project of the Evolutionary Map
of the Universe (EMU) survey (Norris et al. 2011, 2021a;
Pennock et al. 2021) of the Australian Square Kilometre Array
Pathfinder (ASKAP) (Hotan et al. 2021), a faint circular radio
source J0624–6948 was detected near the LMC (Filipović et al.
2022). Due to its ring-like shape and unknown nature,
Filipović et al. (2022) considered SNR J0624-6948 to belong
to the new class of extragalactic Odd Radio Circles (ORCs)
(Norris et al. 2021b; Koribalski et al. 2021). However, since no
central galaxy was found, it was suggested that it is an inter-
galactic SNR created by the explosion of a star that resided on
the outskirts of the MCs or that was ejected from the Milky
Way. In X-rays, since its launch in 2019, eROSITA on board
the Spektrum-Roentgen-Gamma (SRG) mission (Predehl et al.
2021) has completed four all-sky surveys (eRASS:4), which pro-
vide us with homogeneous coverage of the LMC down to a low-
luminosity limit of L ≈ 8× 1033 erg s−1 (Zangrandi et al. 2024).
In a systematic search for SNRs, we detected another source
SNR J0614-7251 as a candidate for an SNR located outside
the LMC. SNR J0614-7251 is located at the outer edge of the
present ASKAP observations; hence, no radio counterpart could
be detected. Both sources are located about 3◦ from the outer
boundaries of the main stellar population and gas distribution in
the LMC in the east, as can be seen in a map showing the dis-
tribution of neutral hydrogen (Fig. 1, see Sect. 4). In this paper,
we present the results of new observations of the two sources

Fig. 2. Exposure-corrected three-colour XMM-Newton images of
SNR J0614-7251 (left) and SNR J0624-6948 (right) in the energy bands
of 0.3–0.7 keV (red), 0.7–1.1 keV (green), and 1.1–5.0 keV (blue).
There are point sources visible in and around the SNRs, which are most
likely not related to the sources. For SNR J0624-6948, contours of the
radio emission (MeerKAT 1284 MHz) are overlaid.

in radio and X-rays, which confirm that these sources are SNRs
that are located on the outskirts of the LMC.

2. X-ray observations

Following the detections of SNR J0624-6948 with the ASKAP
survey and SNR J0614-7251 with eROSITA in eRASS:4, we
applied for follow-up observations with the X-ray Multi-Mirror
Mission-Newton (XMM-Newton) telescope to have a better
understanding of the morphology and possible spectral varia-
tions in the source in X-rays. SNR J0624-6948 was observed
on March 16 2023 (ObsID 0904600101, PI: P. Maggi) and
SNR J0614-7251 on January 15 2024 (ObsID 0921080401, PI:
M. Sasaki) with net exposure times of 94 ks and 31 ks, respec-
tively. The data taken with the European Photon Imaging Cam-
eras (EPICs) pn, MOS1, and MOS2 were analysed using the
XMM-Newton Science Analysis System (SAS) version 21.0.0.

2.1. Images

To create the images of the X-ray emission, first, events taken
with EPIC-pn, MOS1, and MOS2 were binned with a bin
size of 50, corresponding to 2.5′′, for certain energy bands.
After the particle background was subtracted, the resulting
images of all three EPICs were exposure-corrected and merged.
Figure 2 shows the XMM-Newton images of both sources in
the energy bands of 0.3–0.7 keV (soft, in red), 0.7–1.1 keV
(medium, in green), and 1.1–5.0 keV (hard, in blue), which are
ideal bands in which one can detect and classify SNR emission
(Kavanagh et al. 2016). In the soft band, there are emission lines
of highly ionised O. In the medium band, there are Fe L-shell
lines and Ne lines. The hard band contains emission lines of
Mg, Si, and S. If a source shows dominating emission in the
medium band in its interiors (thus appearing green in the three-
colour image), the ejecta is likely dominated by Fe emission,
which is indicative of a type Ia origin (Borkowski et al. 2006),
as has already been confirmed for several LMC SNRs (see e.g.,
Kavanagh et al. 2016, 2022). The XMM-Newton data show that
both sources are evolved SNRs with a soft spherical shell. For
SNR J0624-6948, we thus detect an X-ray shell for the first
time, which is circular and which agrees nicely with the radio
morphology. SNR J0614-7251, in addition, shows green interior
emission, suggesting that it is a remnant of a type Ia supernova.
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2.2. Spectra

We extracted spectra from the XMM-Newton data of SNR J0614-
7251, while SNR J0624-6948 is too faint for the analysis of
the spectrum. For the spectral analysis, we used Xspec version
12.14.0.

We modelled the X-ray spectrum extracted from XMM-
Newton EPIC data for the entire SNR J0614-7251, assum-
ing a thermal plasma in non-equilibrium ionisation (NEI,
Borkowski et al. 2001, and references therein) with average
LMC abundances, absorbed by gas on the line of sight. We
considered absorption by foreground material in the Milky
Way as well as additional intrinsic absorption. The foreground
absorption was fixed to the Galactic column density measured
in the HI4PI survey, while the LMC column density was free to
vary. As was expected, the fitted X-ray absorption in the LMC
is very low with an upper limit of NH < 2.3 × 1020 cm−2. The
best-fit temperature for the entire SNR J0614-7251 is kT =
(0.27 ± 0.1) keV with an ionisation timescale of τ = net =
3.36+6.22

−1.44×1012 cm−3 s, indicating that the plasma is close to col-
lisional ionisation equilibrium. The errors were calculated using
the Markov chain Monte Carlo method implemented in Xspec.

We also extracted the spectrum of only the shell in an annular
region and fitted it with an NEI model assuming an average LMC
abundance of 0.5 × solar. For the spectrum of the entire SNR, we
then included an additional NEI component. The first component
was the model for the shell, which was fitted with fixed best-fit
values for kT and ionisation timescale τ for the shell, but with
free normalisation. The second component for the ejecta emis-
sion was fitted with free kT , Fe abundance, τ, and normalisation.
These fits indicate that the plasma components are rather in non-
equilibrium. The best-fit values are listed in Table A.1.

3. Radio observations of SNR J0624–6948

As SNR J0624-6948 was clearly detected in the radio data, we
observed the source using the new high-resolution L-band of
MeerKAT and again with ASKAP. In Fig. 3, we show the new
radio images.

3.1. Images

The MeerKAT observations were conducted on February 10
2022. The observations were taken in the MeerKAT L-Band at
a central frequency of 1284 MHz and bandwidth of 800 MHz
(856–1712 MHz) under the project code DDT-20211207-MF-
01, capture block ID 1644503471. Imaging used a Briggs Robust
factor of −1.5 (AIPS/Obit usage), resulting in synthesised beam
of 5.92× 5.84 arcesc2 with a position angle of 89◦ and the off-
source RMS is ∼3.5 µJy beam−1. Two iterations of phase self-
calibration were used.

The ASKAP observations were conducted in September
2023 as part of the EMU and POSSUM large-scale sur-
veys (Norris et al. 2011, 2021a) using a complete array of 36
antennas. The data of SNR J0624-6948 were taken at a cen-
tral frequency of 943.4 MHz with a bandwidth of 288 MHz.
The source is located in the tile EMU_0655_69 correspond-
ing to scheduling block SB53304. All data are available
through the CASDA1. The ASKAP Stokes I image for EMU
and Stokes Q and U data cubes for POSSUM were created
using the standard ASKAPsoft pipeline, which includes multi-
frequency synthesis imaging, multi-scale cleaning, and self-

1 https://research.csiro.au/casda

Fig. 3. Radio continuum images of SNR J0624-6948 at 1250 MHz
(MeerKAT, top left) and at 943 MHz (ASKAP, top right). A polarised
intensity image observed with ASKAP is shown at the bottom. The
resolution in the images is 8′′ × 8′′ for MeerKAT and 15′′ × 15′′ for
ASKAP. The white contours in the polarised intensity image indicate
the total radio emission in the ASKAP image. All images have a linear
colour scale given in µJy beam−1 unit.

calibration (Guzman et al. 2019). The final images have a restor-
ing beam of 15× 15 arcsec2 and an RMS noise of ∼25 µJy
beam−1 for Stokes I and ∼15 µJy beam−1 for polarised intensity.

To obtain the polarised intensity image shown in Fig. 3, we
used the RM synthesis technique. Instead of the Fourier trans-
form method of the POSSUM pipeline, we used the de-rotation
technique described in Ball et al. (2023). A sample FD spectrum,
taken from the northwestern part of SNR J0624-6948, is shown
in Fig. B.1. A FD spectrum was determined for every pixel in
the image. The polarised intensity image represents the peak of
the FD function in each pixel.

3.2. Flux densities

We used the Miriad (Sault et al. 1995) task Imfit to extract a
total integrated flux density from new MeerKAT and ASKAP
images of SNR J0624-6948 as well as flux density measure-
ments reported in Filipović et al. (2022) (see Table A.2). The
radio spectrum of an SNR is synchrotron-dominated and is often
described as a pure power law of frequency: S ν ∝ ν

α, where S ν

is the flux density, ν is the frequency, and α is the spectral index.
In Fig. B.2, we present the flux density versus frequency plot for
SNR J0624-6948. The relative errors are used for the error bars
on a logarithmic plot. The best power-law weighted least-squares
fit (thick black line) has a spatially integrated spectral index of
〈α〉 = −0.51 ± 0.05, which is consistent with the value reported
by Filipović et al. (2022). We also produced a spectral index map
for SNR J0624-6948 using MeerKAT 1284 MHz, ASKAP 888
(Filipović et al. 2022) and 943 MHz, and ATCA 2100, 5500, and
9000 MHz (Filipović et al. 2022) images (Fig. B.3). The images
were re-gridded to the finest image pixel size (1×1 arcsec2) using
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the Miriad task Regrid. These were smoothed to the lowest
data resolution (15×15 arcsec2) using the Miriad task Convol.
The Miriad task Maths then created the spectral index map.

The flux densities derived from the new radio data, com-
bined with earlier measurements, confirm and better constrain
the spectral index of α = −0.51 ± 0.05, which is typical for
an SNR. Both in X-ray and in radio band, the SNR has a per-
fect circular shape. In radio, it shows a typical bilateral symme-
try and emits synchrotron emission that is linearly polarised. We
detect faint polarised emission at the 5–6σ level in the shell in
our ASKAP data (see Fig. 3). The peak percentage of polari-
sation reaches about 50% in the southeastern shell of the object.
The RM values for these polarised emission features are between
+20 and +40 rad m−2, which is the same range for compact extra-
galactic sources such as active galactic nuclei (AGN), confirm-
ing the extragalactic origin of the SNR shell.

4. Environment

Between the LMC and the SMC, there is a neutral gas
connecting the two galaxies called the Magellanic Bridge
(Mathewson & Ford 1984). Additional gas is also extending fur-
ther away from the MCs, forming the Magellanic Stream and the
Leading Arm (Nidever et al. 2008). The MCs and these gas dis-
tributions form the Magellanic System, in which warm ionised
gas has also been found outside the MCs (Smart et al. 2023, and
references therein). The fact that SNRs are found on the outskirts
of the LMC suggests that the ionised gas has a high-enough den-
sity for a shock to occur and create an SNR. To estimate the
density of the environment in which the SNRs are expanding,
we used the H i data of the HI4PI survey (HI4PI Collaboration
2016), which provides a data cube of velocity-resolved column
density NH at each position. We analysed the velocity cube from
the HI4PI survey in the range of 220–300 km s−1 for the LMC
(Nidever et al. 2008; Oh et al. 2022) to calculate the H i column
density NH shown in Fig. 1 and used for further calculations.

In Figs. B.4 and B.5, we show the velocity distribution of the
atomic H taken in a stripe in the sky including SNR J0614-7251
and SNR J0624-6948, respectively, in the Dec (upper panel)
and RA (lower panel) direction. There are gas clouds at simi-
lar velocities as the LMC at the position of SNR J0614-7251
and SNR J0624-6948 at 260 km s−1 and 280 km s−1. For an opti-
cally thin gas, the integrated intensity can be converted into NH
by using the following relation:

NH[cm−2] = 1.823 × 1018
∫

Tb(v) dv, (1)

with Tb(v) being the brightness temperature at velocity v
(HI4PI Collaboration 2016). Assuming the same depth of 2 kpc
as was estimated for the Magellanic Stream (Nidever et al.
2008), we derive a density of n = 0.014 cm−3 and 0.009 cm−3

for SNR J0614-7251 and SNR J0624-6948, respectively.

5. Discussion

If we assume that the SNRs are in the adiabatic expansion phase,
we can calculate the expected X-ray luminosity of an SNR at
a certain age; that is, with a certain size. From the merged
particle-background-subtracted and exposure-corrected images
taken with EPICS pn, MOS1, and MOS2 of XMM-Newton, we
measured a diameter of 193′′ for SNR J0614-7251 and 215′′ for
SNR J0624-6948. We converted these numbers into a physical
size for an assumed distance to each of the sources.
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Fig. 4. X-ray luminosity, L, over diameter for confirmed mature type Ia
SNRs in the LMC, assuming a typical LMC distance of 50 kpc. If the
shocked shell can be separated from the ejecta, only the luminosity of
the shell is shown. In case the emission of the ejecta could not be sep-
arated, the luminosities are shown as upper limits. Theoretical lines for
the Sedov model for different ambient densities, n0, are shown as well.
We also plot the data for larger distances (60, 70, and 80 kpc).

For the shell of an adiabatically expanding SNR, the size and
the change in size can be described by the Sedov solution (Sedov
1959; Taylor 1950):

RS =

(
2.02E0

m̄nn0

) 1
5

t
2
5 , (2)

vS = ṘS =
2
5

(
2.02E0

m̄nn0

) 1
5

t−
3
5 =

2
5

RS

t
, (3)

where E0 is the explosion energy, m̄n = 1.20 mp the mean mass
of the nuclei for average LMC abundances (0.5 × solar), and n0
the ambient number density. For the following calculation, we
assume an explosion energy of E0 = 1051 erg.

The X-ray luminosity of the hot shocked plasma is

L = Λ

∫
nenHdV, (4)

where Λ is the cooling function and ne and nH are the number
densities of electrons and protons in the plasma (Hamilton et al.
1983), with∫

nenHdV = 3.1 × 1056 ×

(
n0

1 cm−3

)2( RS

1 pc

)3

cm−3. (5)

For LMC abundances, the relation between the electron and pro-
ton density is ne = 1.20 nH. For the cooling function, Λ, we used
the relation from Hamilton et al. (1983) for NEI plasma:

Λ(0.1−2.0 keV) ≈ 1.0 × 10−22 ×

(
n0 t

103 cm−3 yr

)−0.45

(6)

exp
(
−60 cm−3 yr

n0 t

)
erg cm3 s−1. (7)

In Fig. 4, we show the X-ray luminosity and the extent for
confirmed mature type Ia SNRs in the LMC, SNR J0614-7251,
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and SNR J0624-6948, assuming a typical distance of 50 kpc for
the LMC. For SNRs with significant ejecta emission, only the
luminosity of the shell component is shown. For SNRs in which
the ejecta and the shell cannot be separated, the luminosity is an
upper limit for the Sedov solution and is marked as such. We also
plot curves for theoretical models for different ambient densi-
ties of n0 = 0.001−1.0 cm−3. As the luminosities were measured
in the energy range of 0.3–2.0 keV, we calculated the fraction
of flux for that energy range with respect to the range of 0.1–
2.0 keV using the model of Sedov SNRs in Xspec and scaled the
theoretical luminosities. For the modelled spectra, we assume a
shock temperature of 5 keV and electron temperatures of 0.2–
0.6 keV, with an ionisation timescale of τ = net = 1010 cm−3 s
and LMC abundances. The average fraction is 0.45.

The comparison with other SNRs and with theoretical mod-
els shows that the luminosity and the size of SNR J0614-7251
are consistent with those of the other confirmed SNRs in the
LMC. The projected distance from the outer rim of the main disc
of the LMC is about 3◦, corresponding to 2.6 kpc at a distance of
50 kpc.

For SNR J0624-6948, the comparison to the models suggests
that the SNR is expanding in an environment with a lower ambi-
ent density. While the source is only detected in the soft X-ray
band below ∼1 keV, the foreground column density in its direc-
tion is low (NH = 7 × 1020 cm−2), and hence the emission is
not absorbed significantly. We conclude that SNR J0624-6948
is located in the outskirts of the LMC, where the remnant is
expanding in a lower-density environment. However, as both X-
ray emission and radio emission are observed from the outer
shell, the ambient density must be significantly higher than in the
circum-galactic medium (CGM) of the Milky Way (∼10−5 cm−3

at the location of the LMC, Lucchini et al. 2020).
Surveys of stars (e.g., Skrutskie et al. 2006) have revealed

that stars in the LMC are not only distributed in the disc;
instead, they seem to form a halo with a scale height of ∼3 kpc
(Subramaniam 2006; Mazzi et al. 2021, and references therein).
There is also a broad distribution of old stars around the LMC,
extending almost to the positions of SNR J0614-7251 and
SNR J0624-6948. The star formation history determined by
Mazzi et al. (2021) based on the VISTA Magellanic Cloud sur-
vey (VMC, Cioni et al. 2011) confirms that the last star forma-
tion in these areas occurred >1 Gyr ago. Therefore, it is highly
probable that these two newly detected SNRs are remnants of
supernovae of type Ia.

In surveys to detect optical transients, supernovae have been
detected outside galaxies (see, e.g., Zinn et al. 2011; Qin et al.
2024). The discovery of SNRs in the outskirts of the LMC con-
firms that stellar explosions occur outside galaxies and allow us
for the first time to study their shocks, stellar ejecta, and envi-
ronment. It helps to improve our understanding of the evolu-
tion of the MCs and the star formation history in and around
interacting galaxies. With the new multi-wavelength surveys, we
expect to discover more SNRs in the surroundings of the MCs. We
already know of another candidate outside the SMC: J0048–7133
(Cotton et al. 2024). This new population of SNRs will allow us to
study supernova explosions and SNR evolution in low-density and
low-metallicity environments and to better understand the effect
of metallicity on star formation and stellar evolution.
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Appendix A: Tables

Table A.1. Best-fit values for the spectra of SNR J0614–7251 for the
outer shell only and for the entire source using two components.

Shell ISM
NH [1020 cm−2] <3.5

kT [keV] 0.49+0.11
−0.12

Fe [Z�] 0.5†

τ [×1010 s cm−3] 1.28+0.87
−0.41

EM [1057 cm−3] 1.50+0.44
−0.27

d.o.f. 116
χred 1.08

Entire SNR ISM ejecta
NH [1020 cm−2] 0.0† 0.0†

kT [keV] 0.49† 0.47+0.09
−0.03

Fe [Z�] 0.5† >0.75
τ [×1010 s cm−3] 1.28† >4720
EM [1057 cm−3] 2.13+0.13

−0.18 0.41+1.05
−0.41

d.o.f. 185
χred 1.21

†These value were fixed.

Table A.2. Flux density measurements for SNR J0624–6948.

Telescope Frequency Flux Density References
(MHz) (mJy)

ASKAP 888 11.7 ± 5.8 FPA22†
ASKAP 943 10.9 ± 1.1 This work
MeerKAT 1284 10.3 ± 1.1 This work
ATCA 2232 9.1 ± 3.5 FPA22†

ATCA 5500 4.5 ± 1.9 FPA22†

ATCA 9000 3.6 ± 1.8 FPA22†

†FPA22: Filipović et al. (2022)

Appendix B: Figures

Fig. B.1. Faraday depth function of polarised emission from the north-
western part of SNR J0624-6948. In this area we find a RM of about
+27 rad m−2.

Fig. B.2. Spectral index plot of SNR J0624-6948.

Fig. B.3. Spectral index map of SNR J0624-6948 obtained using
MeerKAT 1284 MHz, ASKAP 888 and 943 MHz, as well as ATCA
2100, 5500, and 9000 MHz images. The overlaid 1284 MHz contour
levels are 15, 25, 35, and 45 µJy beam−1. The colour bar on the right-
hand side represents the spectral index.
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Fig. B.4. Parkes H i position-velocity diagrams around the position of
SNR J0614-7251, indicated by the dashed line.
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Fig. B.5. Parkes H i position-velocity diagrams around the position of
SNR J0624-6948, indicated by the dashed line.
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